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INTRODUCTION

Concrete is used globally and the components are widely available. The activity of construction is
also global and both advanced and developing countries aspire to improve living conditions and
infrastructure that consumes large quantities of energy and materials continuously. A different attitude
to concrete, manufacture and use needs to be developed if we are to address, if not redress, the
consequences of in-action. Concrete in some form or another is responsible for our civilised well-
being. However, its manufacture and use also require substantial energy use and carbon dioxide
emissions and the consequences are global. We all have a duty of care to behave responsibly and the
issues of profligacy with respect to these along with related wasteful and polluting activities need to
be dealt with. To do this in a committed and balanced way requires both knowledge and experience.

Dundee, over the last three decades, has provided such fora during its conferences in the field of
concrete and related materials and this conference will address the causes and solutions as far as
concrete and other cementitious products are concerned. Within the themes of the event, the issues of
production, use, design, longevity and sustainability will be addressed. In this regard we all have to
find an acceptable balance if not a solution. There would seem to be little doubt that carbon-based
economies and infrastructure-driven activities will have to increasingly address these.

The University of Dundee and, specifically, the Concrete Technology Unit (CTU) has played a
dominant role in exchange of information and professional interaction between all involved in
concrete whatever the disciplines. This conference will be equally relevant and informative. It is an
opportunity to consolidate progress and to discuss options and experience.

The CTU organised this Conference to address these challenges, continuing its established series of
events, namely, Concrete: Construction’s Sustainable Option, 2008, Global Construction: Ultimate
Concrete Opportunities in 2005, Challenges of Concrete Construction in 2002, Creating with
Concrete in 1999, Concrete in the Service of Mankind in 1996, Economic and Durable Concrete
Construction Through Excellence in 1993 and Protection of Concrete in 1990.

The event was organised in collaboration with the Centre for Applied Energy, University of Kentucky
from the United States of America. Under the theme of Concrete in the Low Carbon Era, the
Conference consisted of six Events: (i) Low Carbon Design of Structures and Buildings, (ii ) Efficient
and Sustainable Use of Resources, (iii) Infrastructure and Transportation Construction and
Resilience, (iv) Structural Health Monitoring and Life Extension, (v) Security and Geohazard
Engineering, (vi) Renewable Energy. In all, a total of 150 papers were presented from 50 countries.

The Opening Addresses were given by Professor Peter Downes, Principal and Vice-Chancellor of the
University of Dundee, Mr Bob Duncan, Lord Provost, City of Dundee. The Conference was formally
opened by Mr David Ball, CEO of the David Ball Group and the Conference Opening Paper was
presented by Mr James Aldred, Associate Director, AECOM, Australia, and the Event Keynote
Papers were presented by Dr Boudewijn Piscaer, Initiator and Consultant at SUSTCON EPV,
Netherlands, Professor Tom Harrison, Private Consultant, France, Dr Eng Habib Zein Alabideen,
Deputy Minister, Ministry of Municipal and Rural Affairs (MOMRA), The Kingdom of Saudi Arabia,
Mr Gary Lee, Fyfe (Hong Kong) Limited, China, Professor P Sukontasukkul, King Mongkut's
University of Technology North Bangkok, Thailand and the Closing Paper was presented by
Professor Peter Hewlett, Visiting Professor, University of Dundee and Director of Research to the
David Ball Group

The support of International Professional Institutions and Sponsoring Organisations was a major
contribution to the success of the Conference. @~ The work of the Conference was an immense
undertaking and all of those involved are gratefully acknowledged, in particular, the Sponsors,
members of the Organising Committee for managing the event from start to finish; members of the
Scientific and Technical Committees for advising on the selection and reviewing of papers; the
Authors and the Chairmen of Technical Sessions for their invaluable contributions to the proceedings.

Professor Rod Jones Dundee
Chairman, Conference Organising Committee July 2012
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Removing Impediments to the More Sustainable Use of Concrete

J Aldred
AECOM, Australia

The concrete industry is keen to position itself as an integral part of the sustainable construction. Indeed, it is hard
to think of sustainable development for the growing global population without thinking of concrete as the primary
building material for structures and infrastructure. However, there are many impediments to the more sustainable
use of concrete within projects. In fact, the contagion of excessive risk aversion and regulation sweeping the
industry appears to be on a collision course with sustainably meeting the needs of the present. Sometimes even so-
called “sustainable” requirements cobbled onto existing specifications may result in reduced sustainability. When
asked to present the Opening Paper, I was informed that it generally sets the scene and provides a brief review of
the state of the art and there is no boundary to what can be covered. I have taken this guideline seriously. This
paper attempts to touch candidly on the issues facing the concrete industry in the low carbon era. As it is based on
my experience and observations, it cannot help but be subjective to some extent. While I have tried to be balanced,
I have also tried to avoid political correctness which so often interferes with appropriate debate about technical
issues.

James has over 30 years experience in the concrete industry, working in in Australia, Asia, the Middle East, the
United Kingdom and Canada. His background includes Research Scientist, Manager of the High Performance
Concrete Research Group at the National University of Singapore, Technical Director and General Manager of
an international building materials supplier and Technical Manager of Taywood Engineering. His responsibilities
have included product development as well as technical support, training and market development, research on a
range of building materials, preparation of specifications and durability plans as well as investigation of structures.
James was also the Independent Verification and Testing Authority Manager for the Burj Khalifa with GHD in
Dubai and currently is Associate Director in the Advanced Materials Group of AECOM based in Sydney. A
Chartered Professional Engineer and a Fellow of the Institute of Engineers Australia, he is also a Fellow of the
American Concrete Institute and the Institute of Concrete Technology as well as a LEED Accredited Professional

Keywords: Barriers, Concrete, Sustainability
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INTRODUCTION

The concrete industry is keen to position itsaff an integral part of the sustainable
construction. Indeed, it is hard to think siistainable development for the growing global
population without thinking of concrete as themary building material for structures and
infrastructure. However, there are many impedita¢o the more sustainable use of concrete
within projects. In fact, the contagion ofa@ssive risk aversion and regulation sweeping the
industry appears to be on a ¢athn course with sustainablye@ting the needs die present.
Sometimes even so-called “sustainable” regents cobbled onto existing specifications
may result in reduced sustainability.

When asked to present the Opening Paper, | was informed that it generally sets the scene and
provides a brief review of the state of theaartl there is no boundary to what can be covered.

| have taken this guideline seusly. This paper attempts touch candidly on the issues

facing the concrete industry in the low carbema. As it is based on my experience and
observations, it cannot help bbe subjective to some extent. While | have tried to be
balanced, | have also tried to avoid politicrrectness which so often interferes with
appropriate debate abdechnical issues.

ENVIRONMENTAL POLICY

In his speech at Harvard University in 1947 o C. Marshall said/An essential part of
any successful action ...is an understanding orp#reof the people ... of the character of
the problem and the remedies to be applRalitical passion and prejudice should have no
part.” The Marshall Plan was an inspirptbgramme that became the foundation for the
subsequent prosperity and freedom in Westemo@gu As far as sustainability is concerned,
the Montreal Protocol followed Marshalllecommended procedure and has been the most
successful and important international collaboration.

Molina and Rowland [1] proposed that chiftworocarbons (CFC) would breakdown in the
middle stratosphere and the resultant chlommght cause the breakdown of large amounts of
ozone. Other scientists had independently pregpdisat chlorine could breakdown ozone but
none had recognized that thetgudial threat of CFCs irthe stratosphere. The British
Antarctic Survey published data on large logset®tal ozone [2] which were confirmed by
NASA satellite measurements. Within 4 years,Mutreal Protocol went into effect and has
been extremely successful in phasing outnezdepleting chemicals, primarily CFCs, and
placing the ozone layer dhe path to recovery.

The success of the Montreal Protocol is iarlstcontrast to thet@mpts to reduce carbon
dioxide (CQ) through the Kyoto Protocol and othefforts. Clearly there are important
differences between CFCs and £GFCs were man-made chemicals with a limited number
of manufacturers whereas carbon ditexis an intrinsic part dife and a fundamental part of
our current economy. However | would suggest thatcrucial factor was that CFCs had a
proven direct causal relationship to ozoneleéigon with demonstrable damage having
already occurred. Scientists took the leaglyposing hypotheses which were confirmed by
direct observation. This then galvanise@ theople and governments into effective and
necessary action.
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While Arrhenius [3] suggested that fossil feelmbustion may eventually result in enhanced
global warming as far back as 1896, it was thoulgat human influences were insignificant
compared to natural forces and that the oceans acted as such yastkS@hat there would
be no net accumulation in the atmosphere. déaease in global annual temperature from
the 1940's to the 1970's in spite of significantéases in carbon dioxide shifted the focus to
global cooling. Indeed, this was the main conaenen | was at University in the late 1970'’s.
The increase in global temperatures in the 1988ad to modelling by Hansen [4] and others
which suggested alarming temperature ris¢hd output of anthropogenic carbon dioxide
were to continue unchecked. Their predictiamese presented to the US Congress in 1988. In
Great Britain, Margaret Thatcher also gave&paech on the dangers of global warming in the
same year. By 1990, the Intergovernmental Panel on Climate Change (IPCC) had been
established and issued its fireport. The Kyoto Protocol vgaestablished in 1998 in an
attempt to reduce greenhouse gas emissioh830 levels. However, ¢hKyoto Protocol and
other attempts to control carbon dioxide esiuss have had virtually no effect on carbon
dioxide output. The current GQevel is virtually equivalent télansen’s “business as usual”
prediction in spite obillions of dollars spent to reduce emissions.

The general acceptance that anthropogenicagjlalarming (AGW) is occurring has been
underpinned by the repeated claithat there is a consensughin the scientific community.

This has been a problem for two reasons. Fits¢, work of science has nothing whatever to
do with consensus. Consensus is the busiokpslitics. Science, on the contrary, requires
only one investigator who happens to be righticlwimeans that he or she has results that are
verifiable by reference to the real world [55econdly, there are aggiificant number of
notable scientists who have made statemestsgdeeing with one or more of the principal
conclusions of the IPCC and the so-callaedhinstream” acceptance of AGW. There are
highly credible scientists who question thewacy of the IPCC andther climate models,

the conclusion that CQs the main cause of global maing and the assumption of negative
consequences. A summary of the areas aicem is given by Prof. Bill Gray who is
Emeritus Professor of Atmospheric ScienceCatorado State University and head of the
Tropical Meteorology Project a&ESU's Department of Atmospheric Sciences [6]. He is a
pioneer in the science of forecasting hurricaaed one of the world's leading experts on
tropical storms. He has the appropriate credentials to give an informed opinion on the subject
and Bill Gray is not alone. Obviously there is a significant degree of scepticism and
frustration with the “mainstream” AGW positiowithin the scientific community and it
seems to be growing.

Hansen et al [4] predicted average tempeeatises of approximately 0.35°C, 0.7°C and
0.8°C by 2010 for the Scenarios A, B and Gpextively as shown in Figure 1. The actual
average temperatures until 2012 are in shown in Figure 2. In spite of the carbon dioxide
levels having risen at a rate similar to Scenario A (business as usual), the actual temperature
rise has been less than Scenario C whidbased on emissions not increasing beyond 2000.

A more important point is the fact thatete has been no appareincrease in global
temperatures since the peak in 1998 or 14 yagos Rather than reassess the original AGW
hypothesis, C®has morphed into the reason for extreme climate events or part of a complex,
“wicked” system which cannot bexpected to be fully undecsid. | fear thata continued

lack of warming may not only discredit tA&W hypothesis but seriously undermine faith in

the scientific community and governmentshis could be a serious impediment to
sustainability or future attempts deal with important contgx issues that require global
cooperation.
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AGW was an appropriate sciemtihypothesis to investigate. &lpredictions by Hansen et al

[4] and others regarding expected tempegatuse provided an objective basis for its
assessment. The problem arose with the rugbolitical action before confirmation of the
hypothesis. Bypassing the normal scientifibate and assessment process prevented the
development of a true undensting of the problenand exploration of psible remedies. As

a result, the AGW discussions have been full of “political passion and prejudice” from the
outset contrary to Marshall’'s recommendation.

| personally think that the AGW/CQssue has now become a divisive impediment to the
crucial sustainability issues of resource depletion and damage to the natural environment. At
a recent meeting on adapting to the carbon takustralia which has come into force this
month, | was told that thuse of recycled aggregate wasanwtable option as it had the same
carbon footprint as virgin aggregate. Thienference will be disssing increasing the
efficiency of our built environment to mimise energy consumption, reducing the
requirement for virgin resources, facitity renewable energy and developing truly
sustainable communities as well as the exaspihere the concretaedustry is making
considerable progress. If we weceachieve realistic targets @ach of these areas, we would
profoundly reduce fossil &1 consumption and CQproduction without the need for carbon
taxes and alike.

Living on a planet with sevenllon people and limited resourcekere is virtually universal
agreement on the importance of resource depleind damage to the natural environment,
regardless of one’s opinion on AGW. Refging attention back onto the primary
sustainability goal of meeting éhneeds of the present withagmpromising the ability of
future generations to meet their own needsuld appear the best way to harness our
collective efforts for optimum benefit.

RISK AVERSION

During a 2012 lecture in Sydney, Dr White [8] meted the different sdavel rise scenarios
as shown in Figure 3. The dataailable on water levels for La Jolla in California from 1924
is shown in the insert and in Figure 4. This establishes a linear rise of @O mm/year
within 95% confidence leels which equates to a sea lense of 0.18 — 0.24 metres or 0.6 —
0.8 feet over the 21st century. However, the Galiin Coastal Conservancy estimate is 4.6
ft (1.4 m) or nearly six times the maximuexpected from the histeal data. The high
estimate model by the US Army Corps ofdineers is 4.8 ft (1.46 m) and this model
significantly over-estimates theea level changes that haakeady. Globally sea level
variations over centuries have fluctuateihvm a range of about 1.1 mm/year without any
significant long-term trend [9-12Northwest European tide gaugecords indicate little or
no rise [13, 14, 9, 15]. Selected Pacific anddndDcean tide gauges give 1.4 mm/year [16].
Proposed global mean tide gauges give 1.45 mm/year with the @twusdr the last 40 years
being only 1.2 mm/year [17].

Current development policies for coastal regioresy be based on a vast acceleration of sea
level rise that may never entuate. Californiaand most other economies around the world

cannot afford to waste valuable resourcesesnessive over-design. This influences the

concrete industry because concrete is ya é@nmponent of many sea defences and coastal
structures.
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Engineers are placed in a difficult position; potentially over-design structures based on the
highest predictions which may waste resou@edesign based on agpriate probabilistic
engineering judgement and potaliti face litigation and a pletha of expert witnesses if
anything goes wrong, even if it had niotnto do with the sea level rise.
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Figure 3 Comparison oka level rise scenarios [8]

The actual rate of sea level rise is a vitahgideration for the desigof near shore or on
shore concrete structures for the “Limpeive energy device has been operating since 2000
on an exposed cliff edge in the Orkney Islaimdeorthern Scotlandverestimating sea level
rise reduces the commercial viability of thmsportant source of renewable energy which is
usually mounted on a concrete structure.

Problems with risk aversion also arise fromited data and engineers erring on the side of
caution. Adjacent to a major project, thereswa plan to extend a local waterway. It was
suggested that this may raise the water taldeugh it was deemed by one of the consultants
involved to be a “50:50 call’. Even thougheticonstruction was underway, the consultants
decided to increase the heighttb& pile caps over the massive site at significant time, cost
and materials. If the announcement to extémel waterway had been delayed by a few
months, the project would havween constructed based on theinal design. The project
would have had to deal withdheffect of the waterway on theater table in the same way as
the neighbouring structures which had beeaaaly completed and could not have made this
“50:50 call”.
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The miean sca level trend is 2,07 millimeters fyear with a 95% confidence
interval of 4+ /- 0,29 mum /fyr based on monthly mean sca level data from
1924 to 2006 which is equivalent to a change of 0,68 feet in 100 yoars.

Figure 4 Historical mean sea level from 1924 to 2010 in California
(http://tidesandcurrents.noaa.gov/sltrends/sltrends station.shtml?stnid=9410230°

Another major project had a number of emgnng firms designing the different phases. The
proposed reinforcement for the basementsrafiried by more than 300% despite each
designer being given the same specificatipndelines. One designer proposed massive
perimeter restraint to limit predicted lateraovement and the others did not. How could
there be such a range of di#at technical requirements touild essentially the same
structural elements? One factor was the issue of calculating the limiting crack width. The
highest reinforcement volume proposed waquired to reduce the limiting crack width
below the 0.2 mm nominated in the design fbae the basis that it would need to be a
watertight structure when the waterproofingmiigane eventually failed. Another important
difference among the proposed designs was élpected stress caused by long-term
shrinkage. The ACI guidance largabnores shrinkage after oryear on the basis that the
rate of shrinkage will, in most structurakcsions, be sufficiently slow that creep would
eliminate any shrinkage stress. BS EN 1982] [on the other hand, considers a completed
piled raft as being exposed &nd restraint and the reinforcement required to limit crack
widths is significantly higher. End restraint svaot even considered in BS 8007 [19]. | am
not aware of significant problems with basemends were previously dggned to that code.

BS EN 1992 [18] calculates long-term shrigkabased on the average shrinkage through the
depth of the concrete section. In a raft siddying can only occur from the top surface with

the bottom surface often encased in a membrane and surrounded by water. Gilbert et al
measured the shrinkage profile thgh concrete that was sealed at the base as well as sealed
and restrained at the base as in metal dEleky found a reduction in shrinkage of sections
when evaporation was prevented from the base using a coating. However, when restrained
and sealed, the base of thetgm exhibited no shrinkage as shown in Figure 5. A similar
effect would be expected to occur within pileafts with further reduced shrinkage at the
base of the raft due to no evaporation fromhbttom and restraint from distributed piles.
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Figure 5 Shrinkage strains in concrete sthbs were sealed and restrained by metal deck
(profile shown) (5A) and which sealed only on the base (5B).

Therefore the restrained drying shrinkage at ridift/pile interface mape much lower than
anticipated from the average value caledatising CIRIA C66070])/BS EN 1992 [18] and
the reinforcement requirement significantly redudéaan be very easy for the Engineer to
err on the side of caution and over-design. It mtesia greater factor of safety and it is not
his money!

In these types of situations, the important impedit to more sustainable use of concrete is
the lack of in-situ monitoring adtructures to verify the design assumptions and minimise any
over-design in future. Advances in monitayi technology make it easier to acquire the
required data. Accumulating more data onesswhere over-design may be occurring would
also provide a technical basis for morestainable construction without exposing the
Engineer to additionalisk. This would progressively meove impediments the sustainable
use of concrete. | would urge the concrete stiquto collect and publish as much data as
possible on the in-situ performance of concreidh appropriate cross references to initial
compliance testing.

SPECIFICATIONS

Day [21] expressed the hopeaththe practice of specifying minimum cement contents and
requiring mixes to be submitted and not subsetiyearied would have finally died out by
the publication of that edition of his book. Howevimese practices astill very much alive

in 2012. Other prescriptive requirements ggecifications, such as aggregate grading,
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maximum supplementary cementitious replacement levels, placement temperatures,
workability, etc. tend to stifle mix optimisati@nd are an impediment to sustainability. They
also often lead to unintended detrirtadreffects of concrete performance.

Designers of concrete struotsrand infrastructure shouldegjify the properties they have
assumed in their design, including strengthpvement and durability. However, few
specifiers are also concrete technologistd eany specifications are blend of sometimes
contradictory prescriptive and performanaquirements. The performance requirements
often just added onto prewus specifications.

Existing Codes accept that concrete strengliovie a normally distribution and should be
considered in terms of mean strength anddsteth deviation rather than an absolute limit.
However, when cubes or cylinders are lowan specified strength, the Engineer often
requires an investigation by coring rather bywlgsing the results to determine whether the
low result constitutes a genuine downturn orisolated statistical aberration. To avoid the
inconvenience and coet coring or other t&ting, producers may choose to overdesign their
concrete mixes, significantly reducing the susdaility of the concrete. Unnecessary testing
of in-situ concrete is an impediment to suisability. Day [21] advocates a penalty system
where concrete that is “contractually” de@int results in a nominal cost to the producer.
Clearly where compliance testing suggests “structurally” deficient concrete, an appropriate
investigation would be required.

There are two basic requirements of a caeci@ntrol system. One should provide an
accurate assessment of quality and the otheuld facilitate intervention as quickly as
possible to restore the requdregquality in the event of any downturn. Accordingly, the
specification must ensure that mix design andlijucontrol are controlled by the concrete
producer. Any external party cannejuire corrective action based as little evidence as a
properly motivated producer will require2]]. The large range of admixtures and
supplementary cementitious materials now abélanakes external intervention even more
difficult. A competent concrete producer hasconduct trials to establish which products,
and which suppliers of materials, will beshable him to consistently produce the most
economical compliant concrete for a particyesject. He should be encouraged to do so by
the specification. All partieso the project will benefifrom a competent and motivated
concrete supplier with consisitesupply that complies with the specification requirements.
Specifications for non-strength properties can beencomplicated and this is often used as a
justification for prescribing some mixedtures, sometimes significantly reducing the
sustainability of the concrete or thbility of the supplier to innovate.

Premature deterioration of reinforced concrietea global problem that costs billions of
dollars annually. In severe environments, cete structures have often failed to achieve
their required service life without major mgenance which is unsustainable. As more
specifications now require a minimum desijie of 100 years for major projects and
infrastructure, there is even more demand for appropriate specifications to ensure concrete
durability. International codes @vide prescriptive solutions increase the required concrete
guality and cover thickness to improve chloridsistance. The common practice to specify a
minimum cementitious content to achieve “duligli is an impediment to sustainability.

First, Buenfeld and Okundi [22] showed thataagiven w/cm ratio, # higher binder content
actually increased chloride iangress in concrete. Similarsats were found here at the
University of Dundee by Dhir et al [23]. This is hardly surprising when transport processes
occur primarily through the paste fraction of the concrete. Secondly, an unnecessarily high
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cementitious content may lead to increased cracking due to thermal stresses and shrinkage
which could reduce durability. Unnecessarilystiag cementitious materials also increases

the environmental impact of the concrefamother unintended consequence of minimum
cementitious content requirements in speaiions is that it creates a competitive
disadvantage for the more competent conceefgpliers who have invested in effective
quality control systems to be able toluee variability and cementitious content.

One difficulty in specifying durability perfanance is the absence of a generally accepted
comprehensive test at a reasonably early agenémeasing number apecifications require
compliance testing of transport properties dgrconstruction in an attempt to improve the
expected durability of reinforced concrete structures. However, the required performance for
the different specified parameters to achiglie desired durabilitthas often not been
established. Unlike compressisgength, there is little information available on the expected
variation in the results to calculate appropriate char#eristic value.

In the case of chloride induced corrosion;f@enance requirements may include diffusion,
migration, resistivity or water transport measuents or combinations of these. The ASTM
C1202 [24] test has been a commonly specified procedure in different parts of the world. This
procedure is a measurement of saturatedstreity and has been correlated to chloride
diffusion. While the standard includes a roughdgline for the interpretation of the coulomb
values obtained, specifications can require naoré more onerous performance limits which
appear more related to risk aversion thahreml performance. Faced with onerous absolute
performance limits suppliers have tended to ificantly overdesign their concrete mixtures
to help ensure compliance which reducesasnability and increases production cost with
unknown benefit in terms of durability enlftmment. The use of additional cementitious
material to achieve certain performance limiteatly ages may have a detrimental effect on
fresh and hardened properties. The testltresan have quite high variability so that
individual results should not bspecified as a rejection cniten for the sampled concrete,
rather a characteristic value based on statiditalysis of resultshould be established.

Chloride diffusion is perhaps the most relevast but it is expensive and time consuming to
test and therefore not well suited for compliatesting. Chloride migration is a much faster
and cheaper procedure which still measurdsricte penetration. | would suggest that the
best procedure would be to measure resigtiirequently and migration occasionally to
confirm adequate performance based omvise life predictions modelling using a
characteristic value for assessment.

What is needed are more field data on the actual performance of concrete in aggressive
environments related to itsrgaage properties to providetachnical basis for performance
requirements. There are good service life modiigh relate long-terrfield performance to

early age properties babt all projects are going to conduct a detailed assessment of service
life but simple/cheap compliance tests basedesistivity and desotity could easily be

added to compressive strength to provide nmoie information on the concrete’s potential
durability. When tests are cheap and simmecumulating statistical data is easy and
producers would be encouraged to get to unaedshow to optimise their mixes rather than

the current situation ofisking to a mix because it has a diffusion coefficient.

Specifications for temperaturesei and differentials in massi pours require attention. A
default peak temperature of 70°C is prudestit would virtually eliminate the possible
problem of delayed ettringite formatiogfpEF). While DEF is uncommon, it can cause
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enormous damage. Many specifiers focus ortéhgerature differential within the concrete
mass and a value of 20°C is often specified. Howemany experience which is primarily in
temperate and tropical zones, most thermal angchkas been caused by external restraint of
massive concrete elements by a rigid salbs during cooling.The attention on the
differential temperature requirement in teargte conditions often leads to excessive
insulation and increases both theak temperature and the voleiraf concrete that reached
high temperature. Therefore, to reduce a minoemtal problem, the more likely problem is
exacerbated.

Many specifications limit concrete placement tengpure to 32°C or less. In hot countries,

this usually means that premix companies nardice plant and this has a high energy
demand. For a four metre thick concrete raiKuwait, the batching plant did not have an ice
plant or access to flake ice but needed taeaghthe required peak temperature limit. |
proposed the use of 55% fly ash replacement which achieved the required temperature limit
as well as the other specifipdoperties. In massive elements, very high replacement levels of
fly ash and GGBS are extremely useful to liteinperature rise. The elevated temperature
means that the in-situ maturity is high at refally early ages so that acceptable strength and
penetrability properties do notk long to develop. There are many situations where in-situ
maturity monitoring can reduagnnecessary over-dgsi of concrete mixes. An unnecessary
impediment to sustainability and solving potelyi serious thermal issues are the limits on
supplementary cementing material replacementdamemany specifications. One does need

to be cautious when using high replacement levels of fly ash in thin or suspended elements
where the concrete could dry out and novaliep the required properties. Well-meaning
specifications which extend the compliance testing age for concrete specifically to enable
high replacement levels without considerimgsitu development ofstrength and other
properties can be problematic.

There is a tendency to limit concrete worilkibin specifications based on the assumption
that lower workability produces better concret¢hile often true when added water was the
only way to increase workability, it is certaintyt true in the age of advanced admixtures.
Poor workability can lead to honeycombirglpwer construction a&huncontrolled water
addition after compliance sampling. Resultantedef can lead to cdgtrepairs and even
litigation. The problem of prescriptive specdtion of rheology can also occur with self-
consolidating concrete (SCC) where over-zealous specifiers can require very high workability
parameters which can lead to segregatiomould suggest that ¢hspecification should
require that the contractor/premix company aomfthat the rheology of the concrete is
satisfactory for the proposgacement procedure and thexndieveloped complies with the
performance parameters. This will reduce @ineount of repairs and replacement necessary
and encourage innovation.

Many specifications includerhits on drying shrinkage accang to a standard procedure
such as ASTM C157 [25] or AS 1012.13 [2@}hile this may seem prudent and would be
expected to reduce cracking, it should be noted that most “shrinkage” cracking is due to
plastic, thermal and autogenous shrinkage tfiat order) not ging shrinkage. Drying
shrinkage tests are conducted on well cull specimens 75 mm x 75 mm (3" x 3”) in
cross section dried at 50% relative humidaiyd therefore not representative of standard
concrete elements exposed to drying in mosirenments. In-situ drying shrinkage is a slow
process. Pour strips interfere with coostion and do virtually nothing to accommodate
drying shrinkage strains. Higher strength concrete with higher cementitious contents tends to
exhibit lower shrinkage in these tests. Howegeich mixes may have greater movement due
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to higher peak temperatures and more autageibrinkage which are not measured in the
test. Creep helps to limit any long-term deental effects. The well meaning but poorly
thought through use of a perfornt criterion may reduce bothssainability and concrete
performance.

REGULATIONS

Standard concrete productionAmistralia has essentially bebased on compressive strength
performance for more than 20 years. The Aalsin system has resulted in good concrete
producers, with well-equipped, suitably staffand accredited laboratories, designing and
controlling a range of mixes tmeet the specified stremgtConcrete producers prepare
monthly reports on the mixes which are circaethto the purchasers. In the event of any
marginally low result being predicted from early tests, the producer is required to inform the
purchaser of the concrete in question. Thiéeberoducers generglluse a graphical and
statistical control system on concrete and input materials data which helps identify any
problem at an early stage.

The result of this system has been that typicaicrete in Australidas a standard deviation

of strength of between 2 — 3 MPa, well belonost other countries. A lower standard
deviation means a lower target mean strength and lower cementitious contents with reduced
cost and environmental impact. Investment quality control and quality testing was
effectively incentivised.

The situation could not be more different fmncrete from the same suppliers to various
projects which must comply with prescriptigpecification requiremesit particularly when
additional performance requirements haveerb added. Some State Authorities have
prescriptive specification requirements to whigerformance requirements have been added
such as chloride diffusion, sorptivity or volenof permeable voids. Mixture proportions and
material suppliers have to be registered with State authority. The considerable time and
cost involved in obtaining registration & disincentive to ongoing mix development and
upgrading to more advanced admixtures andnsd be standard deviatiof these registered
mixes with minimum cementitious content anbestrequirements can be up to double that of
the standard mixes which are controlled tye premix supplier to achieve a strength
requirement only. When the variability in strémgncreases so does the variation in other
properties.

An unexpected consequence of durability periance specification has been the submission
of inappropriate concrete mixes just because they had thecessary test data so that the
producer did not have to conduct additionall tnexes and long or expensive testing. For a
structural element with minimum thicknessryiag from 0.45 m to 1.8 m and a specified
strength of 50 MPa, the premoompany proposed a mix wittementitious content of 635
kg/m3 incorporating 25% fly ash. The mix sv@roposed because it was approved by the
appropriate statutory body and the perforosamriteria had been meWe modelled the
expected peak and differential temperatures using the proposed mix. The estimated peak
temperature was 98°C and the diéfetial was more than 60°C asen in Figure 6. The mix
may have achieved the required chloride diffusiaty if it had been used in this application,
it would have resulted in severe cracking and significant delafethgite formation
potential. In addition, the mix used over 2R@m3 more cementitious material than was
necessary. In this situation, a performance reguent intended to improve durability and a
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registration procedure intended to ensure d@anpe could have rekad in the use of a
totally inappropriate concrete mixture wigerious consequences in terms of premature
deterioration and waste of resources. This was simply to avoid additional testing and
paperwork caused by the specification and regulations.

=== Beam Centre
== Beam Soffit

Beam Bottom Corner
=== Beam Vertical Surface
= Deck/Beam Corner

Deck Centre - Side

TEMPERATURE,CC

Deck Top - Side

Deck Top - Middle

0 24 48 72 96 120 144 168 192 216 240 264 288 312 336 360 384
TIME, hrs

Figure 6 Results for Concrete Mix 635kg Bind25%FA. Temperature Profile at Locations
of Interest with protected daces after formwork removal.

The Heart of Doha is an urban redevelopmienthe historic centre of the city. It will
transform the district into aetwork of sustainable intercaeeting buildings, public squares,
courtyards, and landscaped stseétwas involved in helping improve the sustainable use of
concrete for the project which is targefiLEED™ Gold. Qatar had regulations preventing
the establishment of a batching plant withie city. The “not in my backyard” rule. A
comparison of the transport requirements @if-site compared with on-site concrete
production of the estimated 1.25 million cubic reetshowed a reduction of 55% in terms of
truck-kilometers for on-site production. Other important sustainability benefits were the
ability to reduce loads on roawifrastructure, reduce rejesti of non-compliant concrete and
reduce disruption to city traffic. Based on thdsenefits, permission was given to have a
site plant.

STANDARDS

Standards have necessarily been developedtfiemrevalent construction practices. Indeed,
the time taken to develop standards meansttiggt are often based on recent construction
practices rather than current ones. This caa berious impediment to the promotion and use
of innovative materials and procedures. | was wedlin preparing a state of the art report on
a proprietary geopolymer concrete in Auk&aWhile the standard is obviously based on
Portland cement based concrete, the masecgamponents of the AS 3600 for Concrete
Structures are essentially rimance based. The format of the report followed the
engineering, durability and other significant pedpes listed in the Standard and compared
the performance of the geopolymer concrete with expected performae from a Portland
cement based concrete. This approach heen bquite successful in helping designers
understand the performance properties of aehavaterial. This ggpolymer concrete has
now been used in a range of different applications.
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Designers have requested independent verifioatf the use of the product to help mitigate
any possible risks with using a non-traditional gete. This has been an excellent system for
introducing innovative sustainablconcrete materials in actuatructures rather than
laboratory specimens to buib@nfidence in the technology.

National Standards and Codes which are more prescriptive in nature and explicitly limit
concrete to a Portland cement based bindeaarimpediment to non-Portland based binders
being accepted in the industry.

CONSTRUCTION PRACTICES

Another impediment to the more sustainable use of concrete has been tradition construction
practices which have covered cogte with marble, tiles, paster or paint. There is a different
attitude to quality control ofancrete when it is expected have an off-form finish. | have
seen repetitive defects where the first defeatl been cosmetically patched rather than
correct the placement method that produced thecteThis had huge cost implications. Self-
consolidating concrete (SCC) can play ampamiant role in improwig the concrete quality
and surface finish as well as saving Contracsigaificant cost on repairs. The fact that so
many precasters now use SCC is testament &mltantage in reducing defects and repairs.
Properly constructed concreteing appropriate binder, pigmenasmid formwork or grinding
can provide an inexpensive, attractive andable finish where the thermal mass of the
concrete is directly in contact with the imal spaces for maximum benefit in terms of
thermal attenuation. This can be augmentedhkyuse of embedded tea pipes within the
concrete to efficiently control internal temperatures.

CONCLUSIONS

We can produce beautiful, off-form structusesh minimal embodied energy and emissions
where most of its components are locallyaitable throughout the world. Such concrete
structures require virtually no maintenandéey are fire resistant, flood resistant and
hurricane proof in the event of severe weathign extremely low energy costs to maintain a
comfortable living environment.

Engineers have always been uniquely placed tabte to do great things. It is probably one
of the reasons that each oferstered the profession. Louis Rastonce said; "Ce n'est pas la
profession qui honore I'hommejest 'homme qui honor larofession”, "It is not the
profession that gives honour to a man, it istifi@ man to honour his profession”. Let us bring
honour to our profession by eliminating excessiver design, rationalisg specifications to
promote quality and innovation amdproving construction practices.

Some are very cynical about saisability because it can be mo*spin” than substance and
“spin” will not provide for the needs of humanity. Let us all work to remove the various
impediments to the sustainable use of concretbatathis wonderful material can be used to

its full potential in the servee of mankind. My school motto was; “Esse quam videri”, “To

be, rather than to seem to be” which is a great motto for anyone. | hope that the motto of the
sustainability movement willdcome; “Ad faciendum quam videri”, “To do, rather than to
seem to do”.
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Reducing CO, by Half in Concrete

B Piscaer
SUSTCON EPYV, Netherlands

All aspects that influence the reduction of the CO5 emissions in concrete will be mentioned briefly. Focus will
however be presented on the production of the material itself in 2 main groups (i) Multiplication of “Best Practice”
low clinker concrete, (i) R & D effort towards the “State of the Art”. “Best Practice” using several case studies
from different geographical areas resulting in tailor made solutions will demonstrate the complexity of the subject.
The interaction of all parties and academic disciplines in the ValueS Chain will be highlighted. Aspect will be dealt
with such as (i) National and European regulation barriers to be resolved in order to facilitate the implementation
of cross boarder Best Practice CO5, reductions, especially in the applications of low carbon impact Supplementary
Cementing Materials, (ii) human capacity development in concrete mix design such as particle size engineering
and oxide engineering,(iii)supporting pillars such as developed in the European Eco-Innovation project SUSTCON
EPV. The substantial CO; reductions from applying Best Practice will be calculated using real case stories. “R &
D” will not only involve the large number of low CO5 Non Portland Cement innovations that need to be put on
the market. The demand to conduct “From Practice to Theory” R & D will be presented related with the need to
bridge the gap between “Lab-Crete” and “Real-Crete”. This will most likely result in more precise engineering
of structures and lower the volume of concrete and rebar needed. On these efforts another figure as an objective
for CO; reduction can be connected, justifying the ambition to half the CO, presently being emitted. Side effects
from the ambition such as portraying concrete as an important high tech product thus attracting higher educated and
motivated people will be mentioned. Finally the call will be made to improve the relation between the academic
community, executive economy and policy makers.

Dr Boudewijn Piscaer is Initiator and Consultant at SUSTCON EPV, Netherlands. As an ”Intrapeneur” within first
German companies, he developed new markets in Europe, North America, the Caribbean and Asia. This was for
high temperature resisting refractory brick. Through refractories he became familiar with the iron and steel, non
ferrous metals, ceramic, glass, and especially the cement industry.

After a ”’Green concrete” workshop in Iceland in 1999 he combined his CO5 reduction objectives with the appli-
cation of practices from the refractory concrete. In May 2002 he organized a Green Concrete workshop and since
then he presented numerous papers on Sustainable Concrete. In 2007 he discovered loopholes in the standards and
a new verification methodology that could circumvent the barriers to innovations. In 2009 he initiated a European
ECO-INNOVATION project proposal and united a Spanish - Dutch consortium for SUSTCON EPV (Sustain-
able Concrete - Environmental Performance Verified). Project previews November 2011 in Belgium and March
2012 in Madrid confirmed that substantial progress in civil concrete practice is now within reach. He consults the
SUSTCON EPV project till November 2012.

Keywords: CO-, Powder, Regulation, Sustain
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INTRODUCTION

It is an honour to presentishpaper in a country that figorobably the best Climate for
Change in our profession. | v&noticed that the UK seems lte up front with the subject
that has been hardly on the agenda’shahy other countries; a low carbon economy. Many
specialized publishers on the topics of Eth€srporate Social Respsibility and Greening

of the industry originate in the UK. Quoting Jo Confino from the Guardiiawhy the only
real leadership being shown in addressing ttumerous sustainability issues is from
business;

“It's not that business hasiddenly gone all gooey anuthilanthropic, but lecause they see in
the hard data that unless they act now, there may not be a business left to run in the next 20
years or so”.

Such hard data as the report by Eccles at dhsvfNovember provided called “The Impact of
a Corporate Culture of Sustainability on @orate Behaviour” is more accessible here. It
demonstrates the better financial yield for thego care about sustainability. The best proof
however for the right Climate for Change is thia# University of Mndee selected the topic
of this conference and is helping the numbepnstruction material and the number 2 in,CO
product to act now.

We should realize that reduciy half the C from Ordinaryortland Cement use of > 3.3
Billion tons means that we can reduce farenthien the airlines emit all together.

For many of us more important; the objeetiof reducing the environmental impact of
concrete goes hand in hand in making it the rpopular and attractive high tech sustainable
construction material it has guren itself already 2000 years ago. This challenge will be a
great opportunity for the educational and reseamstitutes together wh the industry in an
overall drive to increase human capacity building.

My thanks go out to the European Commis&#t#(I| that has recognized the importance of
the sustainability of concrete by giving 2 Sigainand 2 Dutch consortium partners a hand in
overcoming the barrier to realize Eco-Innowas in favor of the knowledge based economy
in general and SME'’s in particular.

Personally | realized since 2002 WHAT htadbe done, in 2007 | knew HOW and in 2009
with WHOM. Our project is on track.

The general task is to learn how to do maengh less. For an industry that is built on
“thinking and calculating in volume”, the chantge“thinking and acting in quality” does not
come automatically. Yet the speaker has prfomin refractory concite that reduction can

lead to adding more then one value.

HOLISTIC APPROACH

Reducing C@and the linked reduction of raw matesidlas to be conducted on many fronts
that mostly are intertwined. Ergy that comes from non renewable sources is in production
and transport of materials. The energy consion of a ton of aggregates or OPC raw
material can vary from 3kWh to 8kWh p&rn. Energy use for making concrete varies
between 2 kWh to as much as 20 kWh pérafnconcrete. Transport takes yet another big
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part of CQ. While it is in the direct economical intstdo reduce energy, weve to face the
unavoidable problem; Portland clinker. As an average 1 T OPC = 1,Ta@Dtakes 1.6 T

raw material (we send 600 kg up in the atpiwse). Modern clinker productions having
“only” 824 kg and we may still further improve the process, but even if all energy comes
from renewable source we ARE still daiong so we will never get under 600 kg &0 of
clinker. So how can we reduce the carbfmotprint of concrete structures without
compromising its sustainability? Unless we ustind concrete better we cannot tell the
engineers and architects halwey should design.

Cement and/or Binders

Globally there is still great confusion on what cement is. Former Prime minister Yves
Leterme called King Albert the cement of theddem Nation. Are we talking about Portland
Cement/OPC or the binder listed in the prgdiste EN 197? So howan we prescribe Water
Cement Ratio’s and the linked Water Binder Ratwfgen this is not clear? Here is the proof
that the WCR and derived WBR have nothiogdo with technology and all with market
positions;

An SCC manufactured in a Dutch precasinpluses 180 kg Cem | 52.5R, 180 kg GGBS, 180
kg of GCC (Ground Calcium Carbonate). Tm# has a binder ratio in the UK of 0.40, in
the Netherlands 0.45, in France 0.66 in Germ&8pgjn and many other countries 0.92. If one
would count the same 3 ingredie that are used for makifiggal” EN 197 cements Cem Il

B LL and Cem Il C, we all of a sudden have a Water Binder Ratio of 0.36.

This is a proof that we are still dealing witlutdated regulations in conflict with several
European principles that halittle to do with technology.

And, this is the topic of our congressjsttSCC has a carbon footprint on materials of
190 kg/nf replacing a vibratiosoncrete with 370 kg/fn

| think we should thank the Water Cement Ratadl its national step sisters the Water Binder
Ratio’s for having done a nice job since the age We made concrete from 3 shovels gravel,

2 sand and 1 cement and helped avoiding disasters by controlling somehow the water (in the
plants). However, in the era of low carbindoes not have a place anymore and should
finally retire for health reasons, ours.

From Practiceto Theory

Using GCC to stabilize the mix we discowgrall over the Netherlands early 2000 that
nobody could make a C35 and 45 anymorengshe nationalized EN 206 versions that
prescribe the amount of presdaive EN 197 cements they allareased concrete strength to
C65 in 28 days, while having a demouldingesgth after 14 h ot 20. The steel re-
enforcement design is still not adapted to,thisother area where saus CO2 is wasted in
favor of a competing industry.

This SCC in question is more then well resgiog to the 6 basic intevined criteria for
concrete;

e Workability is ideal
e Strength, more than enough
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Durability is high due to low permeability
Sustainability, both environmental plus social
Aesthetics due to high powder content

Cost AND too often still price.

So why did the rapid and high increase of sttiefigppen using what waonsidered an inert
material such as Ground Calcium Carlteffaln order to dgethe homogeneity and
workability right for these SCC mixes Parti@d&ze Engineering was also necessary for what
was then considered the secret garden of suppliers; looking at < 125 p. So now we can
say that there are 3, again intertwined, aspects for strength developments;

1. Mineralogical transformationsydraulic and/or pozzolanic
2. Mechanical packing
3. Adhesion of all particles.

Another revealing pilot that was done iretframework of our European Eco-Innovation
project SUSTCON EPV in 2011 waswater tight basement in the Netherlands (Figure 1).

Figure 1 Water tight basement

Using only 68 kg CEM |1 52.5 R, 140 kg of @S, 132 kg GCC a 28 normative strength of
C38 of a very water tight miwithout additional speciahdmixtures was obtained. An
estimated carbon footprint of < 80 kg/m3 for thest used concrete type the type C20/25 X
lIl was reached instead of > 260 kymany other countries. This pilot justifies the title of
this presentation; we CAN reduce €@ concrete by half if wéet go of outdated regulations
that are conflicting with European guidgheds plus take our business seriously.
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More and more engineers and contractors are abandoning 28 days strength as mandatory, so
all powders can do what they shawlo for the tailor made concrdteat is finally gaining its

well deserved place in the market. Some cdecreeds 8h, others Q&lays strength etc.

Why is Powder Coal Fly ash when mixedwCEM | up to 35% considered 100% a binder

and when mixed by the concrgieoducer it only ounts for 40%? Is this technology we need

for our low carbon era concrete?

It is clear that present regulais are restricting the use ofveenmental friendly materials.

PLAN OF ACTION
Durability is NOT linked with strength, mimum “cement” or water binder ratio. There is
however a relation with permeability when domes to carbonation, chloride and acid
resistance.

It would make sense to introduce Mé&ater Powder Ratio as a guideline for concrete mix
design only, not for standards.ter being all materials < 125um.

Looking at only the 2 above mixes that batsed 165 liters ofvater plus good PCE
admixtures, this would result in thNéater Powder Ratio given in Table 1.

Table 1 Water powder ratio of the 2 mixes

WCR WBR W.POWDER
(EN197) WBR NL ES+DE+ R.
SCCprec.C56/65 0.92 0.45 0,92 0.29
RMC C20/25 2.43 0.78 2.43 0.48

Now there is an explanation of the toglnistrength and thus®d high waste of CoOand
resources. The waste of humasources | will address later.

As you know, all powders other than Portlandheat have a low carbon footprint and most
are called SCM (Supplementary Cementing Matgyigbeveral of them are used in EN 197
type blended composite cements but the& bg the concrete producers on an equivalent
base is restricted by regulations. So | call in the first plac&dmal Rights concrete. A
producer should be allowed toeuthem in at least the sameantity as the cement producer
does.

In the second place we should quickly integrSCM'’s that are NOT recognized by the EN
197 such as Meta-Kaolin, Activated Paper RemydVlinerals, Reactive Rice Husk Silica etc.

And in the third place the scientific anechnology community should actively investigate
Non Portland Cements.
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Quality Control & Particle Size Engineered Ingredients

Yet the main ingredient for low carbon concredecording to my friend Hugo Pettingell is
consistency of the ingredients that willoa¥ precise design oboth structure and mix
reducing waste due to usual over dimensigrof the mix to absorb variations.

Incoming QC should be done dngently also on powders by tegt the water demand. If this

is varying, you can check further by laser deetion. You can also have the material
regularly checked like this bgn outside source. Experiensleows that the powder supplier
will send the off materials to somebody aviis not checking. In Germany the cement
producer has two silofr what is according to the standards the same CEM | 52.5R cement;
one silo for the Germans who do not make SQ for the Dutch SCC market that demands
higher quality.

Though adhesion of aggregates plays a definite tioie is not my fieldbf expertise. A clear
way of reducing the use of precis binders with relative high GQ@ue to production and
transportation is good aggregaproduction that leaves vefymited space for expensive
binders. Also higher quality consistesupply deserves a premium.

By having CUSUM quality control as preachieg the global concrete evangelist Ken Day
will reduce waste by achieving smaller standardati@ns. The technique of remote testing
of strength development will result in optinmg mix and reduce the use of Portland cement.
The CONCREMOTE method appiieintroduced in the Nethlands is proof of such
favorable outcome.

Sustainable Structural Design

Globally building and civil engieers are not sufficiently infmed about sustainability
aspects of concrete so how can we expect thetasign sustainable sttures properly? E.g.
by doubling the strength of @wcrete structure, one carduee its volume by 25% which has
in turn an effect on mostly urban trangpoBy redesigning the structures, as often
demonstrated by Prof. Koji Sakai, materieds be used in a more intelligent way.

Yet another way of making concrete more sustiaie and apply differemaw materials is to
design structures that do not need steelfsezement. This will reduce the carbon footprint
of the structure by means of elmating steel already. 10% of wdd production of steel, that
has also a high carbdimotprint, goes into @ncrete. Steel free concrete can also make
structures more durable, not having to wabput carbonation and chloride penetration. The
writer realizes that it seems to take anotbEp back but the most sustainable concrete
structure, the Pantheon in Re, has just proven that this approach makes sense.

There are production methods on the market that use SB@am for curing concrete so
permeability for uptake can be designed i thix. Once such production method has solved
the manufacturing process problems, it opens perspectives for the concrete industry,
provided the problem of steel reinforcemdras been addressed in design. Possible CO
uptake figures on concrete in general are agnain to the market but have a high number of
variables and are not presented here.
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Regulations

As demonstrated above, the present presesipegulations do not make sense for a low
carbon economy when the use of environmefrtahdlier materials isobstructed. Where

would the automobile industry be if a minimum amount of steel would be imposed? With
current and future fuel prices we would rarive far in our hummers and tanks on the
average salary. Are there buildings in wood such as the Pantheon in Rome? So concrete can
be a sustainable low carbon material. Butyda think we would be allowed under present

EN 197 and EN 206 to be build?

We need to move from outdatpdescription regulations to credible performance criteria so
we can upgrade the image of concrete as bleiglg tech after all and attract better people
plus be a very sustainable that means enwirental friendly and social important product.

For this we developed in otico-Innovation project 6 pillars;

-The EN 206 5.2.5.3 Equivalent Concrete Penfance Concept which is a loophole in a non
harmonized standard that iBn general in onflict with the Construction Product
Directive/Regulation,

e A testing protocol that ibased on a dynamic perfornt@ verification methodology
instead of certification of static costlpng lasting consensus based CEN/EOTA
standardization that results mediocre compromises,

e A Sustainability Index for Concretayhich is a Life Cycle SUSTAINABILITY
Assessment,

e A Quality Brand Label called “PantheonrRemance” to counteract the FSC label

e A Science, Technology, Ethical Board oflisors and Supervisors to prevent Green
Washing, and the introduction of sound innovations,

¢ An insurance that will accompany the mdvem insuring Lab-Crete to Real-Crete
and cover innovations.

WHAT WILL LOW CARBON CONCRETE MEAN FOR THE SUPPLIERS?

e The cement industry will become instead afclinker distributer (“Clinkeristes”),
sales engineers of high ditya binders suchas CEM | 62.5 RRrad CEM Il C22.5N,
Cem IV, V and VI and propose their veryalste reliable products for a premium.
They will make more money with lessinier better used. They will approach
customers with binders that are higperced but cost less for the producer.

e Aggregate producers will sell as many differeaty precise consistent fractions with
possibly good quality dust.

e Admixture producers will continue their wo as sales engineers and get maybe
involved in selling mineral admixtures as well.
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Concrete producers will attract better peomtho consider it more fun to supply
changing tailor made concrete thetlowing questionable regulations,

On-site inspection of Real-Crete usingmaon destructive instruments for testing
e.g. permeability will be new jobs taking away demolition jobs from the future.

New institutes will rise that will accomps the producer with QC of incoming and
outgoing materials, in mix optimization, acding to the production and installation
process.

Companies such as the one that co-ordinatessainability for the Olympics within
the pyramid Owner, Specifiers, Producetantractors and Regatbrs, which will
result in less waste willrid more a place in the economy,

Sustainability evaluation companies that knitvat Managing idMeasuring will find a
future.

Vocational schools will turn out studentsth skills, proud to have their hands on a
high tech material that is mbused (and most abused).

and, last but not least, Universities suah Dundee that will present students and
industry a range of possibilisdrom Research that may be applied more, and students
that realize that they can repeat wheds done 2000 years ago, make concrete
structures that will demonstrate that we can reduce carbon and add more then 1 value
but 3 elements of SustainabylitPeople, Planet and Prosperity.

Amsterdam 18-5-2012
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The paper describes a study in which sixteen reinforced concrete beams without transverse stirrups were tested to
failure to investigate the influences of the shear-span/depth ratio, the longitudinal steel ratio and the compressive
strength of concrete on the loaded behaviour of high strength concrete in shear. Crack development and propa-
gation were studied through continuous monitoring of the shear cracking using digital video recording. The test
results show that the shear capacity depends more on the shear-span/depth ratio and the longitudinal steel ratio
and relatively less so on the compressive strength in the case of high strength concrete. Among the factors that
contribute to the shear resistance of high strength concrete, the aggregate interlocking contribution is found to be
less than in ordinary concrete due to the nature of inclined cracking, realatively straight and transgranular in this
type of concrete instead of intergranular as in ordinary concrete. Using the test results, the applicability of the
different modelling approaches used in the major design codes for the contribution of high stength concrete to
the shear resistance is assessed and their use as design tools for high strength concrete beams without transverse
reinforcement examined.
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INTRODUCTION

The shear behaviour of reinforced concrete elements, particularly those made of high strength
concrete (HSC), is still a subject of interest in research despite the numerous experimental
and theoretical work papers published on normal strength concrete (NSC). According to this

literature, the compressive strength of concrete ( f,), the shear-span/depth ratio (a/d) and the

longitudinal steel ratio (p) are thought to be the most important parameters affecting the shear
resistance of normal strength concrete. Little is known, however, about the influence of these
parameters for high strength concrete which has a number of advantages; its use in the
construction industry is ever increasing in many regions of the world. This is due to its
improved physico-mechanical properties such as the compressive strength, the stiffness and
the long term durability and also to the economic gains which can be achieved with
reductions in geometrical sections and gain in the architectural space to be exploited. Hence,
technical, economic as well as aesthetic criteria point towards the choice of HSC instead of
NSC.

In effect, with the advances in materials technology, particularly the development of
superplaticisers and colour admixtures, concrete construction aesthetics are continuously
improving through the use of high strength concrete.

On the other hand, HSC has proved to be a brittle material. Indeed, during the tests of this
study, it was observed that cracking was sudden, transversing completely aggregate particles,
as in Figure 1 below, producing relatively smooth fracture planes. The cracks do not go
around the aggregate particles as is usually the case with NSC. Smooth fracture planes affect
the concrete shear strength by reducing the contribution of the aggregate interlock between
the fracture surfaces [1, 2, 3, 4].

Figure 1 Typical inclined crack in HSC beams- transgranular

The rupture mechanism of a beam element without transverse reinforcement can be
reasonably thought of as generating three internal contributing forces [5] to shear resistance
(Figure 2). These consist of the contribution of concrete in the compression zone (V.), the
shear contribution due to aggregate interlock (V,) and the shear contribution due to the dowel
action of the longitudinal reinforcement (Vy).
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Figure 2 Internal shear forces in a beam without transverse reinforcement

The total shear resistance can be written as :
V=V.+V4+V, [Eq. 1]

With an excessive opening of a diagonal crack, the components V, and V4 become
ineffective. Consequently, the component V. carries all the acting shear. This leads to the
collapse of the beam, initiated by crushing of concrete in compression [5]. The aggregate
interlocking mechanism is a significant contributor to the shear capacity of beams and hence
has a predominant influence on the ultimate load carrying capacity of beams failing in shear
[6]. According to Talor [7], its contribution to the shear strength varies between 33% and
50% in ordinary concrete.

At higher concrete strengths, however, the aggregate interlocking does not seem to contribute
greatly towards shear. This is supported by the smooth fracture planes and the straight cracks
(Figure 1) which do not go around the aggregate particles but across them. Indeed, according
to Mphonde [8], the contribution of the aggregate to the shear strength of high strength
concrete is almost insignificant. Indeed, no aggregate interlocking was observed for the high
strength concrete beams of the tests in this study and the shear capacity was not significantly
increased even when compressive strengths had almost doubled, from 44.2 MPa to 85.5 MPa.

The state-of-the-art concerning shear in reinforced concrete reveals that there is no unifying
rational theory explaining the interactions of the factors (V., V4, V,) which contribute to the
shear resistance of this composite material. In this sense, the current major codes such as the
American ACI-318, the British BS-8110, the Eurocode 2 and the French BAEL adopt
empirical equations for the shear strength of concrete beams as functions of the longitudinal
steel ratio, the shear-span/depth ratio, the concrete compressive strength and the sizes of the
beam specimens (Table 1). Although most of these four major universal codes take into
account the three parameters considered for investigation in the present work, the change
from normal strength concrete (NSC) to high strength concrete (HSC) may induce changes in
the way these parameters contribute to the shear capacity; the influence of these parameters
may be different in the two types of concrete. Thus, the application of these equations to RC

beams with higher compressive strengths ( f,> 40 MPa) needs to be carefully examined.
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Table 1 Empirical equations for the shear strength used in the major design codes

CODES EQUATION COMMENTS
ACI-318 f cylinder compressive strength of
d %4 p g
) i
(American) V= ;[x/fi + 120pﬂ.bd concrete,

d effective depth of the section
b width of the section

VA

Ve 0‘79[100& j%[moj ( fou ]% bd wd>2 f,, cube compressive strength of
BS-8110 7w \bd d ' -
.. ™ concrete,
(British) Y y A, section of the longitudinal steel
v =(2dj0.79(100&] 3(400)%(12“] ‘bd  ad<2 Vm safety factor for material

a)y, | bd d) (25 (081,

EurOCOde-Z V= 0’0525( fC‘)Z ’3(2’5d / a).(1,6 - d).(1.2 + 40p).bd a/d<2.5 ,0 longitudinal Steel ratio

Ve 1
(European) 7. safety factor for concrete material

v = 0.0525 (F) (16— d) (12440 p)bd a/d > 2.5 a/d shear span /depth ratio
BAFL V=03fKhbd K= 1 (for shear through simple flexural
(French) loading)

f, tensile strength of concrete

TEST PROGRAMME
Test Specimens

Table 2 and Figure 3 show the details of the beam specimens which all had a constant width
of 100 mm and a constant depth of 160 mm. The beams were tested under different shear-
spans. A total of sixteen beams were constructed and loaded to failure under two-point loads.
The beams were cast from of two types of concrete in terms of strength, using the ingredients
given in Table 3. This has resulted in two groups of eight concrete beams of grades C40 and
C80 as in Table 2. For each group, two longitudinal steel ratios were used (p; =1.16 and 2.31
%) and four different shear-span/depth ratios were tested (a/d =1; 1.5; 2 and 3). The notation
of the specimens (C40-1-1 or C80-3-2) is such that C40 and C80 designate normal strength
concrete (NSC) and high strength concrete (HSC), respectively. The first number after the
first hyphen gives the a/d ratio and the number after the second hyphen is the longitudinal
steel percentage (p =Ay/bd).

Testing Instrumentation

The load was applied using a 250 kN servo-controlled hydraulic jack. One LVDT was
attached to the bottom surface at midspan of the test specimen to measure the midspan
displacement of the beam. Electrical strain gauges were attached to the surface of the
longitudinal steel to record the bar strains. The strain gages were covered with silicone gel to
prevent damage during and after casting. The applied load, the corresponding displacement
and the strains were recorded automatically through a data logger.
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A Video Gom-Aramis system was used to measure crack widths and to monitor the
development of the diagonal cracking (Figure 4). The system follows the movements of some
reference points indicated beforehand in each beam as the load increases. The analysis of the
numerical image is carried out with the help of Gom-Aramis software which enables the
strain fields to be evaluated over the whole zone studied. Moreover, this allows the detection
of the initial crack opening with great precision.

Table 2 Details of test specimens and concrete strengths

i f d LONGITUDINAL

c t 2d TENSILE STEEL

(MPa)  (MPa) (mm) A. (mm) > (%)

Ca0-11 135 1 157 1.16
C40-1-2 1331 308 231
C40-1.5-1 135 15 157 1.16
C40-1.5-2 133 15 308 231
C40-2-1 135 2 157 1.16
C4022 442 337 133 2 308 231
C40-3-1 135 3 157 1.16
C40-3-2 133 3 308 231
C80-1-1 135 1 157 1.16
C80-1-2 1331 308 231
C80-1.5-1 135 15 157 1.16
C80-1.5-2 133 15 308 231
C80-2-1 135 2 157 1.16
C80-2-2 133 2 308 231
cg03.1 S5 40 3p 157 1.16
C80-3-2 133 3 308 231

Table 3. Ingredients of HSC (and NSC for comparison)

MATERIALS UNITS HSC NSC
Cement type CEMI-52.5 N-CPJ kg/m’ 425 275
Silica fume - 42.5 -
Aggregate (3-10 mm) kg/m’ 980 990
Sand (0-4 mm) kg/m’ 700 740
Water 1 144 170
Filler (limestone) kg/m’ - 44
Superplasticiser (Chrysofluid Optima 206) 1 6.4

W/C - 0.34 0.62
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Figure 3 Geometry and reinforcement of beam

Figure 4 Experimental set-up of the test specimens and the video camera

TEST RESULTSAND DISCUSSION
L oad-Deflection Response
The load-deflection behaviour consists of two stages (see Figure 5):

-The first stage corresponds to the elastic behaviour where no cracking exists in the tension
zone of the concrete beam.

-The second stage starts with the appearance of flexural cracking in the central section of the
beam which reduces in stiffness due to the cracking. At further increases of load, the existing
cracks develop in length and new cracks would appear within the shear spans. One of the
flexural cracks in the shear spans close to the supports would eventually depart from the
vertical and bend diagonally towards the loading point. Alternatively, depending on the
length of the shear span, a diagonal crack might develop independently within the shear span
and extend towards the loading and support points. On further increase in load, concrete
would crush in the compression zone near the loading point. Failure has always occurred
during this second load-deflection behaviour stage (Figure5) since no confining lateral
reinforcement was provided as expressed by the load-deflection curves.
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In these tests, the load-versus-deflection response for RC beams seemed to be comparatively
less dependent on the concrete compressive strength than on the longitudinal steel ratio and
the shear-span/depth ratio as clearly seen in Table 4 and Figure 5.

70 o
Z = - ,
=3 f, =85.5MPa Z f =442 MPa
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Figure 5 Typical Load —deflection and steel strain at mid-span for the beam specimens

Table 4 Test results of reinforced concrete beams

BEAMS Py P P, P/, 55 W NUMBER AND TYPE OF CRACK
(kN) (kN) (kN) (mm) (mm) (along the beam)

C40-1-1 25 133 187 1.45 2.84 0.46 1Diagonal shear + 4 flexural
C40-1-2 30 140 195 1.39 1.80 0.39 2Diagonal shear + 3 flexural
C40-1.5-1 22 96 1294 1.35 3.04 0.53 2Diagonal shear + 5 flexural
C40-1.5-2 26 112 143.6  1.28 2.12 0.27 2Diagonal shear + 3 flexural
C40-2-1 17 67 85,1 1.27 3.77 0,81  1Diagonal shear+1 flexural shear+ 5flexural
C40-2-2 23 85 100.5 1.18 2.65 0.63 2Diagonal shear + 4 flexural
C40-3-1 11 44 473 1.07 4.70 1.10 4 Flexural shear + 6 flexural
C40-3-2 14 55 55 1.00 3.29 0.37 3 Flexural shear + 5 flexural
C80-1-1 31 132 2109 1.60 3.04 0.51 2Diagonal shear+ 6 flexural
C80-1-2 55 152 224 1.47 1.65 0.22 1Diagonal shear + 5 flexural
C80-1.5-1 27 95 1443 152 3.1 0.45 2Diagonal shear + 7 flexural
C80-1.5-2 34 109 1583 145 1.97 0.39 1Diagonal shear + 5 flexural
C80-2-1 20 64 95.5 1.49 3.82 1.53 1 Diagonal shear + 6 flexural
C80-2-2 27 83 113.6 137 2.71 0.74  2Diagonal shear+2flexural shear+ 4 flexural
C80-3-1 15 40 50.7 1.27 5.72 1.20 7 Flexural shear + 9 flexural
C80-3-2 18 48.5 59 1.22 3.19 0.84 5 Flexural shear + 7 flexural

" Load at first flexural crack, ﬂMid-span deflection corresponding to the ultimate load, *HDiagonal crack width.

Crack Development and Failure Modes

Typical crack propagation for the beams tested under the various shear span/depth ratios (a/d)
is shown in Figure 6. Due to zooming restrictions of the recording equipment, the shear-span
was monitored only at one end of beam and the crack pattern assumed to be symmetrical for
both shear-spans.

The flexural cracks were the first to develop at the central part of the beams. They widened
on subsequent loading but were never harmful enough to precipitate failure and tended to
close up with the development of inclined and diagonal cracking in the shear span zone. Their
formation, however, did reduce the stiffness of the beams. Such a reduction is clearly
expressed by the flattening of the load-deflection curves of the test specimens (Figures 5&9).
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For HSC beams, the first crack occurred vertically at a load level of 15% - 30% of ultimate.
By comparison, those of NSC developed similar cracks at load levels of 13% - 25% of
ultimate. In effect, HSC has a higher modulus of rupture than NSC which results in the
delayed flexural cracking observed in these tests. However, the beams made of HSC showed
more flexural cracking than those made of NSC (see Table 4). This might be explained by the
better quality of the bond between concrete and steel in the case of HSC, resulting in the steel
reinforcement restraining the crack opening better [9].

With further increase in load, new flexural cracks formed in the shear spans curving toward
the loading area. The development of diagonal shear cracking which illustrate an inclined
strut action, depended strongly on the a/d ratio:

-For small values of a/d (a/d < 2), the cracks develop diagonally within the shear span
extending from the loading point to the support, clearly indicating an inclined strut.

-For larger values of a/d, the diagonal cracking, which is shorter, is rather the development of
a flexural crack that bends towards the loading point without a clear inclined strut.

The slopes of the diagonal cracks were considerably different for the four a/d ratios. For
beams with a/d =1, the diagonal crack was often unique and inclined at more than 45° to the
longitudinal axis of the beam, whereas for a/d =3, the diagonal crack was more horizontal
(about 38°) as in Figures 6 and 7. The same crack pattern was observed for both types of
concrete as in Figure 6. A great difference, however, is noticed in the trajectories of the
cracks which are straighter in beams made of HSC material. The cracks go right througth the
aggregate particles and do not deviate around them, a cracking trajectory which is completely
different from that observed in NSC beams. The diagonal crack width varied from 0.27 mm
to 1.10 mm for beams made of ordinary concrete. Those in beams made of HSC were wider,
ranging from 0.22 mm to 1.5 mm. This is probably due to the greater brittleness of the
material, liberating more energy when cracking. In general, crack openings, cut right through
the aggregate particles as observed (Figure 1).

All the beams failed in shear. Beams with shorter shear spans (a/d < 2) failed in shear-
compression as in Figures 6&7. In this type of failure, the diagonal crack, which appears
independently within the shear-span and not as a result of prior flexural cracks, extends
towards the compression zone at the support or to the loading point resulting in crushing of
the concrete at those locations. The crushing of concrete in the compression zone at the
loading point occurs often in an explosive manner in HSC as a result of a sudden release of
accumulated energy [9].

On the other hand, for beams having an a/d ratio equal to 3, the inclined crack resulting in
failure develops from a flexural one within the shear-span and extends towards the support
point (Figures 6&7). At subsequent loading, the diagonal crack widens to split the beam into
two parts [9]. This type of failure is referred to as diagonal tension. At the lower end of the
diagonal crack, a horizontal crack may develop along the longitudinal reinforcement,
destroying the bond between concrete and the reinforcing steel. This failure mode is less
explosive. Beams with a/d = 3 display more cracks during the loading. These cracks release
the stored enegy gradually so that, at the ultimate state, the final amount of energy liberated is
not as great as the cases with a/d <2, and is therefore a less explosive failure [9, 10].
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Support

Figure 6 Typical crack development in HSC beams without stirrups

CROA-1.5-1

Figures 7 Typical Failure Modes of HSC beams without stirrups for a/d = 1.5; 2; 3

Effect of the Compressive Strength of Concrete

Figure 5 shows a typical load-defection response for the beams tested. When both a/d and p
were constant as in (C80-1-1, C40-1-1) and in (C80-2-2, C40-2-2) the shear capacity
increased by approximately 13% as the compressive strength increased from 44.2 MPa to
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85.5 MPa (see Table 4). This could indeed be considered as only a small increase in relation
to the almost doubling of the compressive strength of the concrete. Shear strength increases
is, however, more related to the tensile strength improvement as clearly expressed in some
codes such as the BAEL. Furthermore, previous work has shown that the tensile strength of
concrete does not increase in proportion with the compressive strength [11, 12]. In this sense,
the present test results show that, while the compressive strength almost doubled, the tensile
strength increased by an average of only 30%. The second reason for the small increase in
shear capacity is related to the aggregate interlock mechanism which is thought to be absent
in HSC since the crack goes smoothly right through the aggregates particles and hence shear
resistance contributed by aggregate interlocking is close to nil [9, 12]. The shear resistance in
HSC is due mainly to the dowel action and to the compression zone; though the latter is not
so deep in the case of higher compressive strengths. Indeed, the vertical flexural cracks were
longer in beams made of HSC than in the case of NSC. This explains the relatively low
increase of the shear capacity in high strength concrete even though the compressive strength
of the material is increased considerably.

Effect of the L ongitudinal Stedl Ratio

An increase in the longitudinal steel ratio increases the ultimate shear capacity and reduces
the deflection at mid-span as illustrated in Table 4 and Figure 5; an increase of 19 % was
recorded between beam C80-2-1 and beam C80-2-2 as the steel percentage was increased
from 1.16 to 2.31%. The increase is mainly due to the dowel action which improves with the
amount of longitudinal steel crossing the cracks. The dowel contribution to the shear capacity
is higher for high strength concrete beams since the bond between the dowel reinforcement
and concrete is stronger [13, 14]. Moreover, the increase in the amount of longitudinal steel
leads to an increase in the depth of the compression zone as shown in Figure 8 below leading
to an improve in the shear strength, even though, not in proportion with the increase in the
concrete strength.

The tests have also demonstrated that the beam specimens reinforced with p =2.31%
exhibited less strains at ultimate in the longitudinal steel than those reinforced with p =1.16%
(Figure 5). This is probably due to the fact that beams containing 1.16 % steel are more
under-reinforced and hence exhibit more deformation than those with 2.31% steel; the
balanced steel ratio for the present beams being 2.7%.
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Figure 8 Evolution of the depth of the compression zone with the longitudinal steel ratio
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Effect of the Shear-Span /Depth Ratio (a/d)

Figure 9 shows the mid-span deflections against the applied loads for HSC beams having a
constant steel ratio of p = 1.16 % and varying a/d ratios. The load-deflection curves for
beams with a/d = 1 are steeper than those with a/d of 1.5 and 2. The ultimate deflections of
beams with a/d of 1.5 and 2 are greater than those when a/d = 1. Thus, the stiffness, as
represented by the slope of the load-deflection curve, reduces as a/d increases. In the same
manner, the ultimate load decreased as the a/d ratio increased. This is due to the strut and tie
action (tied-arch action) effect which becomes greater as the a/d gets smaller. The ultimate
loads for beams C80-1-1, C80-1.5-1, C80-2-1, and C80-3-1 were 210.9 kN, 144.3 kN, 95.5
kN, and 50.72 kN respectively; this trend being similar to that of NSC beams. The results for
both types of concrete clearly reveal the decrease in the ultimate load as a/d increases.

Moreover, the mid-span deflection at ultimate load increased as the value of a/d increased,
revealing the above pronounced flexural behaviour with greater a/d. For the smaller values of
a/d, shear dominated the beam’s behaviour and, hence, the deflection is smaller. Indeed, it is
clearly known from the literature [15, 16] that for beams with a/d > 2.5, flexure dominates the
loading behaviour, resulting in a significant increase in deflection compared with beams
having smaller values of a/d. It is to be noted that the maximum deflection for beams made of
HSC (group C80) is 20% higher than for the corresponding beams made of NSC (group
C40). This is thought to be mainly due to the better quality of the bonding between concrete
and the reinforcing steel in the case of HSC, enabling a better transmission of internal stresses
and strains from concrete to the reinforcing steel [9, 12].

The tests also demonstrated that the ratio P,/P. (ultimate load / load causing diagonal
cracking) decreased as a/d increased. This ratio, which represents the reserve of strength
beyond diagonal cracking, was also seen to increase as the compressive strength increased
from normal strength to high strength. In particular for a/d = 3, while no strength reserve was
recorded for NSC beams, for HSC beams, the strength reserve was a little over 20% (table 4).
This could be explained by the fact that the dowel effect is more important in HSC, helped by
the better bond between the longitudinal steel and the surrounding concrete.

F —-C80-1-1
E ——(C80-1.5-1
F —e-C80-2-1

APPLIED LOAD, kN

0,0 05 1,0 1,9 2,0 2,5 3,0 3,5 4.0
MID-SPAN DEFLECTION, mm

Figure 9 Load-deflection for HSC beams without stirrups tested under different a/d ratios



56 Shear Behaviour of Reinforced

COMPARISON OF THE MEASURED SHEAR CAPACITY WITH THE PREDICTED ONE

Figure 10 shows the predicted shear capacity for beams without stirrups according to most of
the main models in the literature such as ACI-318, BS-8110, BAEL, Eurocode-2. For
comparison purposes, the measured shear capacities for the tested beams of this study are
also shown. For ease of comparison, all the safety factors have been taken as equal to 1.0.
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Figure 10 Shear capacity: Comparison of test results with the various predictions.

It can be seen from Figure 10 that for a/d=1.5, great differences exist between the different
predictions and the experimental values. The values predicted by ACI-318, BAEL and, to a
lesser extent, BS-8110, are excessively conservative. Those predicted by Eurocode-2 are
better, though still relatively conservative. The difference between the experimental shear
strengths and the predicted values reveals that most of the theoretical models, particularly
ACI-318 and BAEL, do not take into account in a rational manner the increase in shear
capacity of beams having shorter shear spans[9, 12]. Even the best predictions (those of
Eurocode 2) do not adequately reflect the strut and tie action behaviour that is exhibited by
beams with shorter shear-spans, a mechanism similar to that applying to deep beams. For
HSC, Eurocode-2 seems to give better predictions, though this code may slightly
overestimate the shear capacity of HSC beams having higher values a/d (3 and more) as
illustrated in Figure 10.

In contrast, both the ACI-318 code and the BAEL code are excessively conservative. It is to
be noted, however, that the results shows clearly that the four design models for shear
capacity prediction are more conservative for NSC than they are for HSC, particularly in the
case of Eurocode-2 [9, 12]. This latter design code should be considered with care, therefore,
when used with high strength concrete, considering the catastrophic nature of shear failures in
the case of HSC and the brittlness of this material.

For beams having a/d of 2 and more, the predictions improve for all the models, with the best
correlation given by the Eurocode-2 procedure. In general, the prediction of the shear
strength is better in the range of higher a/d values by comparison to that for smaller a/d
values for the five models.
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This is probably due to the influence of the strut-action behaviour which decreases in effect
as a/d increases leading to a more pronounced beam-action behaviour. It is to be noted that
the French code BAEL is the only one that does not explicitly take into account neither the
main longitudinal steel ratio nor the a/d ratio. This explains why it is so conservative.

To sum up, it can be argued that the four shear design code provisions discussed in this paper
seem to lead to a less safer design against shear forces for HSC than for NSC, though
irrational for both type of concrete in the case of smaller a/d ratios. In effect, for beams with
shorter shear-spans, the behaviour of the beam approaches that of a deep beam with more
strength reserve beyond diagonal cracking. This strength reserve is related to the strut and tie
action behaviour following the development of the diagonal crack. Such behaviour is clearly
revealed by the crack patterns defining inclined compression struts within the shear spans and
a tension tie region at the bottom where the cracks are uniformly distributed. In practical
cases, this mechanism is present when the load is applied close to the support resulting in
shorter shear-spans. None of the models being used take this mechanism into account
explicitly.

CONCLUSIONS

The present study was aimed at evaluationg the contributions of a/d, p and f_ on the global

behaviour in shear for beams made HSC and compares this behaviour with that of NSC.
Based on the experimental results obtained, the following conclusions are drawn.

1. Beams without stirrups, particularly those made of HSC, exhibit a brittle behaviour.

2. The shear strength is not greatly improved as the compressive strength of concrete is
increased from normal strength to a higher stregth. A small increase is recorded for a concrete
strength which had almost doubled.

3. An increase in the longitudinal steel ratio improves better the ultimate shear capacity and
reduces the deflection at mid-span. A relatively higher increase in the shear capacity than that
with the increase in the compression strength is recorded for a steel ratio which has doubled.

4. The ultimate load decreases as a/d increases. In the same manner, mid-span deflections at
ultimate loads increase as the values of a/d increase, revealing the tendency for a pronounced
flexural behaviour that is more associated with a beam-action as a/d increases. The tests also
demonstrated that the ratio P,/P.. decreased as a/d increased. For a/d = 3, the ultimate load
was effectively equal to the load at which diagonal cracking occured, without any strength
reserve for beams made of NSC. For those made of HSC however, the ultimate load was
greater than the diagonal cracking load. The effective dowel action of the longitudinal
reinforcement in the case of HSC is thought to be making the positive difference.

5. The four major code provisions for shear in NSC are safe for use also in the case of HSC
with the excepton that Eurocode-2 should be used with care as, in the case of HSC, it might
have a tight safety margin against brittle shear failures.

6. The different models considered in this study do not accurately reflect the increase in the
shear strength of beams with shorter shear spans (a/d = 1.5). For these types of beams, most
of the design models are excessively conservative; the code predictions only seem to be more
accurate as a/d increases beyond a value of 2.0. It seems that the guideline models for shear
design given in the four codes considered above are better suited to NSC and HSC beams
which exhibit a beam action behaviour.
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The Optimum Conditions of Steam Heat Curing Cycles on Hydration of Fly Ash Cement
for the Precast Industry

K Kagami, M Sato, Y Umemura
Nihon University, Japan

This paper reports the results of an investigation of effects steam heat-curing cycles on hydration of fly ash cement
for the raising efficiency of precast concrete production. The steam heat-curing conditions for the investigation
were varied by changing the preset curing time (time before steam curing), temperature rise rate, maximum tem-
perature retention time, temperature drop rate. The Compression tests were conducted on mortars made using fly
ash cement under steam heating-curing conditions. The hydrate composition was measured by thermogravimet-
ric/differential thermal analyzer (TG-DTA), selective dissolution method and X-ray diffraction (XRD) Rietveld
method to clarify the influence of steam heating-curing on fly ash cement hydration. The steam heat-curing of ce-
ment incorporating fly ash accelerates the pozzolanic reaction and results in considerable increase in the one-day
compressive strength. The effect of temperature drop rate predominates over other factors of steam heat-curing
condition. The optimum conditions of steam heat-curing cycles that shorten the length of the precast concrete
manufacturing process within the investigated range appears to be a 4 hours consisting of a preset curing time 0.5
hour, temperature rise rate 30°C/h, maximum temperature and its retention time at 65°C for 2 hours, quick cooling.
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INTRODUCTION

In Japan, coal ash from coal fired power plants has reached an annual amount of 10 million
tons and is still increasing every year [1]. The treatment of fly ash, accounting for a great
percentage of coal ash, is posing a great problem that is difficult to solve. Despite the
governmental effort to promote consumption, fly ash cement is not used effectively as a
concrete admixture as in Europe. Nowadays, fly ash cement is also being used in precast
concrete products (PCa products). In general, PCa products receive standard steam curing
shown in Figure 1. To improve production efficiency and save energy, factories conduct daily
two-cycle steam curing (accelerated steam curing) by shortening the total steam curing time
as shown in Figure 1 [2]. The accelerated steam curing process is yet to be verified from the
viewpoint of hydration. By this study, therefore, we clarified the influence of steam curing in
the hydration of fly ash cement to extend the use of fly ash in PCa products. In particular, we
verified that the accelerated steam curing of two cycles could ensure performance from the
viewpoint of cement hydration. By cement hydration analysis, we investigated the influence
of each steam curing process on the hydration of C;S and C,S, main components of cement,
and the pozzolanic reaction of fly ash, and the amount of C-S-H generated.

—— Standard steam curing
°C = = = Accelerated steam curing

65 _—————

= - -\

N
\ Temperaturedrop
S rate

—

20 .
the preset , Temperature Maximum
curing time | rise period temperature A slow cooling period |
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time(h) C
05 2 5 9 24 hr

Figure 1  Steam curing program

EXPERIMENTAL DETAILS

Materials used and the mixture proportions of mortar. Table 1 show the materials used. The
mixture proportions of mortar are shown in Table 2. The water-binder ratio (W/(C+FA)) was
fixed at 50% and the amount of FA addition was set at 30 mass%.

Steam curing method

For the steam curing program in Figure 1, six patterns of preset curing time, temperature rise
rate, maximum temperature retention time, and temperature drop rate were set as shown in
Table 3 to compare and study compressive strength and hydration. For this study, the preset
curing temperature was fixed at 20°C equal to room temperature, and the maximum
temperature was fixed at 65°C. Then the preset curing time was set to 2 hours and 0.5 hour,
the temperature rise rate to 15°C/h and 30°C/h, and the maximum temperature retention time
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to 4 hours and 2 hours. The temperature drop rate was varied from 4.5°C/h for slow cooling
to 45°C/h (based on actual measurement at the center of mortar) for quick cooling by
exposing mortar of the maximum temperature to the room temperature environment (20°C).
To verify daily two-cycle steam curing at factories, we also prepared the shortened program
A05B30C2 from the total steam curing processes. Steam curing was followed by sealed
curing in a thermostatic chamber of 20°C. To compare a case with no steam curing and one
with steam curing, we conducted normal curing on cement sealed in a thermostatic chamber
of 20°C immediately after mixing.

Table 1 = Materials used

MATERIAL SYMBOL PROPERTY

Tap water \Y

Ordinary Portland cement C Specific gravity = 3.16 g/cm’
Blaine fineness = 3260 cm®/g

Fly ash FA Specific gravity = 2.21 g/cm’

Blaine fineness = 4030 cm®/g
Ignition loss = 0.4 %
ISO standard sand S Standard surface-dry condition = 2.62 g/cm’
Water absorption = 0.42 %

Table 2  Mix proportions of mortar

W/B S/B UNIT WEIGHT, kg/m’

% W B S
C FA

50 2.25 292 410 175 1316

Table 3 ~ Steam curing programme

STEAM PRESET  TEMPERATURE MAXIMUM TEMPERATURE
CURING CURING RISE RATE TEMPERATURE DROP RATE
PROGRAM TIME RETENTION
TIME

h °C/h h °C/h

A B C D
A20B15C4D 2 15 4 4.5
A05B15C4D 0.5 15 4 4.5
A20B30C4D 2 30 4 4.5
A20B15C2D 2 15 2 4.5
A20B15C4 2 15 4 -
A05B30C2 0.5 30 2 -—-
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Test method

The compressive strength test was performed according to JIS A 1108 "Method of test for
compressive strength of concrete." For each steam curing pattern, mortar specimens of
¢50xh100 mm were prepared using a can mold. After steam curing, the specimens were
sealed in a thermostatic chamber with aluminium tape for sealed curing at 20°C until the
compressive strength test age. The specimens were measured at the ages of 1, 3, 7, and 14
days.

For hydration analysis, hardened cement paste was cut with a diamond cutter into 2.5 mm
cubes. The cubes were crushed and soaked in acetone for one day to stop hydration, and then
stored in a drying furnace at 40°C for one day to evaporate the acetone and prepare the
specimens. For the quantitative analysis of calcium hydroxide (CH), the specimens for
hydration analysis were measured by thermogravimetric differential thermal analysis
(TG-DTA) at the ages of 1, 3, 7, and 14 days.

The amount of un-reacted fly ash was measured by referring to a study by Aasaga et. al [3].
First of all, one gram of specimen for hydration analysis was put into 20 cc dilute
hydrochloric acid (2mol/l) and agitated for 30 minutes for dissolution. Insoluble residue was
dissolved by adding 30 cc of 5% sodium carbonate solution. The remaining solution was
dried at 105°C and the amount of insoluble residue was measured. For this insoluble residue,
the amount of bound water of hydrated product needs to be corrected by referring to a study
by Kobayakawa et. al [4]. Therefore, the insoluble residue of the corrected amount of bound
water is calculated by using Equation (2). For comparison, un-reacted materials of ordinary
Portland cement partly replaced with fly ash at the weight ratio of 30% were dissolved and
treated in the same way. From the difference between the insoluble residue of the corrected
amount of bound water and the residue after treatment for comparison, the degree of FA
hydration was calculated by using Equation (1).

Bi = (Ao-Ag)/(Ao/100) )
Ag = Ag/(1-1G4/100) )
Where, B4s = The degree of FA hydration (%) of the specimen aged d days
Aoy =The insoluble residue (%) of mixed cement not hydrated
Agq = The insoluble residue (%) of the corrected amount of bound water

A4’ = The insoluble residue (%) of the specimen aged d days
1G4 = The ignition loss (%) of the specimen aged d days

Cement minerals and hydrate were quantified by XRD using the technique of Hoshino et al.
For Rietveld analysis, TOPAS (Bruker AXS) was used. The cement ores and hydrates of alite
(Cs39), belite (C,S), interstitial materials (C;A, C4AF), gypsum dihydrate (Gyp), bassanite
(Bas), calcium hydroxide (CH), ettringite (AFt) and mono-sulfate (AFm) and the internal
standard substance of 0-AlLO; (10 mass%) were quantified simultaneously with each
amorphous substance containing FA. To calculate the amount of C-S-H generated, the
amorphous amount was calculated from the quantitative value of the internal standard
a-Al,O3 as shown in Equation (1) and the un-reacted FA amount obtained by the selective
dissolution method was subtracted. In this study, we assumed all hydrates generated to be
C-S-H as Hoshino et al. did [5]. The amount was also replaced with the CH amount
calculated by TG-DATA to determine phase composition by using the pore water (H) amount.
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conf )0

3)

Where, C-S-H= Amount of C-S-H generated (mass%)
R = a-AlLO; admixing ratio (mass%)

A = Quantitative value of a-Al,O3(mass%)
S

= Un-reacted FA amount (mass%)

RESULTSAND DISCUSSION
Effects of Steam Curing on Compressive Strength

With A20B15C4D as the general steam curing program shown in Figure 1 for reference,
Figure 2 compares the compressive strength in curing where the preset curing time,
temperature rise rate, maximum temperature retention time, and temperature drop rate were
varied and that in normal curing. In Figure 2-(A) where the preset curing time was shortened
from 2 hours to 0.5 hour, the compressive strength at the initial age of 1 day became almost
equal. At the age of 7 days and later, the compressive strength tended to become greater when
the preset curing time was changed from 2 hours to 0.5 hour. The preset curing time from
immediately after mixing until the temperature rise start time used to be set almost equal to
the setting start time of the cement in use so that abnormal hardening would not occur.
Accordingly, the preset curing time was set to 2 hours also in this study. Even when the
preset curing time was shortened from 2 hours to 0.5 hour, however, the result of this test did
not show any sign of hardening or effects on the compressive strength. In Figure 2-(B) where
the temperature rise rate was changed from 15°C/h to 30°C/h, the compressive strength was
almost equal between the ages of 1 day and 3 days. At the age of 7 days and later, however,
the compressive strength was greater when the temperature rise rate was 30°C/h than when it
was 15°C/h. In Figure 2-(C) where the maximum temperature retention time was changed
from 4 hours to 2 hours, the compressive strength was almost equal from the age of 1 day
until the age of 14 days. Even when the maximum temperature retention time was shortened
from 4 hours to 2 hours, the compressive strength was not affected. In Figure 2-(D),
compared with slow cooling at the temperature drop rate of 4.5°C/h, quick cooling from the
maximum temperature to the room temperature (20°C) lowered the compressive strength
by10% at the initial age of 1 day.

The compressive strength was about equal at the age of 3 days but greater at the age of 7 days
and later. Since the temperature drop rate was changed from slow cooling to quick cooling,
the compressive strength was lower at the age of 1 day. At the age of 3 days and later,
however, the compressive strength was almost equal. Even when the temperature drop rate
was changed from slow cooling to quick cooling, the compressive strength showed no effects
at the reference shipping age of 14 days.

In Figure 2-(E), compared with the reference program A20B15C4D, the steam curing
program A05B30C2 of totally shortened steam curing processes lowered the compressive
strength by about 40% at the age of 1 day and about 20% at the age of 3 days but kept it
almost equal at the age of 7 days and later.
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Figure 2 Effects of steam curing on compressive strength

In Figure 2-(F), normal curing without steam curing lowered the compressive strength by
70% or more at the age of 1 day, compared with the reference program A20B15C4D. Since
the compressive strength increased remarkably, however, the decrease was about 20% at the
age of 3 days, almost equal at the age of 7 days, and greater than the reference at the age of
14 days.

Compared with general daily one-cycle steam curing, daily two-cycle steam curing lowered
the compressive strength at the age of 1 day for stripping necessary in terms of manufacturing
efficiency. At the age of 14 days for shipping, however, the compressive strength became
about equal to the reference. If the compressive strength at stripping is not affected, therefore,
daily two-cycle steam curing will be possible.

Effects of Steam Curing on the Degree of C3SHydration

With A20B15C4D as the general steam curing program for reference, Figure 3 compares the
degree of C;S hydration in curing where the preset curing time, temperature rise rate,
maximum temperature retention time, and temperature drop rate were varied and that in
normal curing. In Figure 3-(A) where the preset curing time was shortened from 2 hours to
0.5 hour, the degree of C3S hydration did not decrease. Even when the preset curing time was
shortened, the degree of hydration was almost equal. In Figure 3-(B) where the temperature
rise rate was changed from 15°C/h to 30°C/h, the degree of CsS hydration at the age of 1 day
was about equal to the reference. The degree of hydration tended to be higher at the ages of 3
days and 7 days and was almost equal at the age of 14 days. In Figure 3-(C) where the
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maximum temperature retention time was changed from 4 hours to 2 hours, the degree of
hydration became lower. At the age of 3 days an later, however, the degree of hydration was
equal to or higher than that at 4 hours. In Figure 3-(D), compared with slow cooling at the
temperature drop rate of 4.5°C/h, quick cooling from the maximum temperature to the room
temperature (20°C) did not reduce the degree of C;S hydration, but was about in degree to
that of slow cooling. In Figure 3-(E), compared with the reference program A20B15C4D, the
steam curing program A05B30C2 of totally shortened steam curing processes lowered the
degree of C;S hydration by about 15% at the age of 1 day and 5% or more at the age of 3
days. At the age of 7 days and later, the degree of Cs;S hydration was about equal to that of
the reference program. In Figure 3-(F), compared with the reference program A20B15C4D,
normal curing lowered the degree of Cs;S hydration to about 30% and 10% lower than the
reference at the ages of 1 day and 3 days, respectively. At the age of 7 days and older,
however, the degree of C;S hydration was about equal to the reference.

The degree of CsS hydration did not decrease even when preset curing time, temperature rise
rate, maximum temperature retention time, and temperature drop rate were individually
reduced. Compared with general steam curing, daily two-cycle steam curing of totally
shortened steam curing processes lowered the degree of hydration greatly at the age of 1 day
but showed about the same degree at the age of 7 days and later. Normal curing also showed
similar tendency.

100 100 100
5 (A © =
E A
E 95 1 95 - 95
N
m; .
O _ 4 \ i
% 90 90 90
=
< 85 85 85 4
= .
8 80 80 80
E 75 —8—A20B15C4D 75 —@— A20B15C4D 75 —8—A20B15C4D
() )
a =0O=A05B15C4D =<O= A20B30C4D =/x=A20B15C2D
70 T T 70 T T 70
1 3 7 14 1 3 7 14 1 3 7 14
100 _100 100
) (F) .
E o5 1 95 7 95 IOA/,_—&
3 -
90 A 90 A 90 ter -
5 / /
= [
< 85 85 85 +
a [
I f I}
X 80 80 80 7
i
E 75 —@— A20B15C4D 75 —@— A20B15C4D 75 4y =@ A20B15C4D
§ ' == A20B15C4 © == A05B30C2 =O= Normal curing
70 . . 70 ; . 70
1 3 7 14 1 3 7 14 1 3 7 14
AGE, days AGE, days AGE, days
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Effects of Steam Curing on the Degree of C,SHydration

With A20B15C4D as the general steam curing program for reference, Figure 4 compares the
degree of C,S hydration in curing where the preset curing time, temperature rise rate,
maximum temperature retention time, and temperature drop rate were varied and that in
normal curing. In Figure 4-(A), where the preset curing time was shortened from 2 hours to
0.5 hour, the degree of C,S hydration became low at the initial age of 1 day but almost equal
at the age of 3 days and later. In Figure 4-(B), where the temperature rise rate was changed
from 15°C/h to 30°C/h, the degree of C,S hydration was almost equal to that at 15°C/h at the
ages of 1 day and 3 days but higher at the age of 7 days and later. In Figure 4-(C), where the
maximum temperature retention time was changed from 4 hours to 2 hours, the degree of C,S
hydration was about equal to that by 4-hour retention at the ages of 1 day and 3 days but
about 10% higher than the reference at the age of 7 days and about 5% higher also at the age
of 14 days. In Figure 4-(D), compared with slow cooling at the temperature drop rate of
4.5°C/h, quick cooling from the maximum temperature to the room temperature (20°C)
lowered the degree of C,S hydration at the age of 1 day. However, hydration grew until about
the age of 3 days and its degree was high at the ages of 7 days and 14 days. In Figure 4-(E),
compared with the reference program A20B15C4D, the steam curing program A05B30C2 of
totally shortened steam curing processes showed almost the same degree of C,S hydration but
the degree was higher by 10% or more at the age of 3 days and later. The degree of C,S
hydration was expected to be low due to short heating time but increased greatly. In Figure
4-(F), compared with the reference program A20B15C4D, normal curing showed a degree of
C,S hydration about equal at the ages of 3 days and 7 days and greater at the age of 7 days
and later. Even when the preset curing time and temperature rise rate were individually
reduced, the degree of C,S hydration did not decrease. When the maximum temperature
retention time and temperature drop rate were individually reduced, the degree increased at
the age of 7 days and later. Not the general steam curing program A20B15C4D, but the daily
two-cycle curing program A05B30C2 increased the degree of C,S hydration greatly at the
age of 3 days and later. Normal curing also showed a great increase at the age of 7 days and
later.

Effects of Steam Curing on the Degree of Fly ash Hydration

With A20B15C4D as the general steam curing program for reference, Figure 5 compares the
degree of FA hydration in curing where the preset curing time, temperature rise rate,
maximum temperature retention time, and temperature drop rate were varied and that in
normal curing. In Figure 5-(A) where the preset curing time was changed from 2 hours to 0.5
hour, the degree of FA hydration decreased, irrespective of age. Figure 5-(B) where the
temperature rise rate was changed from 15°C/h to 30°C/h, the degree of FA hydration
decreased at the age of 1 day but became equal at the age of 7 days and later. In Figure 5-(C)
where the maximum temperature retention time was changed from 4 hours to 2 hours, the
degree of FA hydration remained equal, irrespective of age. In Figure 5-(D), compared with
slow cooling at the temperature drop rate of 4.5°C/h, quick cooling from the maximum
temperature to the room temperature (20°C) lowered the degree of hydration at the age of 1
day and the degree also tended to decrease from the age of 3 days until the age of 14 days. In
Figure 5-(E), compared with the reference program A20B15C4D, the steam curing program
A05B30C2 of totally shortened steam curing processes showed a degree of FA hydration as
low as about 10% at the age of 3 days. The degree of hydration increased then, but a degree
of FA hydration as low as about 5% at the age of 14 days.
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In Figure 5-(F), compared with the reference program A20B15C4D, normal curing showed a
degree of FA hydration was not more than about 40% at the age of 3 days, 50% at the age of
7 days, and 60% at the age of 14 days. From the result, steam curing is expected to trigger
pozzolanic reaction early.

Figure 6 shows the amounts of CH generated under different steam curing conditions that
were measured by TG-DTA. Even when the preset curing time, temperature rise rate, and
maximum temperature retention time were individually reduced, steam curing did not affect
the amount of CH, compared with the reference program A20B15C4D. Quick cooling
(A20B15C4) from maximum temperature to room temperature (20°C) generated more CH at
the ages of 7 days and 14 days than slow cooling (A20B15C4D) at the temperature drop rate
of 4.5°C/h. Compared with the reference program A20B15C4D, the steam curing program
A05B30C2 of totally shortened steam curing processes showed the amount of CH as high as
about 14% at the ages of 7 days and 14 days. Among the steam curing conditions, this pattern
produced the greatest amount of CH. Compared with steam curing, normal curing generated
less CH at the age of 1 day but more at the age of 3 days and later than the reference program
A20B15C4D. Regarding the difference in the amount of CH, when the preset curing time,
temperature rise rate, and maximum temperature retention time were individually reduced,
the degree of FA hydration was equally high as 20% or more as the reference program
A20B15C4D. Since the pozzolanic reaction was active and CH generated by C;S and C,S
hydration was consumed, the amount of CH may not have increased despite aging. Compared
with the reference program A20B15C4D, quick cooling at a high temperature drop rate and
the steam curing program A05B30C2 of totally shortened steam curing processes showed a
lower degree of FA hydration. Therefore, the pozzolanic reaction characteristic of FA was
not active and the amount of CH generated by C;S and C,S hydration might have increased.
Normal curing is also expected to show a similar tendency.

Hlday B 3day d7day 814day
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Figure 6  Effects of steam curing on amount of CH generated
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Effects of Steam Curing on the Amount of C-S-H Generated

With A20B15C4D as the general steam curing program for reference, Figure 7 compares the
amount if C-S-H generated in curing where the preset curing time, temperature rise rate,
maximum temperature retention time, and temperature drop rate were varied and that in
normal curing. In Figure 7-(A) where the preset curing time was changed from 2 hours to 0.5
hour, the amount of CH became small at the age of 1 day but about equal to the reference at
the age of 3 days and later. In Figure 7-(B) where the temperature rise rate was changed from
15°C/h to 30°C/h, about the same amount of C-S-H was generated at the age of 1 day but a
greater amount at the ages of 3 days and 7 days. At the age of 14 days, the same amount of
C-S-H was generated. In Figure 7-(C) where the maximum temperature retention time was
changed from 4 hours to 2 hours, the amount of C-S-H became smaller at the age of 1 day but
about the same at the age of 3 days and later. In Figure 7-(D), compared with slow cooling at
the temperature drop rate or 4.5°C/h, quick cooling from the maximum temperature to the
room temperature (20°C) generated less C-S-H at the age of 1 day but about the same amount
at the age of 3 days and later. In Figure 7-(E), compared with the reference program
A20B15C4D, the steam curing program AO05B30C2 of totally shortened steam curing
processes generated much less C-S-H at the age of 1 day. Although the amount of C-S-H
increased greatly at the age of 3 days and later, the amount of C-S-H generated was about 5%
lower even at the age of 14 days. In Figure 7-(F), compared with the reference program
A20B15C4D, normal curing lowered the amount of C-S-H by 10% or more at the age of 3
days. Because of a later increase, the amount of C-S-H generated was about 5% down at the
age of 14 days.

50 50 50
s 45 =2 e R _—*
©
€ ./U/D/ / / P
2 L d
X a0 157 40 — 4 <
b (m] // ,O’
(&}
rd
5 35 35 35 7
e
/
§ 30 30 30 !
= —8— A20B15C4D —8— A20B15C4D U —e— A20B15C4D
== A20B15C4 =O= AO5B30C2 =O= Normal curing
25 T - 25 T . 25 T .
1 3 7 14 1 3 7 14 1 3 7 14
50 50 50
. ® AR ©
- / 4 - 45 1
U4
® ’
e
3: 0 1,7 40 0 1,7
S
e 35 35 35
3
(@]
2 30 30 30
< —8—A20B15C4D —8— A20B15C4D —8— A20B15C4D
25 =/=A05B15C4D -5 == A20B30C4D 5 —/— A20B15C2D
1 7 7 14 1 3 7 14 1 7 7 14
AGE, days AGE, days AGE, days
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Judging from the results so far, the degrees of hydration of cement ingredients (CsS, C,S, and
FA) may greatly affect the amount of C-S-H generated in the range up to the age of 14 days
for PCa product shipping. Compared with the reference program A20B15C4D, the daily
two-cycle steam curing program A05B30C2 generated less C-S-H at the ages of 7 days and
14 days, though the degree of C;S hydration was equal. This may be attributable to the low
degree of FA hydration.

CONCLUSIONS

The results of this experiment can be summarized as follows:

1.

The compressive strength showed no decrease when the preset curing time, temperature
rise rate, and maximum temperature retention time were individually reduced. Reducing
the temperature drop rate made the compressive strength at stripping low at the age of 1
day. Daily two-cycle steam curing lowered the compressive strength at the ages of 1 day
and 3 days but showed no influence at the age of 14 days for shipping.

The degree of C;S hydration showed no decrease when the preset curing time,
temperature rise rate, maximum temperature retention time, and temperature drop rate
were individually reduced. Compared with steam curing, daily two-cycle steam curing of
totally shortened steam curing processes made the degree of hydration very low at the
ages of 1 day and 3 days but about equal at the age of 7 days and later.

The degree of C,S hydration showed no decrease when the preset curing time and
temperature rise rate were individually reduced. When the maximum temperature
retention time and temperature drop rate were reduced, however, the degree increased
greatly at the age of 7 days and later. Compared with general steam curing, daily
two-cycle steam curing of totally shortened steam curing processes made the degree of
C,S hydration about equal at the age of 1 day but about 10% or more greater at the age of
3 days and later.

The degree of FA hydration showed no decrease when the preset curing time,
temperature rise rate, maximum temperature retention time, and temperature drop rate
were reduced individually. Compared with general steam curing, daily two-cycle steam
curing of totally shortened steam curing processes greatly lowered the degree of
hydration, irrespective of age.

The amount of C-S-H generated showed no decrease when the preset curing time,
temperature rise rate, maximum temperature retention time, and temperature drop rate
were individually reduced. The amount of C-S-H generated may greatly depend on the
degrees of C;S hydration and FA hydration.
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Effect of Water-Binder Ratio on Silicate Structures and Hydration of Silica Fume Cement

M Sato, Y Umemura, K Koizumi
Nihon University, Japan

The water-binder ratio of ultrahigh strength concrete is extremely low; therefore, the addition of low-heat Portland
cement (LC), moderate-heat Portland cement (MC), and silica fume is indispensable in mixing. This research
was conducted to elucidate the effects of the water-binder ratio (W/B) on the compressive strength and hydration
properties concretes made with low-heat Portland cement and silica fume. The effects are discussed from the
perspectives of cement hydration, investigated by powder X-ray diffraction using the Rietveld method; silica fume
hydration, investigated by the selective dissolution method; and silicate-chain polymerization in calcium silicate
hydrate (C-S-H), investigated by trimethylsilyl (TMS) derivatization method. When a water-binder ratio of 15%
was used in the ultrahigh strength concrete, the reaction rate of SF and the amount of C-S-H generation were low,
even though the compressive strength of this concrete was higher than that of concretes with water-binder ratios
of 30% and 22%. The degree of polymerization of the silicate anion decreased with decreasing W/B. The addition
of silica fume promoted polymerization.
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Professor Y Umemura is a professor at the Department of Civil Engineering at College of Science and Technology,
Nihon University. The main fields of research are the effect of organic and mineral admixtures on durability of
concrete.

Dr K Koizumi is an assistant professor at the Department of Chemistry at College of Science and Technology,
Nihon University. The main fields of research are the effect of silicate structures on hydration of cementitious
materials, valuable reuse of industrial

wastes.

Keywords: C-S-H, Silica fume, Silicate anion, Ultra high strength concrete, Water-binder ratio



74 Effect of Water-Binder Ratio

INTRODUCTION

Recently, construction using ultra-high strength concrete exceeding 120 N/mm” has been
increasing. Important aspects of ultrahigh strength concrete are an extremely low
water-binder ratio (W/B); the use of low-heat Portland cement (LC), which enables a lower
water content; the addition of admixtures such as low-interstitial material cement (e.g.,
moderate-heat Portland cement (MC)); and the addition of silica fume (SF). Standards for
concrete, however, have changed from a specification-based model to a performance-based
model, and long-term performance assurance is now required for concrete structures.
Accordingly, research on compressive strength, SF reaction rate and void structure [1] is
being proactively conducted in relation to ultrahigh strength concrete with W/B =20% or less,
and much knowledge in this area has been accumulated. Although research results [2] on the
reaction characteristics of SF and the reaction characteristics for the case that MC and SF are
used together have been reported[3], information on the use of LC is limited. In addition,
there are few reports where typical W/B levels for high-strength concrete and for ultrahigh
strength concrete are simultaneously evaluated from the perspective of hydration. The
strength development of SF concrete is evaluated by an activity index based on compressive
strength in accordance with JIS A 6207; however, the experimental conditions are W/B =
50% without the use of a wetting agent, and thus the experimental conditions differ from the
mixture conditions actually used. Accordingly, a method with W/B = 30% is now specified in
JASS 5M-701:2005 “Quality standards for high-strength concrete cement” from the
Architectural Institute of Japan as a new evaluation method. However, the activity index used
as an evaluation standard until now is strongly focused on compressive strength, and
evaluations from the perspective of hydration are not considered; hence, there is a low
correlation between the strength development of ultrahigh strength concrete and this activity

index.

The present research attempted to clarify the effects of W/B on the compressive strength
development and hydration of LC and SF in cement where SF is mixed at 10 and 20 mass %
into LC. In this research, mixtures with W/B = 30%, 22%, and 15% were used and the
hydration properties were investigated from the perspectives of compressive strength; SF
reaction rate, as measured by a selective dissolution method; cement reaction rate, as
measured by powder X-ray diffraction (XRD) using the Rietveld method; C-S-H production;
and degree of polymerization of C-S-H silica anion chains, as measured by trimethylsilyl
(TMS) derivatization method.
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EXPERIMENTAL SECTION
Materials used and mix proportions

The materials used were LC (p = 3.22 g/cm’), SF (p = 2.20 g/cm’), and ISO standard sand (S;
p =2.63 g/cm’), with distilled water (W) used for mixing. A high-performance plasticizer for
ultrahigh strength (an anion-base high molecular weight surface-active polymer (SP) with a
polycarboxylic acid graft copolymer as the main component) was used as the superplasticizer,
and a polyether-base foam inhibitor (DEF) was used as the antifoaming agent. Table 1 shows
the physical properties and chemical compositions of the cement and silica fume, and Table 2
shows the mix proportions. The mix proportions were W/B = 30%, 22%, and 15%, and the
SF amounts were 10 and 20 mass %. The paste mixture was made from a mortar mixture with
the fine aggregate removed. Also, solid content was added as an outer rate for the SP. The
mortar mixture was used for compressive strength testing and the paste mixture was used for
analysis. A flow cone (JIS R 5201) was used, and the mortar flow rate was measured; SP was
added to adjust the flow rate to 250 = 20 mm. The air content was measured with a mortar air
meter; the air content was adjusted to 3.0% or less by adding DEF. After adding water,
mixing was performed for 5 min with a mortar mixer. After scraping the sides of the mixer
and letting the mixture stand for 5 min, mixing was performed for 1 min. The mortar
specimen was poured into a lightweight mould of @50 mm x 100 mm. The upper surface of
the mould was then covered with wrap and sealed with aluminium tape, and the specimen
was seal-cured at 20 °C to a specified age. The paste specimen was poured into a 250 mL
polyethylene bottle and set in a rotator for one day in order to prevent bleeding or separation.
After removing the mould, the specimen at each age was cut with a diamond cutter and
wrapped with aluminium tape. The paste sample used in the analysis was powdered to 0.15
mm or less with a hammer and planetary ball mill after removing the mould, stopping

hydration with acetone, and drying at 40 °C. The powder was stored in a desiccator until

measurement.
Table 1 ~ Chemical composition of materials
BRAIN BET .
MATERIALS SURFACE  SURFACE IG‘J;OSS CHEMICAL COMPOSITION, %
AREA, cm?g  AREA, m%/g ’ Si0, AKO; Fef03 CaO MgO SO; NaO K
LC 3470 - 1.04  21.80 449 290 6390 1.84 226 020 038

SF - 22 1.94 96.90 040 0.10 020 0.30 - 0.20
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Table 2  Mix proportions

QUANTITIY OF MATERIAL PER UNIT

W/B S/B VOLUME kg/m 3 SP DEF
% % W B S B mass% B mass%
C SF

SF0-30 30 1.70 239 797 - 1354 0.65 0.03
SF10-30 1.74 234 701 78 1.20 0.03
SF20-30 1.78 229 610 152 1.70 0.03
SF0-22 22 1.00 236 1064 - 1064 1.05 0.07
SF10-22 1.03 230 932 104 1.30 0.05
SF20-22 1.05 223 808 202 1.80 0.06
SF10-15 15 0.40 240 1437 160 639 4.00 0.20
SF20-15 0.41 233 1240 310 4.00 0.25

Experimental method

Compressive strength measurement was based on JIS A 1108. The amount of calcium
hydroxide (CH) and pore water (H) were measured by thermogravimetric differential thermal
analysis (TG-DTA) using the paste specimen. The amount of CH and H were found from the
endothermic peak and from the mass decrease near 400450 °C, respectively. In XRD
analysis, the measured value found by the Rietveld method is underestimated[3] due to
amorphous material, and thus the CH amount from TG-DTA was used to determine the phase
composition. This CH amount was also used in phase composition calculations for H. The
amount of insoluble SF residue in SF10 and SF20 cement pastes was measured by selective
dissolution[6] and the SF reaction rate was calculated from the amount of unreacted SF. The
fixed quantities of cement minerals and hydrates were measured by XRD using a method
developed by the authors[7]. Rietveld analysis was performed using TOPAS analysis
software (Bruker AXS). a-Al,O3 (10 mass %) was taken as the fixed quantity with each of the
cement minerals of alite (CsS), belite (C,S), pore substances (Cs;A, C4AF), gypsum dihydrate
(Gyp), bassanite(Bas), calcium hydroxide (CH), ettringite (AFt), and the hydrate as internal
standard materials, and the amorphous volumes including each mineral and the SF were
measured simultaneously[8]. As shown in equation (1), the amount of C-S-H produced was
found by determining the amount of amorphous material from the fixed quantity of the
internal standard a-Al,O3; and subtracting the amount of unreacted SF measured by selective
dissolution. In this research, C-S-H is assumed to be the only hydrate produced, in the same
way as in previous research by the authors[7]. The determined C-S-H amount then replaced
the CH amount measured by TG-DTA, and the phase composition was found from the H

amount.

c_s_H :{ 100 }/{Ax(lOO—R)}_S 0
A-R 100
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Here, C-S-H is the amount of C-S-H produced (mass %), R is the a-Al,O3 mix ratio (mass %),

A'is the fixed a-Al,O3 amount (mass %), and S is the unreacted SF amount (mass %)

The silicate ion SiO4* is a monomer with four O atoms arranged around a Si atom. When two
of the monomers are linked, they share one O atom and form Si2076', a dimer. The silicate
ions are present as monomers within the cement minerals C;S and C,S, but through a process
of hydration and C-S-H formation, the silicate ions polymerize into a chain[9]. To ascertain
the trend in the increasing silicate anion length (degree of polymerization) of the C-S-H with
the progression of hydration, the silicate anion length distribution was measured by the TMS
derivatization method. For this measurement, TMS derivation was performed on the paste
specimen, the acquired TMS derivatives were analyzed by gas chromatography, and the
component ratio of the silicate ions (the silicate anion length distribution) was measured from
monomer to hexamer. The silicate anion length distribution can be found from the peak area
from monomer to hexamer by gas chromatography and expressed as a molar fraction. In
addition, although the silicate anion can be considered to correspond to the breakdown of
silicate phase C;S and C,S and the silicate composition of the C-S-H, the mass ratio of the
phase composition and the molar fraction of the silicate anion distribution cannot be simply
compared. Furthermore, it is not possible to differentiate between the (unreacted) C;S and
C,S derived silicate anions and the hydration of the cement minerals or the C-S-H derived

silicate anion that has been formed by the pozzolanic reaction of SF.

Accordingly, Figure 1 shows an example of silicate anion length distribution measurement
for SF10-30 measured by the TMS derivatization method. Based on previous research by the
authors[7], the C;S, C,S, and C-S-H silicate amounts found by the Rietveld method are
assumed to be almost proportional to the chain length (Si number), and the volume ratio was
calculated by multiplying the chain length number (m = 1-6) by the molar fraction of silicate
anion found by TMS derivatization, as shown in equation (2). As for the total C-S-H volume
(Vn), the phase composition amounts of C3S, C,S, and C-S-H found by the Rietveld method
were then calculated using the molecular weight, ignition weight, and density of an
anhydrous base. In this way, the effect of the bound water in the sample after hydration is

removed by using an anhydrous base in comparison with anhydrous cement.

Fim = MxM XV, @)
Here, Fy, (vol %) is the m-mer (m = 1-6) component ratio at material age n days, My
(mol %) 1s the m-mer (m = 1-6) molar fraction at material age n-days, and V,, (vol %) is the

total silicate volume at material age n days.
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The component ratio is small for silicate anions with length of 3 or more, and appropriately
evaluating the progression of polymerization is difficult. Accordingly, the component ratio for
the average degree of polymerization was found using equation (3) from the conventionally
determined component ratio of dimer through to hexamer, and furthermore, the average
degree of polymerization change ratio (R,) of the average degree of polymerization
component ratio (DP,) at each material age in relation to the component ratio for the average
degree of polymerization of the anhydrous cement prior to mixing (DPy) was found from

equation (4) and taken as the index of polymerization progression.

DR, =Y F, 3)

Here, DP,, is the component ratio for the average degree of polymerization for dimers through

to hexamers at material age n days.
R,=DR,/DF, @

Here, R, is the average degree of polymerization change ratio at material age n days. DPy is
the component ratio for the average degree of polymerization for dimers through hexamers at
material age 0 days, and DP,, is the component ratio for the average degree of polymerization
for dimers to hexamers at material age n days. Measurements for each experiment were

performed at material ages of 7, 28, and 91 days.
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2% 60 | - -® - Trimer
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Figure 1  Measured amount of silicate anion in cement paste (SF10-30) by

TMS derivatization
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Table 3  Molecular weight and density of cement minerals and hydrates

CEMENT MOLECULAR IGNITION DENSITY
MINERALS AND WEIGHT, g/mol WEIGHT, g/mol (ANHYDRAEE BASE)
HYDRATES ’ ’ g/cm
CsS 228.32 - 3.15[10]
C,S 172.24 - 3.26 [10]
C;A 270.20 - 3.04[10]
C4AF 430.12 - 3.77[10]
Gyp* 172.17 136.14 2.96[11]
Bas* 145.15
AFt* 1255.11 678.61 298 *
CH 74.09 56.08 3.35[11]
C-S-H* 360.46 288.40 2.98[12]
SF - - 2.20

*Gyp and Bas as anhydrite, AFt as C;A and sum total of anhydrite, C-S-H as C;S,H,, and Molecular weight, ignition weight and density

assumed with anhydrite as C;S, (rankinite)

TEST RESULTSAND DISCUSSION

Compressive Strength

Figure 2 shows the compressive strength test results. Concerning the effect of W/B on
compressive strength, the strength difference for SFO at W/B = 22% did not change in
comparison to W/B = 30% from day 7 to day 91. For SF10 and SF20, the difference in
strength as compared with W/B = 30% increased in along with advancement of material age
from day 7 to day 91 for W/B = 22% and 15%. The strength increase for W/B = 15% was
particularly striking for SF20. As shown in Figure 2, the effect of the SF addition amount was
higher for all material ages in comparison with SFO for W/B = 30%. For W/B = 22%, the
effect of the SF addition amount was lower at material age 7 days, was almost equal at
material age 28 days, and exceeded that of SFO at material age 91 days. For W/B = 15%, both
mixtures had the same difference in strength at material ages 7 and 28 days. At material age
91 days, the compressive strength of SF20 exceeded that of SF10. No significant difference
due to SF addition was found in compressive strength between mixtures W/B = 30% and
22%.

Cement Hydration

Changein SF reaction rate with hydration

Figure 3 shows the SF reaction rate found by the selective dissolution method. The SF

reaction rate displayed almost the same trend for W/B = 30% and 22%, increasing greatly at
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material age 7 days and increasing slowly thereafter. For W/B = 15%, the SF reaction rate
was 5—15 mass % at material age 7 days, and reached only approximately 25 mass % for
SF10 and 20 mass % for SF20 at material age 91 days. The effect of W/B on SF reaction rate
was the same for W/B = 30% and 22%, and the reaction rate was lower for W/B = 15%. As
for the effect of the SF addition amount, reaction rate increased with increasing SF addition
amount for W/B = 30% and 22%, and the reaction rate of SF20 exceeded that of SF10 with a
maximum of approximately 30 mass % at material age 7 days and approximately 15 mass %
at material age 91 days. Both mixtures exhibited the same trend for W/B = 15%. From the
experimental results, the SF was found to react actively at W/B =30% and 22%, but much

unreacted SF remained even at late material ages for W/B = 15%.
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Figure 2  Compressive strength of mortar
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Reaction of cement mineral with hydration

Figure 4 shows the phase constitution of each mixture acquired by XRD using the Rietveld
method, Figure 5 shows the reaction rate of C;S found from the phase composition, and
Figure 6 shows the reaction rate of C,S. The CsS reaction rate at material age 7 days was
approximately 90 mass % at W/B = 30% and 22% for SF0; approximately 80 mass % at W/B
= 30%,; approximately 75 mass % at W/B = 22%; and approximately 60 mass % at W/B =
15% for SF10. Fluctuations in reaction rate were small after 7 days, and the reaction rate
became slow. Meanwhile, the reaction rate was approximately 80 mass % at W/B = 30% and
22% for SF20, and approximately 60 mass % at W/B = 15% for SF10. The effects of W/B
were considered to have the same trend at W/B = 30% and 22%, and the hydration reaction
readily occurred. The necessary water quantity for hydration was considered to be lacking at
W/B = 15% and the reaction became slow. The effect of SF addition amount exhibited the
same trend for W/B = 30% and 22%. Meanwhile, the reaction rate was almost identical for
SF10 and SF20 at W/B = 15%. The reaction rate of C,S was approximately 45 mass % up to
a material age of 91 days for SF0, but was approximately 30—40 mass % for SF10 and SF20
at each W/B when SF was added. The effect of W/B is somewhat less when W/B is low, but
this effect is considered to be small within the scope of these research results. Meanwhile,
SF10 and SF20 had the same trend in the effect of SF addition, with the reaction rate of C,S

being approximately 10 mass % lower in comparison with SFO.

C-S-H production with hydration

Figure 7 shows the time course of C-S-H production. The effect of W/B exhibits the same
tendency for SF0O, SF10, and SF20, with C-S-H production reaching 50 mass % by a material
age of 7 days at W/B = 30% and slowing thereafter. The result for W/B = 22% was somewhat
lower in comparison with W/B = 30%, being approximately 45 mass % from material age 7
days to 91 days. Meanwhile, the C-S-H production for W/B = 15% became approximately 35
mass % by material age 7 days, and then slowed thereafter. This result is attributed to the
water content having a large effect on the formation of C-S-H, and formation is considered to
be delayed or the unchanged for W/B = 22% and 15% in comparison with W/B = 30%
because the water content is less than the theoretical hydration water volume[13]. The effect
of the SF addition amount had the same tendency irrespective of increases in the addition
amount. Taking into account the reaction rate of SF and cement, the effect of SF and C;S was
considered to be large and the effect of C,S was considered to be small for C-S-H production.
However, in regard to the effect of C,S, it is considered necessary to take into account data at

material age beyond 91 days.
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Figure 7  Measured C-S-H productions by Rietveld method

C-S-H silicate anion length analysis

Table 4 shows the analysis results for silicate anion length measured by the TMS
derivatization method. Figure 8 shows a plot of the results in Table 4 and the results of having
converted the mass ratios of CsS, C,S, and C-S-H silicate composition to a volume ratio by
means of equation (2). Concerning the mixtures with added SF, the trend for the silicate
phase could be understood well since the cement quantity when anhydrous is small, and the

silicate phase provided and increased by the SF as C-S-H after adding water.

Figure 9 shows the average degree of polymerization change ratio for each mixture from
dimer to hexamer found from equation (4). In previous research by the authors[7], the
average degree of polymerization change ratio for SF10 and SF20 for a W/B = 22% mixture
was found to be higher than that for SFO, and the polymerization of silicate anion was found
to be promoted by SF addition. The present experiment showed the same results for W/B =
30% and 22%. The average degree of polymerization was higher for W/B = 30% compared
with W/B = 22%, and silicate anion polymerization was more advanced. Furthermore, the
average degree of polymerization for W/B = 15% was less than that for W/B = 22%.
Concerning the effect of W/B, silicate anion polymerization decreased as W/B was lowered.
As for the effect of SF addition, the average degree of polymerization was higher for W/B =
30% and 22%, as also found in past research[7], but a difference due to addition amount was
not seen for W/B = 15%. Figure 10 shows the relation between C-S-H production analyzed
by the Rietveld method and rate of average degree of polymerization change ratio. For W/B =
30% and 22% mixtures with added SF, C-S-H production increased in direct proportion to Rn,
as also found in previous research[7]. Although polymerization advanced in the W/B = 15%

mixture without added SF, formation of C-S-H was slow.
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Accordingly, the results suggest that C-S-H was actively produced and silicate anion
polymerized in mixtures with added SF at W/B = 30% and 22%, and C-S-H production was

scarce with polymerization alone progressing at W/B = 15%.

Figure 11 shows the relationship between compressive strength and the average degree of
polymerization change ratio. Arranging by W/B and the presence or absence of SF reveals a
directly proportional correlation in the figure, but the approximate formula differs according
to SF addition amount. Moreover, the amount of air pores has a stronger effect on

compressive strength than does hydrate formation and silicate structure.

Table4  Amount of silicate anion measured by TMS method

AGE AMOUNT OF SILICATE ANION, mol %
days  Monomer Dimer __ Trimer Tetramer Pentamer Hexamer
SF0-30 0 89.54 8.47 1.36 0.44 0.15 0.04
7 65.79 26.17 3.93 1.84 1.98 0.29
28 55.92 34.45 3.53 2.16 3.58 0.36
91 49.08 38.68 4.41 2.79 4.57 0.47
SF10-30 0 91.09 7.34 1.11 0.33 0.11 0.03
7 65.23 26.97 3.26 1.73 2.52 0.29
28 56.93 32.20 4.24 2.49 3.66 0.48
91 51.10 34.05 5.80 3.37 4.92 0.76
SF20-30 0 90.80 7.87 0.98 0.27 0.07 0.02
7 65.10 26.92 3.67 1.83 2.19 0.29
28 57.20 30.41 5.35 3.08 3.33 0.63
91 56.93 29.92 4.98 3.09 4.12 0.97
SF0-22 0 89.54 8.47 1.36 0.44 0.15 0.04
7 75.22 19.56 2.50 1.14 1.41 0.18
28 59.41 32.12 3.35 1.82 2.96 0.34
91 53.36 35.36 4.99 2.49 3.37 0.44
SF10-22 0 91.09 7.34 1.11 0.33 0.11 0.03
7 70.44 22.29 3.37 1.66 1.92 0.32
28 63.58 28.99 2.74 1.53 2.86 0.30
91 55.15 31.73 5.40 2.97 3.88 0.87
SF20-22 0 90.80 7.87 0.98 0.27 0.07 0.02
7 71.49 20.66 3.36 1.86 2.22 0.41
28 66.71 23.45 3.67 2.34 3.17 0.66
91 57.60 27.99 591 3.67 3.56 1.27
SF10-15 0 91.09 7.34 1.11 0.33 0.11 0.03
7 74.70 19.94 3.15 1.10 0.98 0.13
28 77.24 17.82 2.87 1.09 0.84 0.14
91 59.66 28.74 5.90 2.59 2.44 0.67
SF20-15 0 90.80 7.87 0.98 0.27 0.07 0.02
7 72.81 20.72 3.44 1.43 1.38 0.23
28 77.45 17.05 3.02 1.26 0.98 0.22
91 61.54 27.02 5.57 2.64 2.39 0.83
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CONCLUSIONS

The following knowledge was acquired when the effects of W/B on compressive strength,
hydration, and silicate structure were investigated in concretes made with silica fume added

to low-heat Portland cement.
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The trend in compressive strength was found for W/B = 30% irrespective of the presence of
SF, but the compressive strength at material age 91 days for WB = 22% and 15% was higher
for mixtures with added SF than for those without.

Regarding the reaction rate of SF and C;S, hydration was actively proceeded from material
age 7 days for W/B = 30% and 22%, but the reaction did not proceed for W/B = 15%.

The effect of W/B or SF addition amount on the reaction rate of C,S was slight, and no

difference was observed.

C-S-H production was small for W/B = 15% irrespective of SF addition amount and was
static after 28 days. The effect of W/B on C-S-H production decreased at lower W/B. Taking
into account the reaction rate of SF and cement, the effect of SF and Cs;S was considered to

be large and the effect of C,S was considered to be small for C-S-H production.

Silicate anion polymerization decreased as W/B was lowered. Addition of SF promoted
production of C-S-H.

From the above results, a cement and silica fume reaction was actively performed for the
W/B = 30% and 22% implemented in this research. Meanwhile, SF reaction, C-S-H
production and polymerization of silicate anions was stalled for W/B = 15%, which
corresponds to the water-binder ratio used in ultrahigh strength concrete. But the correlation
between compressive strength and hydration ratio was low. It was considered that the effect
on compressive strength of the hydrate framework and the void structure between cement and

silica fume atoms was large.
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An Experimental Study of Curing Temperatures on Workability Characteristics and
Compressive Strength of Self-Compacting Geopolymer Concretes
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The effects of self compacting geopolymer binder systems exposed to elevated temperature are examined. Self-
compacting geopolymer concrete (SCGC) is an improved way of concreting operation that does not require com-
paction and is made by complete elimination of ordinary Portland cement content. SCGC were synthesized from
low calcium fly ash, activated by combinations of sodium hydroxide and sodium silicate solutions, and by incorpo-
ration of superplasticizer for self compactability. The present study reports the details of experimental investigation
on workability and compressive strength development of SCGC. The parameters studied were water to geopoly-
mer solids ratio, curing duration and temperature. The water to geopolymer solids ratios were 0.31, 0.33, 0.35 and
0.39. The effects of water to geopolymer solids ratio on fresh properties such as filling ability, passing ability and
resistance to segregation were evaluated. The fresh properties were measured using slump flow, V-funnel, L-Box
and J-ring test methods. The essential workability requirements for self-compactability according to European
Federation of National Associations Representing Producers and Applicators of Specialist Building Products for
Concrete (EFNARC) were satisfied. This paper also reports the effects of curing durations and temperatures on
compressive strength development. The curing durations were 24, 48, 72 and 96hrs and the curing temperatures
were 60, 70, 80 and 90°C. Results showed that curing duration and temperature have a significant influence on
compressive strength development. The optimum curing duration and temperature for improved performance of
SCGC are also reported.
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INTRODUCTION

The worldwide demand for concrete as a construction material is continuously increasing and the
usage of cement globally is second to water. For the past many years, there were many concerns
raised for the continuous increase of the use of cement because the manufacture of cement
causes large amount of carbon dioxide £§C€nission and it also consumes significant amount

of natural rock and minerals that deplete as the cement manufacture continues. Production of one
ton of Portland cement (PC) liberates about one tont@@e atmosphere which constitutes 5%
global CQ emission [1]. It is stated that the global production of PC contributes about 1.35
billion tons to greenhouse gas emissions annyiajl]. Due to the manufacture of PC, the,CO
emission is likely to rise by about 50% from the current levels by the year 2020 [4]. Recently, to
minimize the environmental impact as a result of cement production, a new typedef b
produced from an alumino-silicate precursor activated in high alkali solution wpssed. This
cementitious binder is known as geopolymer cement.

Huge efforts have been made to minimize the use of cement as a bindencrete
production. One of the pozzolanic materials thed been introduced in the construction industry

is the fly ash (FA) [2, 5], which is a waste product from coal-fired electric and steam generatin
plants. Hardjito & Rangan [6] and Palomo et al. [7] developed a geopolymer concrete (GC)
using the FA as the base material. Priorthie introduction of FA as a source material,
metakaolin was used as the base material in many studies [8-10], however since last decade,
much research has been done using FA because it contains high amount of alumina and silica
contents. The work done on geopolymer technology shows a significant potential for its
utilization in concrete idustry, particularly lowcalcium FA [6, 8, 11]. Consequently, the use of
geopolymer as binder in concrete production not only resulted in reduction,@mii€sion due

to elimination of cement, but also utilizes ihdustrial by-products of alumino-silicate powders

to produce environmental friendly construction material [1-4, 6-11].

The effective placement of concrete into formwork requires compaction efforts and also involves
skilled labor. The process of compaction primarily aims to expel the entrapped air in fresh
concrete and makes the aggregate particle to occupy a minimum volume so as to enhance the
density of concrete [12, 13As the concrete is placed and compacted at the construction site,
normal vibrating concrete that is made by usual construction practices, may fail to exhibit the
required fresh and hardened properties. One solution to mitigate this problem is zheautibf
self-compacting concrete (SCC) [14]. SCC transforms the concreting operation by complete
elimination of vibration during compaction and allows the concrete to flow through sections with
congested reinforcement under its own weight, filling the formwork with minimal bleeding and
segregation. Such concrete needs a high slump flow [15] that can be achyewaelditg
superplasticizer to a concrete mix, controllthg mix proportion and limiting the maximum size

of coarse aggregate. SCC was developed in Jaghe late 1980s because of shortage of skilled
labor and emergence of heavily reinforced structure [13]. Xie et al. [16] and Khatib [17] studied
the properties ofSCC made with low calcium fly ash (Class F). They made experimental
investigation on workability, statural and durability properties self compacting concrete by
replacing PC with fly ash up to 35% and 80% respectively. Results of investigation ghatved
SCC made with fly ash enhanced the workability and hardened properties. Adequate compaction
of fresh concrete removes pockets of honeyainimaterial and is essential to achieve good
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consolidation, uniform properties, better quality and durability [18], strong bond with
reinforcement [19] and improved interface between the aggregate and hardened paste [20]. This
paper presents the test results of behavior of SCGC in fresh and hardened dtétesnaain
objective of this paper was to investigate the effects of water-to-geopolymer sobd€uatig

time and temperature on workability and compressive strength of SCGC.

EXPERIMENTAL METHOD
Materials

In the experimental work, materials were selected according to the specifications of British
Standards and EFNARC guidelines. Dry low-calcium fly ash obtained from thermo electric
power station was used as a source material. American Standard Testing and Material (ASTM
C618) classifies fly ash into Class F and C depending mainly on CaO content dlydaitte

used in the research was Class F with chemical composition, as determined by X-Ray
Florescence (XRF) analysis, given in Table 1. Coarse aggregate used in this research was
crushed granite stone with maximum size of 14 (B@ 812-103.2 1989). The specific gravity

of coarse aggregate is 2.66 with SSD condition while the fine aggregate used is drytciedn na
Malaysian sand with the fineness modulus of 2.76, maximum size ofésmdra specific gravity

of 2.61.

Tablel Chemical composition of Low Calcium Fly Ash (LCFA) [25]

COMPOUNDS MASS REQUIREMENT

% AS PER BS EN
450-1:2005

Sio, 51.3 min.25%

Al>O3 30.1 -

FeOs 457 -

SiO+ AlL,Os+ FeO; 85.97 min. 70%

CaOo 8.73 max10%

P,Os 1.6 -

SG; 1.4 max.3%

K-O 1.56 -

TiO, 0.698 -

Alkaline solution plays an important role in geopolymer synthesis for the dissolution of silica
and alumina and for the catalysis of polymerization reaction [18]. In this experiment, a
combination of sodium silicate and sodium hydroxide was chosen as the alkaline legGiD;N
(Grade A53) used with a composition of 55.52% water, 29.75% &0 14.73% N#&. NaOH

(99% purity, in the form of pellets) was dissolved in distilled water to avoid the effect of
unknown contaminants in the mixing water. Thavator alkaline solution was prepared at least
one hour prior to its use. The concentration of NaOH solution was 12M and in order to make
1 kg of solution, 361gm of water was added.
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Super plasticizer (Sika Visco Crete-3430) was used to increase the workability to the extent
required for self compactability of geopolymmoncrete. The utilization of Viscosity Modifying
Admixture (VMA) gives more possibilities of controlling segregation (stability) and
homogeneity of the mix [21]. The amount of SP used was in accordance with Eugomksime

[21]. The water used in the mix was tap water in accordance with B.S. EN 1008:1997.

Experimental Setup

The concrete mixing procedure consists of dry and wet mixings. The solids components of
SCGQC, i.e. the fly ash and the fine and coarse aggregates, were dry mixed in the pan mixer for
about 2.5 minutes. The liquid part of the mixture, the sodium silicate solution, the sodium
hydroxide solution, extra water and the supesptizer, were premixed thoroughly and then
added to the dry mixture. The wet mixing was done for 3 minutes. The chemical reaction
between alkaline solution, super plasticizer and water took place and the reaction played an
important role in giving the required workability for SCC and compressive strengtradéned
concrete. The fresh SCGC had a flowing consistency and with high tendency of filling ability,
passing ability and resistance to segregatidime fresh concrete was then filled in
100mmx100mmx100mm steel moulds and allowed to fill all the spaces of the rogutdsself

weight (no need to vibrate for compaction). After casting, the specimens including the moulds
were kept in an oven at different temperatures namely 60°C, 70°C, 80°C and 90°@feranrtd

curing duration of 24, 48, 72 and 96 hours. The ambient curing preceded bygusenwas
adopted for this research to accelerate polymedction at elevated temperature and to improve

the compressive strength performance as claimed by [12]. The specimens wereoptaickd

the room but protected from direct sunlight and rain. Later the specimens were demoulded and
tested for direct compression in a digital 2000dmpression testing machine. The mix design
proportion adopted in the research and details of these mixtures are shown in Table 2.

The ratio of sodium silicate to sodium hydroxide solution by mass was 2.5 for all mixture
proportion. The mass ratio of fine aggregate to fly ash was 2.125 for all miXheewvater-to-
geopolymer solid ratio was calculated by dividing the total mass of water witbt#ienass of
geopolymer solids. The total mass of water in the mix was the sum of the maateofnthe

sodium silicate solution, the mass of water in the sodium hydroxide solution and the mass of the
extra water. The total mass of geopolymer solids was the sum of the mass of fly ash, the mass of
sodium hydroxide solids and the mass of sodium silicate solids (mass,©f ada SiQ in

sodium silicate solution). The concentration of sodium hydroxide solution watestant at

12M and super plastisizer dosage of 7% by mass for all mix.

Test Procedure

A concrete mix can only be considered as SCC if the three characteristics for workability are
satisfied. The three fresh concrete characteristics mandatory for SCC are filling ability, passing
ability and resistance to segregation. Filling iabidand passing ability can be measured by the
test methods as shown in Table 3. Resistance to segregation can be assessed moneadir les
the tests based on observation through vissability. The European Guidelines [21], has
proposed different test methods to characteaaiz&CC mix. Table 3 shows the test methods and
properties of workability characteristics afprwith their recommended values given by
EFNARC.
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Table 2 Mix design proportions

MIX FLY COARSE FINE NaOH Na- EXTRA W/G L/F SP CURING
ASH AGG AGG Si  WATER RATIO RATIO Time _Temp.
kg/m®  kg/nt kg/nT kg/nt kg/m®  kg/nt kg/m®  hr. °C

(%) (%)

S. 400 950 850 57 143 40 031 0.67 28 24 70
(10) (7

S, 400 950 850 57 143 48 033 0.69 28 24 70
12) (7)

Ss 400 950 850 57 143 60 035 072 28 24 70
(15) (7)

S, 400 950 850 57 143 80 039 077 28 24 70
(20) (7)

S 400 950 850 57 143 48 033 069 28 48 70
12) (7)

Ss 400 950 850 57 143 48 033 069 28 72 70
(12) (7)

S, 400 950 850 57 143 48 033 069 28 96 70
(12) (7

S 400 950 850 57 143 48 033 0.69 28 48 60
(12) (7

S 400 950 850 57 143 48 033 0.69 28 48 80
(12) (7)

So 400 950 850 57 143 48 033 069 28 48 90
(12) )

Table 3 Test methods, properties armbnemended values as per EFNARC guidelines

NO. METHODS

PROPERTIES OF ACCEPTANCE VALUES AS

WORKABILITY PER EFNARC GUIDE LINES
CHARACTERISTICS Minimum Maximum
1 Slumpflow by Filling Ability 650mm 800mm
Abrams cone
2 Ts0an Slump flow Filling Ability 2s 5s
3 V-funnel Filling Ability 6s 12s
4 L-Box (H2/H1, Passing Ability 0.8 1.0
Ratio)
5 J-Ring Passing Ability Omm 10mm

In this research, the mixes underwent slungwfl T-50, V-funnel, L-Ba & J-Ring tests to
ascertain their self-compacting capabilities! those tests are in emrdance with EFNARC
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guidelines. The hardened compressive strength test was performed one day aft@ecadng
accordance with BS EN 12390-3:2002 using 2000 KN Digital Compressive Testing Machine. A
set of three cubes for each mix were tested for compressive strength measurement.

RESULT AND DISSCUSION

In this section, the experimental results of various fresh properties tested by slump flow test
(slump flow diameter and s§.n), J-ring test (J-ring Blocking step {8 L-box test (ratio of
heights at the two edges of L-boxx(H;)); V-funnel test (time taken by concrete to flow through
V-funnel after 10 s, 1bg); for various mix compositions are given in Table 4. The compressive
strength results were also recorded at different ages. Workability is the main parameter that
characterizes SCGC as superior workable in attaining self-consolidation aivéddtprdened
properties. All the workability tests were performed as per the European guidelines [21] for SCC.
The compressive strength of the mix composition is also presented in Table 4.

Table 4 Workability and compressive strength test results

WORKABILITY TEST RESULTS

Mix Slump T s0em V-funnel L-Box J-Ring Compressive Strength
Flow SFI:gr;lvp Flow time (H./H,) le?qtgkl&g lday 3day 7day 28day
mm sec sec mm MPa MPa MPa MPa
S1 630 6.5 12.5 0.82 12 53.4 5433 55.08 56.29
S2 710 4 7 0.96 5 45.0 4585 46.94 48.53
S3 770 3 6 1 3 37.7 3790 38.56 39.78
S4 820 2.5 55 1 0 225 2298 23.44 24.18
S5 710 4 7 0.96 5 51.0 5198 52.26 53.80
S6 710 4 7 0.96 5 514 5220 52.69 53.92
S7 710 4 7 0.96 5 51.6 52.33 52.72 53.99
S8 710 4 7 0.96 5 448 4564 4598 47.54
S9 710 4 7 0.96 5 485 49.22 49.80 50.77
S10 710 4 7 0.96 5 47.948.83 49.67 50.42
Acceptance criteria for SCC as per EFNARC [20]
Min. 650 2 6 0.8 0
Max. 800 5 12 1.0 10

It was observed that Mix,8vith lower water-to-geopolymer sdb ratio of 0.33 showed highest
compressive strength as compared to Miai®l Sthat have water-to-geopolymer solids ratio of

0.35 and 0.39 respectively. In contrary to@PBased concrete, water was required in GC to
improve workability, but was expelled during curing at elevated temperature thusingrdee
porosity of concrete. Water in the mix plays a vital role in synthesis and acts as a medium for
dissolution, condensation and polymerization of Al and Si precursors into polymeric structures.
Figure 1 shows that mix ;Swith water-to-geopolymer solidsatio of 0.31 exhibits good
compressive strength of 56.52 MPa at 28 days of age as compared to all other mixes. But the mix
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with water-to-geopolymer solids ratio of 0.&diled to exhibit the required workability property

for SCGC due to very low percentage of extra water (10% of fly ash) with only slump value of
630mm. The mix with relatively lower water-to-geopolymer solids ratio of 0.33, whichitdib

the required workability for self-compactibilityshowed highest compressive strength as
compared to mixethat have water-to-geopolymer solids ratio of 0.35 and 0.39. As predicted, it
was observed that an inverstationship was obtained between water-to-geopolymer solids ratio
and compressive strength i.e. as the water-tgglgmer solids ratio ineases, the compressive
strength decreases.

The test results data given in Figure 1 demonstrate that the compressive strength of SCGC
decreases as the water-to-geopolymer solids ratindss increases. This test trend is similar to

the influence of water-to-cement ratio on the compressive strength of conventionaldPortlan
cement based concrete, although the mechanism of reaction involved in the synthesis of the
binders of both these types of concretes are entirely different. During the curirgsmc
elevated temperature, the water was expelled and evaporated frdemdth concrete sample.
Spaces that were formerly occupied by waterai@ed as micropores within the concrete. These
pores resulted a microcrack path which can lead to failure of concrete at lower stress level when
exposed to compressive load, hence resulting in low compressive strength perfortrandd. |

be attributed to the fact that specimen wdtver porosity would enhance the microstructure
leading to a stronger and less porous hardened concrete. From this, it can be concluded that
specimen with lower porosity yielded higher compressive strength.

Mixes S, S5, Ss and S were prepared to study the influence of curing time on the compressive
strength of SCGC. All the other test parameteneweld constant while the curing time varied.

The activator-to-fly ash ratio and water-to-geopolymer solids ratio were kept constant at 0.5 and
0.33 respectively. It was obtained that the corsgive strength at 1 day after 48 hrs of curing
was about 45 MPa. From Figure 2, it is observed that the longer curing time does not ensure
higher compressive strength. Alse curing duration increased there was a small increase in
compressive strength of up to 96 hours. Figure 6 shows that Mixr&€d at 78C produced the
highest compressive strength i.e. 53.99MPa.

There is no significant increase in the compressive strength for JMig Sompared to MixeSIn

normal GC as claimed by Mishra et al [22], it was evident that compressive strength increased
with the increase in curing duration from 24 hrs to 48 hrs but no significant @ariedtim 48 to

72 hrs. The results in this resefindicated that GC cured at®@longer than 48hrs resulted in

a very small increase in the compressive strength. This was due to the fact that camdensati
polymerization had been duly completed and did not need further curing. This phenomenon is
important for the construction industry as far as construction speed is concerned.

The influence of curing temperature on compressive strength development is detetbihgtthe
test result data shown in FigureMixes S, S, S and o were prepared to study the effect of
oven curing temperature on the compressivengtheof SCGC. It was observed that the strength
increased when the specimens were cured in oven for 48hrs ufCtoFigure 3 showed that the
specimen cured at temperature beyondC7@ecreased the compressive strength of self-
compacting geopolymer concrete. The extra waikred for normal GC is usually ranges from O
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to 5%, but in this experimental work 12% exivater was added to attain higher workability or
self-compactability.

The mechanism of reaction in GC is different from OPC based concrete as water is not involved
in the geopolymeric reaction. The elevated temperature made the extra water (which is more than
12%) to be expelled from the hardened concrete sample during the curing process. Spaces that
were previously occupied by water remainedrisropores or nanopores. These pores resulted a
microcrack path which can cause premature failure of concrete at lower stress level and hence
decreased the compressive strength of samples curefCaaB80 96C. But van Jaarsveld et al.,

[23] suggested that small amounts of structural water need to be retained in order to reduce
cracking and maintain structural integrity and stability in fly ash-based geopolymers.
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Figure 1 Effect of water to gpolymer solids on compressive strength
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Figure 2 Compressive strength with different curing durations
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Figure 3 Compressive strength under different curing temperatures
CONCLUSIONS
Based on the test results, the following conclusions can be drawn:

1. Except for mix with water-to-geopolymer solids ratio of 0.31, all the other mixes had
good filling and passing ability and the wallity results were whin the range of
EFNARC limits of SCC. Concrete with water-to-geopolymer solids ratio of 0.33
exhibited the required workability and proddcthe highest compressive strength of
49.28 MPa at 28 days. The workability study showed that as the amount of water-to-
geopolymer solids ratio increased, the vadmikity of geopolymer concrete increased.

2. Longer curing time improved the geopolymerisatipnocess resulting in higher
compressive strength, as the curing time in the range of 24hrs to 96hrs increased. The
compressive strength was highest when the specimens were cured for a period of 96
hours; however, the increasestrength after 48 hours was insignificant.

3. Higher curing temperature in the range6®°C to 70°C produced higher compressive
strength of SCGC, though, the strength decreased when the specimen cured further to
80°C and 90°C. Curing duration of 48hrs and temperature °6f ®@re found to be the
best curing condition and producee thighest compressive strength.
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To Be Sustainable: Use High Performance Concrete!

R Lewis
Elkem Silicon Materials, UK

This may seem like a contradiction in terms, but if we consider the design capabilities — using supplementary
cementing materials to reduce cement usage; recycled aggregates and concrete; higher strengths giving reduced
volume; longer lifetimes with less repairs and fewer re-builds of significant structures — then using high perfor-
mance concrete is very sustainable. The paper will look at the potential of HPC — placeability, high strengths, long
term durability and review a series of reference projects where its use has meant considerable savings in natural
resources — including overall cost savings. The focus of the paper is to get people thinking about the value of each
cubic metre — and how that can be used — rather than the simple ‘cost per cubic metre’. Examples include: High
Rise Towers; Parking Structures; Industrial Floors and Sprayed Concrete usage.

Robert C. Lewis is the Technical Marketing Manager at Elkem Silicon Materials. He began his career in 1978,
as a field technician, for Tarmac Topmix in the UK. After 8 years and two City and Guilds exams in Concrete
Technology, he was the assistant to the two Area Technical Managers for the Southern Region. In 1986 he moved
to Elkem, joining the technical services of concrete operations in the UK. Currently he provides technical support
to Elkem Silicon Materials’ international market, covering the European and Middle Eastern Regions — and other
areas as necessary. He has written, co-authored and presented numerous papers on microsilica (silica fume) and its
use in concrete — including a chapter in F.M.Lea’s “The Chemistry of Cement and Concrete”, and has been involved
in many projects world-wide. He is an ad-hoc member of a number of British Standards committees as well as the
UK expert on the CEN (European Standards) committee for Silica Fume. He works on several committees of the
American Concrete Institute and is currently the Chair of Committee 234 — Silica Fume. He is a Member of the
Institute of Concrete Technology, an International Member of the American Concrete Institute and, in 1999 was
made a Fellow of the UK Concrete Society.
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INTRODUCTION - CONCRETE AND THE WORLD

It is a simple fact that foevery single person othis planet, there is one cubic metre of
concrete produced each year. That is a lot of concrete — and, of course, concrete uses cement,
aggregates and water. As an industry, weuaider very close scrutiny as to how we make

and use concrete and particljahow that affect our planetary resoces and climate.
Whether you agree with the ‘Claite Change’ lobby or not, we &lave to try and use less of

the natural resources we have, and coérttre use of energy and the production of ,CO

After all, this is the only planet we havaedawe cannot simply ‘go next door’ if we mess up

this onel

So, firstly, we have cement —qalucing approximately 1 tonne of ¢GQor every tonne
manufactured. That's goirtg mean 300 to 400 kg of G@er cubic metre, from the cement
alone. | think we can aligree that we need to do somethahgut that. Secondly, there will
be close to 2 tonnes of aggregates in eatchasfe cubic metres we produce. That's normally
natural resources, whether dged, dug up or crushed frommmountain. We simply cannot
keep using new aggregates all the time!

Then there is water. If we follow the Standards correctly we should use only fresh, drinkable
water for our concrete. We are starting to seededywater used at the plants, but it is still
small beans. At roughly 150 litres per metre, Ehej Khalifa, one of the best sustainable
designs most recently, will still have used 108@ million litres of water — and that's only
what was in the concrete — nosting down, or other such uses.

Yet, even though these things are a part efrttake up of the concrete, we cannot just stop
using it — it is the world’s greest single construction material.

But we must be sensible in home view our construction work and the measures we take
to be sustainable. To give an example, ohthe first Platinum rated LEED projects on the
East Coast of the USA is undergoing repairkvafter only 10 years — as the sustainable
material used was not up to the performancgired of it. If we're going to do this work —
we must do it right — first time! So, wwhcan we do? Let’s take a look.

Cement and supplementary cementitious materials

At a conference in Scotland a few months bale&, technical director of one of the world’'s
largest cement companies saidtthe could not envisage tibemistry of Portland cement
changing any furthetp reduce the COcomponent. The lowest pitial they were looking

at was about 750kg per tonne. Whilst that ie@uction of around 20 t85%, it's still not

good enough, environmentally speaking, and the cemimmade was that we must use more

of the supplementary cementitious materials. This can easily be seen as vital, as global
cement consumption is predicted to reachmes@.5 billion tonnes by the year 2020 (Ocean
Shipping Consultants).

The industry has known about Ground Granuldéaktfurnace Slag (GGBS) and Fly Ash
(FA) for much of the last century, and produstgh as microsilica silica fume (SF) and
metakaolin (MK) for the last 40 years. We kntvat we can use laegquantities of GGBS to
reduce the temperature of a fregbncrete and, that in longrm development, we can get
very durable concrete. The same can be s&iffA, though the qudities used may be
smaller. We know that SF and MK can be usedoost the slow ratef strength gain or
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permeability reduction in the mixes using GGBS&. We know that SF is used to produce
very high strengths and very impermeabbaaete. We know that using these SCMs will
significantly reduce the ‘chon footprint’ of our concrete. Yet wstill find it very difficult to

get people to use these materials — it's me@asier to use OPC... Here is a statement from
the UK, made in January 2011:

A report from the Carbon Disclosure Project saylack of ambition from companies in the
energy, materials and utilities sector thesat government plans to cut emissions of
greenhouse gases by 2020 (Dailyebeaph, p.B5). Luckily in tb Middle East and in some

other areas of the world, sidicant mix changes have beendaeaand highly durable binary,
ternary and quaternary blends of cementitious material have been used. Many large and
significantly prestigiougprojects have worked at using the best material for the job — and
have achieved great performance.

Example - Storebeelt and @resund Link Bridges, Denmark / Sweden

The Storebeelt link in Denmark, and the fallap bridge, the @resund, from Denmark to
Sweden. The Tsing Ma Bridge in Hong Kong anel BHast Sea Bridge fBhanghai, as well as
the Burj Khalifa and similar towers, and maimglustrial applications for durability (Figure
1). Use of binary and ternary mixes with ©PFA and SF. 100 years design life without
major maintenance. Approximately 1million culbnetres in the Storebeelt, some 2million in
the @resund, used triple blend mixes to achieve strength and durability.

i
-
E
:

Figure 1 The @resund link and Burj Khalifa -otprojects that have ed binary and ternary
blend concretes faheology and durability

Aqggregates

Obviously, there is only a finitamount of usable aggregatetire world — and therefore we
should use it accordingly. There are, of counsany types of aggregate and they have
different qualities and properties. How oftenwie sit down and think about what aggregates
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we have and which we should use? How oftewe the best qualitgggregates (Ras Al-
Khaimah in the UAE, Granite in the UKgbn used for C40 concrete — or less?

Example — KinzuaDam, Pennsylvania

After only 7 years of use,high strength aggregatex® imported to make high strength repair
concrete for the Kinzua Dam in Pennsylvaniae Tépair lasted only $ears. Local, weaker,
aggregates encased in a silica fume concretexrieave so far lasd over 25 years — and
look to last four times dsng again (Figure 2).

ABRASION-EROSION PERFORMAMNCE
KINZLUA DAM STILLING BASIN REPAIR

TEST TRE, hoarn
AN WPRSY FLORTA AT e [oimale] paree

Figure 2 Kinzua Dam: The damage shown i$983, after only 9 years. The repair concrete
using silica fume (lowest abrasion result in tHeAEWES test) is not @n being considered
for replacement (2012).

Though only built in 1967, the stilling basin of tdkenzua Dam had worn sladly that it had

to be replaced in 1974. The overlay slab — over 1m deep was cast using a high cement content
OPC mix with specially importk high strength aggregateadasteel fibres. By 1983 the
swirling effect in the stilling basin — causing abrasion and erosion — had not only worn away
the new concrete, but a further 30cm into treginal concrete as well. The authorities
requested the help of the US Army Corpskofgineers waterways section. They tested
several concretes in their specialised equipment.

The results showed that a corterenade with local - normalrength - aggregates, but using
silica fume to boost the bond and strength, resigtedabrasion erosiogffects much better

than the high strength material, made wiltle expensive imported aggregates. It was not
strength, per se, that was needed, but bond wiitt@nmatrix of the concrete. The basin floor
was replaced, with over 1m depth of the silica fume concrete, in 1983. Inspection checks in
2008 (25 years on) noted that approximately &wear, compared to the previous damage,
had happened to the silica fume concrete. Therpial is, thereforefor the Kinzua Dam to

last well over a hundred years before the ngxaire- over 10 times theriginal concrete, or

even the first repair.

Could we have used a lightwghit aggregate instead of a nainweight for that low rise
building — gaining insulation as well as redudssd weight — and still achieving over C507?
Many bridges in Norway have been built usiightweight sections enabling greater spans
and less deadweight — aadhieving 55MPa strengths.
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Example - Kvisti Bridge and Ndnordland Bridge in Norway

These bridges, shown in Figure 3, used a\Wwgight concrete mix designed around Liapor
material and silica fume. The resulting coneraveraged 1900kg/m3 anda strength of over
55MPa. While only used for the centramfehundred metres on the Kvisti Bridge, the
majority of the concrete in the picture oktiNorhordland bridge iBghtweight. The tower
and main anchor points areetbnly ‘normalweight’ concrete.

Figure 3 Kuvisti Bridge has most of the censphn cast in lightweight concrete, while the
Norhordland Bridge flats across the fjord.

Could we have used recycled aggregates? This question will become greater and greater as
we move through the next decade. In manyspaftthe world, recycledhaterials are being
encouraged for use in concrete. At the montieistuse is small — Standards allow some 15%
recycled material. Research in the USA has shthat up to 50% recycled aggregates can be
used, without affecting the germance of the concrete.

With the amount of building work going on iretiSulf Region — and the vast consumption of
concrete — we have to think about using obeg aggregates and recycled concrete (as
aggregate). With the effectiveness of M&; good bond can be achieved to recycled
materials, so strength considerations for ndreoacretes up to C5teuld not be a concern.
For higher strengths, less recycled materialidd be used; for the ultra high strengths, C100
and above, there are high qualiggregates that cdre used. Similar action will have to be
taken in other high consumption areas of the world.

Using the strengths of concrete

We know we can produce C100, and upwardgerms of compressive strength, but how
often do we use that strength? If we know that we can achieve these levels, why are we not
taking advantage of tha the design of the structure?groved bond to rebar, or to fibres,
within the concrete can give us more flextlgiland allow more adveurous designs but, in

the first instance, if we cautilise that high compressiversngth, why not? The ‘footprint’

for a column — the strength over the area — can remain the same while the column size itself is
decreased. You get the same support strefgihJess volume in the column — and that
means less volume of concrete used and saee within the structure, or around it.
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Example — 331, South Wacker, Chicago, USA

311, South Wacker in Chicago used C80 + condte¢he first stages of the columns, and
high performance, though lower strengths, for rdmainder, as they went up the 70 storey
building. This meant a saving of 3,000 tonnesetfar and 7,650m3 of concrete (Figure 3).
The skyscraper was designedward using the highest strehgtoncrete that could be
produced at the time. This was achieved by using a silica fume mix and the best admixtures
available and working with the readymix suppliertrial the concretes. Thus the columns of
the building were redesigned to use 12,00088MPa) for the basement and the first 14
floors, then cutting down on the strength, bt asing the SF in the mix to improve the
pumpability. This enabled the use of one amusize for the whole building, cutting down on
formwork. It meant the use of only one pump tonputhe concrete to the top. The faster rate
of strength gain meant a faster turnaround orctimstruction. All this meant a quicker build,
less cost and more space. The savings on theriada amounted to: 3,000 tonnes of rebar;
7,650 cubic metres of concrete = 3,000 tonofesement, 13,000 tonnes of aggregates and
over 1 million litres of water.

Example — JJ HospitaFlyover, Mumbai, India

JJ Hospital Flyover in Mumbai, India. Whereepiously C30 and C40 concretes had been
used, stepping it up to C75 meant a radicalgeshange. Instead of triple columns at 10m
distances, single columns at 34m distances wseel — resulting in a considerable material
saving over the 1.9km length of the flyover (Figure 4).

Figure 4 311 South Wacker Drive, Chicqtgmthe right of the Willis Tower) and The JJ
Hospital Flyover in Mumbai. Both made significant savings througliskeof high strength
concrete.

With a long history of poor cement and ag@gteg giving low strength concrete — for
example C40 was considered higinaximum strength - the use akilica fume mix to make
C75 was little short of a quantum leap in Indiais strength allowed eadical step change in
the design of the 1.9 km dual carriageway flyovdre high strength meathat the sections
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for the road span could be thinner — and tleeeefighter. This meant that the columns, now

in C75 could be thinned down — and evendyett only one column used every 34 m, as
opposed to the ‘normal’ 3 columns at 10m iméds. With the construction being mainly
precast, the build speed was much faated the saving in volume was around 2,000 cubic
metres for the columns alone. Not only was this volume saved, but the air space under the
flyover was greatly improved, further reducinige pollution caused wjinally by slow
moving traffic.

So why, when we know the concrete can b&igieed and supplied at these strengths, do we
not use them and design — or redesign - oucttres accordingly? Yes, we need to design
for purpose, but we must look sensibly atthThere are designsrfbighway and airport
pavement in the Gulf Region that are simfdyt and paste” from UK or US design codes.
Why are specifications for airport runways, ieas that never see a temperature of less than
10°C in the coldest nights of ‘winter’, img for 7.5% air entrainment for freeze thaw
protection?! Not only is this a waste of timmpney and materials, it is quite pointless and
can be avoided with a little thought.

Design the mix

The “cut and paste” effect can be seen in otineas as well, such as workability limits or use
of plasticizers or supplasticizers. We should endeavoir make a project as easy as
possible. The more straightforward it is thetter it will be done. Wean design superfluid
SCCs now, that mean the labourers don’t neekreak their backs skielling the concrete
around — and then having to compdéctf it can be pumped, ts do that in preference to
skipping it — it's fasér and more efficient,ral often has less impact on fieemwork or steel.

When designing the concrete we can use softtveecan help us achieve the best particle
packing for the mix. The better that is, the lesa@at we use to ‘overcook’ the mix — and the
better the rheology dhe mix — makingt easier to use.

Design the mix to achieve the performancat-the right time. Many specifications are
looking at long term results — 56 days and 90 days or more — for the strength or durability
characteristics. Unfortunately, the concrete is already well into use at that time — unless it's a
very long build up of precast units... But even so, is that concrete being curetCadn 20
humid environment for all of that time? If thatncrete is in the ground, or up in the air as a
column, is it getting cured as well as the labgren which you base all the results? We know
we can do great concrete with 70 or 80 cere®0% GGBS, or 40 or 50% FA, but they will
take a little more looking after. We know thitve make a pure OP®@ith 10% or more SF,

it might be difficult to handle. So we shouldeuthem in combination — designing to achieve
the best results for the given situation. Ehare many precedents around the world — the
examples are in this paper!

What about the cost?

Well, here we have it. The break point. Wheveryone says, yes thabuld be nice, but we
can't afford to do that. That may be true if yane looking at just the sbof the concrete per
cubic metre, but why do you do that? Becauseghia¢ way it has always been done. That's
an excuse, not a reason!
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Nowadays, more than ever, with the environtakoconsiderations that are being focussed on

the construction industry, we must look at the totet of our projects eradle to grave. That
means we have to take in all the construction costs, as well as the material costs, all the
maintenance requirements and the service lifetifriee building / bridgé tunnel / industrial

unit. This means that the cqstr cubic metre for the concragenow an unusable concept —

we have to appreciate the valaf the cubic metre in ternod the finished construction.

Example - Pune Expresswalunnels, Mumbai, India

Shotcrete in the Mumbai — Pune Expressway Tunnels. The cost per cubic metre was much
higher for the silica fume version of the shotcrete — in both wet and dry process works. But
when the rebound volumes were taken into theutation, and the spead the work, and the
greater coverage per work shift, the cost fjpgshed metre of wall was much less than the
concrete without the silica fume (Table 1).

The Konkan Railway Corporation did all the shetorg on this project. They decided to use
a silica fume based mix after trial work showgreatly reduced rebouraf the shotcrete. In
terms of the wet mix, the figures were a reducfiom 25% to 10% and in dry, from 40% to
15%. Thus despite an average cost increds®5%, the concrete on the wall worked out
some 12% cheaper due to the reduction istezeEnvironmentalljriendly and less cost!

Table 1 Wet mix cost calculations foesl fibre shotcrete el in tunnel linings

MATERIAL NO SILICA FUME SILICA FUME

Quantity  Unit Cost Cost/m3 Quantity Unit Cost  Cost/m3
Cement 500 3 1500 460 3 1380
Silica Fume - - - 22 30 660
Aggregate 1600 0.2 320 1600 0.2 320
Streel Fibres 50 60 3000 50 60 3000
Plasticizer 6 40 300 6 40 300
Accelerator 25 35 875 14 35 490
Total 5995 6150
Cost + Application 9000 9500
Cost + Rebound 12000@25% 10500@

10%

Cost/m?2 @ 75mm layers 900 785

Example - Indianapolis International Airport Parking Garage, USA

A parking ‘house’, for 7,100 cars, built in I6onths. Designed using both Life 365 and
LEED point criteria, the mix usedas silica fume based. Keagithe concrete warm allowed
for the post-tensioning to continue at 20 hours per pour, edugh the construction.
Redesign of the columns and slabs meant rspexe giving a light and safe atmosphere
within the structure.

The mix design, using a percentage of recyegdregates and supplementary cementitious
materials, plus the improved speed of cargion, gave overall savings of approximately
$3,000 per car space.
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That means an overall saving$#1.3million, making this project the best example of being
sustainable, durable and very cost effective.

From the start conventional thinking was put to one side. They used the LEED system and
Life 365 to design this unit antthe concrete used. It enabladcontinual turnaround of 20
hours between pouring concrete and post-temsg. The strengths meant that beams and
columns could be redesigned to give more sgaw the total project cost was considerably
reduced (Figure 5).

Figure 5 Indianapolis Inteational AirportParking Garage

The use of high performance concrete enatfieddesign and construction of wide open, user
friendly structure. There are not many car garkthe world where you will find that number
of bays between the columns. So we maawvé our “per cubic metre” mindset behind and
look at the total value. There are many waysethice the costs in tlvéhole project when we
take all things into account:

Can we use a local aggregate — andgpigh performance matrix around that?
Could we use a lightweight aggregate?

Can we use blended cement?

Can we pump it — use SCC?

Can we pump it further, vecally or horizontally?

Can we achieve the required strenftlurability in a &orter time period?

Can we redesign the columns / floors / basements?

Can we make it last as long as possiblwithout any repairs/ maintenance?

And many other things we need to be thinkaigvhen we are building for the future — not
just the life of our buildings, but for the future of our natural resources for our children and
grandchildren, and for the climate.

We know we can do this. We must use ouowledge — the concrete technology that we
share — and do what we know we can do. Beean 50 years time, no-one is going to
remember that you saved $10,000 on a project img @scheaper concrete — but they’ll know
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if that concrete is going to last another 1@ang, or if they’'ve had to replace it, at 50 times
the original cost, and use up all teagatural resources, all over again...

Example - Tsing Ma Bridge, Hong Kong

Use of two triple blends for this consttion: approximately 200,000 cubic metres. OPC, FA
and SF used for the support columns on tleelw@ys and approaches. OPC, GGBS and SF
used for the slipforming of the two toweesch 206m high. This lattenix was designed at
30% OPC, 65% GGBS and 5% SF. It had tdlbiel enough to pump, yet rapid enough in
setting to be used for slipforming, and coobegh to allow for the laig sections that made
up the towers. Without the SF this could not hagen achieved. The triple blend mixes also
improved the durability, giving very high chlde resistance — a sifjnant part of the
specification.

Example - East Sea Bridge, Shanghai

32.5 km of twin bridge across the Strait at Sjfai. Mainly built of standard cantilever low
level sections, there were alaur shipping channel high bridges of different heights and
spans. This huge project was a ‘first’ of its cdemity, with a very tight ‘wish list’ : Richter 7
durable; ASR resistance; chloridesistance; water resistancarbonation resistance; highest
wind / wave durable and such. The ShanghaeRech Institute of Building Science made
extensive investigations into bridge desigmsl concretes and came up with the use of two
‘mineral cement’ blends. MC | used a trigiéend of OPC, GGBS and FA. MC Il used a
guaternary blend — OPC, GGBS, FA and SF. W&tllengths were kept near the design target
— C35 and C50 - the durability characteristifsthe concretes — compared to pure OPC
equivalents — were significantgnmhanced. OPC content in thexes was kept to less than
40%, helping to make this a very ‘green’ @ Using the pre-blended ‘mineral cements’
also simplified cementitious storage anaduction of concrete — improving construction
times. The whole project tookde than three years to build.

Example - Burj Khalifa

To build the best, you use the best — and this was no exception. The specification called for
concretes ranging from C60 to C100, with low &lksulfate resistanceshloride resistance,

water resistance and pumpable to recordjfitei A triple blend design specification —
Moderate Sulfate Resisting Cement, FA and-Sillowed the production of a concrete that

not only met, but exceeded, the strength and durability requirements:

* Water Penetration (BS EN 12398) <10mm actual = zero.
* Water Absorption (BS 1881:122) <1.5% actual= 0.70%
« RCPT(ASTM C1202) <1200 actual=590
* Water Permeability (Din 1048) <5mm actual= zero

The pumping height achieved was over 601 world record —and this was using a high
performance concrete with the above dilitgb characteristics and containing 44%
supplementary cementitious materials parbic metre. High performance and high
sustainability as well.



110 To Be Sustainable: Use

REFERENCES AND ACKNOWLEDGEMENTS

Unless cited within the text, all the exampé#es taken from case stediand personal notes
on Elkem Silicon Materials supplied projects.

Additional data has been supplied by Per é3tyl, Elkem Silicon Materials, Norway and
Tony Kojundic, of Elkem Silicon Materials, USA.



A Sprince et al 111
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The purpose of this research is to investigate and characterize the time-dependent behavior of new concrete com-
positions made with montmorillonite nano particles — and then comparing them with control specimens made
from standard concrete. This paper presents experimental test results of the compression creep of the proposed
concretes. Several concrete compositions with unconventional additives were designed and prepared. The tests
were performed on both normal strength and high strength concretes. Specimens were tested in two extreme en-
vironments: in one case there was 100% humidity provided by protecting the specimens from desiccation, and
in the other case specimens were air-dried and protected from any moisture. Concrete specimens were subject to
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INTRODUCTION

The deformation characteristics of concrete are important in the design of sustainable
structures. Concrete is an important structural material used in every country of the world.
Moreover, the complexity of structures and their size have continued to increase, and this has
resulted in a greater importance of their deformation characteristics and in more serious
consequences of their behavior [1]. One type of strain that plays a major role in successful
and continuous use of structures is creep — deformations that appear due to long-term loading
of the structural element [2].

Formulation of creep and relaxation models has been ongoing from more than hundred years.
In the case of concrete, elastic behaviour of concrete was taken for granted for a long time.
However, in 1907 Hatt wrote an article on a test performed on reinforced concrete beams
subjected to constant load. Hatt discovered that the deflection increased significantly with
time [3].

Creep of concrete originates in the hardened cement paste that consists of a solid cement gel
containing numerous capillary pores. The cement gel is made up of colloidal sheets of
calcium silicate hydrates separated by spaces containing absorbed water. Creep is thought to
be caused by several different and complex mechanisms not yet fully understood. Neville et
al [1]. identified the mechanisms for creep. Recent research relates the creep response to the
packaging density distributions of calcium-silicate-hydrates. At high stress levels, additional
deformation occurs due to the breakdown of the bond between the cement paste and
aggregate particles [1].

Therefore, designers and engineers need to know the creep properties of concrete and must be
able to take them into account in the structure analysis. After all, the end product of an
engineer's endeavours is a structure whose strength is adequate, but not wastefully excessive,
whose durability is commensurate with the conditions of exposure, and whose serviceability
ensures fitness for the purpose. Consideration of creep is a part of a rational approach to
satisfying these criteria. Deformation characteristics of materials are an essential feature of
their properties, and a vital element in the knowledge of their behaviour. After all, it is the
subject that matters: creep is important if its deformation increases with time under a constant
stress [1].

Nowadays nano-particles of clay minerals are used in production of polymeric
nanocomposite in order to improve mechanical characteristics. Polymeric nanocomposites
had been developed by Japan scientists in 1970 — 80th. In Latvia nanocomposites based on
styrene-acrylate copolymer and organically modified with montmorillonite nano particles
was prepared and investigated during recent 10 years [4].

Investigations on modifying concrete compositions by nano particles are carried out in
present time in different countries. It is proved that nanosized silicium dioxide particles allow
to achieve very dense microstructure and to improve performance characteristics of concrete
[4]. Information about montmorillonite nano particles use as concrete nano-filler not found in
literature. The aim of this study is to investigate influence of synthetized montmorillonite
clay mineral nano-particles (MNP) on mechanical strength and creep behavior of concrete.

Used material is synthesized montmorillonite clay mineral named as Hydrated sodium
calcium aluminum silicate, chemical formula (Na,Ca)(Al,Mg)6(Sis0;0)3(OH)6-nH,0.
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Montmorillonite mineral is a member of the smectite family. Montmorillonite crystal
structure is 2:1, meaning that it has 2 tetrahedral layers of silicium dioxide sandwiching a
central octahedral layer of aluminium oxide. Average density of montmorillonite clay mineral
is 2.35 g/em’, specific surface 750 m*/g. The particles are plate-shaped, average length 20-
500 nm, Thickness of clay flakes about 1 nm, therefore clay may be classified as nano-
admixture [5].

METHODS

One of the goals of the experiment was to find out whether the new concrete composition can
be competitive and whether its physical and mechanical properties are equivalent to those of
ordinary concrete. The object of this experimental study was ordinary and high strength
concrete made with admixture of montmorillonite clay mineral nano particles (MNP) in
amounts of lper cent of the total cement volume. Other raw materials used for this study
were natural coarse diabase aggregate, shingle, fine aggregate quartz sand and normal
portland cement CEM I 42.5 N. Table 1 shows concrete mix composition [5].

Table I Concrete mix compositions [kg/m’]

MIX DESIGNATION HSC HSC MNP REFERENCE MNP
Portlandcement CEM 1 42.5 N 800 800 350 350
Diabaze 0/5 mm 640 320 - -
Shingle 5/20 - - 500 500
Shingle 2/12 - - 500 500
Sand 0/2.5 640 320 750 750
Silicafume 120 120 80 80
MNP - 8 - 3,5
Water 200 200 190 190
Superplasticizer 15 15 7 7
Water/ Cement ratio 0.25 0.25 0,54 0,54

Standard sample cubes 100x100x100 mm and prisms 40x40x160 mm were produced in order
to investigate the mechanical characteristics of the material. Concrete mixtures were cast into
oiled steel moulds and compacted at the vibrating table. After two days the moulds were
removed. Standard hardening conditions (temperature +20 = 1°C, RH > 95%) were provided.
After the hardening period, the samples were measured and tested in standard conditions.
Their compression strength was determined in conformity with LVS EN 12390-3:2002.

At the beginning of the creep test, the specimens were 51; 57 and 63 days old. The tests were
conducted in two extreme conditions. In one case no moisture exchange with the environment
was permitted, which was ensured by protecting the specimens against desiccation, and in the
other case drying was permitted under conventional conditions, by protecting the specimens
against moisture [6]. In this paper shall be called these batches Reference (dry), Reference
(moist), MNP (dry), MNP (moist), HSC MNP (dry) and HSC MNP (moist). In order to
prevent humidity exchange between the specimen and the environment, the surface of the
specimens was coated with two protective silicone layers. Before this sealing, four aluminium
plates were centrally and symmetrically glued onto two sides of the test prism in order to
provide a basis for the strain gauges. The distance between two plates was 50 mm. Two +/-
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0.01 mm precision strain gauges were symmetrically connected to each specimen, and then
the specimens were put into a creep lever test stand and loaded. Figure 1 shows the creep
lever test stand. Specimens were kept in a dry atmosphere of controlled relative humidity in
standard conditions: temperature 23 + 1°C and relative humidity 25 + 3%.

Consider a point in a concrete specimen subjected to a constant, sustained compressive stress
oq0 applied at time 7y and equal to 30 per cent of the characteristic compressive strength of
concrete for high strength concrete mixes specimens i.e. o= 0.3 f. and 40 per cent for
ordinary concrete mixes specimens, i.e. g.= 0.4 f. [6, 7]. Load was applied gradually in
4 steps and as quickly as possible.

They were kept under constant load for 90 days and for recoverable creep they were kept
without load for 40 days.

i.‘h

[

ﬁ.(
Figure I Specimens in the creep lever test stand

Equation 1 shows the instantaneous strain that occurs immediately upon application of the
stress:

Ep =0,/ E,

(1

where E_ is the elastic modulus at time 7y
&,,1s the instantaneous strain

o 1s the compressive stress
c

Equation 2 shows the creep strain ¢ _(c0,7,) In time («) subjected to a constant sustained

compressive stress o, applied at age to:
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gcc (OO’ to) = ¢(OO> to) ’ O-c /Ec (2)

where ¢ (w,z,)1s the creep strain
@(,t,)1s the creep coefficient

Equation 3 shows the capacity of concrete to creep is usually measured in terms of the creep
coefficient ¢(xo,7,). In a concrete specimen subjected to a constant sustained compressive

stress o, first applied at age ¢, the creep coefficient at time ¢ is the ratio of the creep strain to
the instantaneous strain [2]:

(D(OO’ to) =&, (OO’ to)/ge(t) (3)

RESULTS

The tests to determine compression strength, modulus of elasticity and creep, creep
coefficient were done on concrete samples in which montmorillonite nano particles (MNP)
were used as admixture. Experimental work made it possible to compare the strength of
reference concrete samples and samples containing MNP. Cubes’ strength tests were carried
out after 7; 37; 42 and 93 days of hardening in standard conditions. The various compression
strengths of concrete specimens in different ages containing MNP as an aggregate were then
compared to reference concrete specimens. Figure 2 shows that HSC MNP was 5% lower
strength in the first 7 days, but on the 37" day the strength increased and was by about 4.8%
larger than HSC, and on the 93" day the strength of concrete with MNP was larger by about
3.5%.
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Figure 2 Concrete compression strength at 7; 37; 42 and 93 days, MPa
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Ordinary concrete containing a MNP showed 31.4% lower strength in the first 7 days than
reference concrete strength and on the 42nd day the strength was lower by about 32.4%.

High strength concrete mix containing montmorillonite nano particles perform good strength
development during long-term hardening period. HSC MNP specimens showed a 45.8%
increase of compression strength, while the HSC showed a 33.8% increase of compression
strength on the same period. Ordinary concrete specimens with a MNP showed a 48.5%
increase of compression strength, but the reference specimens showed a 50.8% increase of
compression strength.

Figure 3 shows that the modulus of elasticity was determined by measuring the deformations
on the sides of the specimens according to Hooke's law. For HSC at the age of 51 days the
difference between specimens hardened in moist and dry conditions is approximately 1.9%
but at the age of 63 days the difference is 16%. For HSC MNP this difference is
approximately 17.4% and 11% respectively. The comparison of the modulus of elasticity of
51 days old HSC and HSC MNP specimens shows that the modulus of elasticity for
specimens with montmorillonite nano particles is larger. For specimens hardened in moist
conditions this difference is 34.5%, while for samples hardened in dry conditions it is 9%.
However, the comparison of the modulus of elasticity of 63 days old HSC specimens and
specimens containing MNP shows contrary results — the modulus of elasticity for HSC
specimens is larger. For specimens hardened in moist conditions this difference is 43.5%,
while for samples hardened in dry conditions it is 6.2%.
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Figure 3 Modulus of elastisy of different concrete
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Figure 3 shows that for reference concrete and for concrete specimens with MNP this
difference between specimens hardened in moist and dry conditions are approximately 17%
and 16% respectively. The comparison of the modulus of elasticity of reference concrete
specimens and specimens with MNP shows that for specimens hardened in moist conditions
this difference is 3.3%, while for specimens hardened in dry conditions it is 24%.

Figure 4 the stress-strain relation shows that the same tendency. The stresses are almost
proportional to the strain, and therefore the stresses do not reach the point of microcracking.

In a loaded specimen that is in hygral equilibrium with the ambient medium (i.e. no drying),
the time-dependent deformation caused by stress is known as basic creep [1]. Creep increases
with time at a decreasing rate. In the period immediately after initial loading, creep develops
rapidly, but with time the rate of increase slows considerably [2].

Figure 5 shows elastic strain plus linear basic creep and shrinkage as dependence of time.
Under constant mechanical loading, the strain of HSC at the ages of 51 and 63 days increases
significantly with the loading duration, the increase reaching 2.6 to 3.3 times the value of the
instantaneous strain. At both ages, the strain increase of concrete specimens containing MNP
reaches 2.6 to 4.8 times the value of the instantaneous strain.
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Figure 4 Relation between stress and strain

The smallest deformation was exhibited by HSC in moist conditions. The average difference
between HSC specimens hardened for 51 days in moist and in dry conditions is
approximately 23% and the smallest creep is for specimens in dry conditions, but for HSC
specimens at the age of 63 days hardened in moist and in dry conditions the amount of
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deformations is contrary — the creep is larger in dry-hardened specimens, and the average
difference is approximately 30%. For 51 days old HSC MNP specimens this difference is
approximately 46%, and for 63 days old specimens it is 28%. At both ages the larger
deformation was exhibited by dry-hardened specimens. If we compare the average difference
between the HSC specimens at 51 days and the HSC MNP ones of the same age, we can see
that for specimens hardened in moist conditions this difference is 23%, and for specimens
hardened in dry conditions it is 85%. In moist conditions the larger deformation is exhibited
by HSC specimens, but in dry conditions it is contrary — the larger deformation is exhibited
by HSC MNP specimens. In comparison with the 63 days old specimens, the difference is
38% and 24% respectively. In dry condition smaller deformation is shown by HSC specimens
for both ages and in moist condition smaller deformation is by HSC containing MNP for
both ages.

Figure 5 shows that under constant mechanical loading, the strain of reference concrete
increases significantly, the increase reaching 3.15 to 3.61 times the value of the instantaneous
strain, and for specimens containing MNP it reaches 2.88 to 4.32 times. The smallest creep is
exhibited by reference concrete specimens in dry conditions. The average difference between
basic creep of reference concrete specimens hardened in moist and in dry conditions is
approximately 21%. For specimens containing MNP this difference is approximately 14.5%.
By comparing the average difference between the reference concrete specimens and the MNP,
it can be seen that for specimens hardened in moist conditions this difference is 12.8%, and
for specimens hardened in dry conditions it is 22%.

Figure 5 shows recoverable and irrecoverable creep. Largest part of recoverable creep strain
is instantaneous. At both ages for HSC the larger difference of irrecoverable creep strain was
exhibited by moist-hardened specimens but for HSC MNP specimens it is contrary — the
larger difference is exhibited by dry-hardened specimens. The creep coefficient increases
with time at an ever-decreasing rate. The final creep coefficient is a useful measure of the
creeping capacity of concrete.
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Elastic strain and long-term deformations of different kind concrete samples
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Figure 6 shows the comparison of the creep coefficients of HSC and HSC MNP
specimens at the age of 51 days. The creep coefficient for specimens in dry conditions
with clay particles is larger but in moist conditions the creep coefficients are similar but at
the age of 63 days the creep coefficients of dry-hardened specimens are similar, while in
specimens cured in moist conditions the creep coefficient of concrete specimens
containing MNP is smaller. The average difference between HSC specimens at the age of
51 days hardened in moist and in dry conditions is approximately 19%, but for HSC
specimens at the age of 63 days hardened in moist and in dry conditions the coefficient is
larger for dry specimens. The difference is approximately 5%. At both ages the larger
coefficient is exhibited by moist-hardened specimens. For 51 days old MNP specimens
this difference is approximately 50%, and for specimens at the age of 63 days it is 48%.
At both ages the larger coefficient is exhibited by dry-cured specimens. If compare the
average difference between 51 days old HSC specimens and the ones containing MNP
than for samples hardened in moist conditions this difference is 10%, and for samples
hardened in dry conditions it is 104%. In comparison with the 63 days old specimens, the
difference is 29% and 11% respectively. Interesting that in moist conditions the larger
coefficient is exhibited by HSC specimens, but in dry conditions the larger coefficient is
shown by specimens containing MNP, but in moist conditions the smallest coefficient is
exhibited by specimens containing MNP, but in dry conditions the smallest coefficient is
shown by HSC specimens.
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Figure 6 Creep coefficients of different kind concrete samples

The comparison of the creep coefficients of reference concrete specimens and MNP
specimens shows that the creep coefficient of specimens containing clay particles and
hardened in dry conditions is larger but in the moist conditions the creep coefficient is larger
for reference concrete. The average difference between reference concrete specimens in moist
and in dry conditions is approximately 10%, but for MNP specimens this difference is
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approximately 27%. If we compare the average difference between reference concrete
specimens and the ones containing MNP we can see that for specimens hardened in moist
conditions this difference is 15.4%, and for specimens hardened in dry conditions it is 6.5%.

CONCLUSIONS

This experimental study proves that montmorillonite nano particles in small dosage
(8 kg/m’) don't have negative influence on mechanical and deformation characteristics of
concrete. Some positive effects are established. Long-term deformation testing was
carried out, and the modulus of elasticity and the compression strength of ordinary
concrete and of concrete containing montmorillonite nano particles were determined.

High strength concrete mix containing montmorillonite nano particles perform long-term
hardening effect. Compression strength of 93 days old high strength concrete specimens
containing MNP was larger than that of HSC specimens. Ordinary reference concrete
specimens and specimens containing MNP showed a similar increase of compression strength
at both ages.

The modulus of elasticity in dry condition at all ages was larger for reference specimens,
but in moist condition it was larger for concrete specimens containing MNP.

The smallest basic creep in dry conditions is for reference concrete specimens and in
moist condition for concrete specimens containing MNP. Largest part of recoverable creep
strain is instantaneous.

The final creep coefficient is a useful measure of the creep capacity of concrete. On the
90th day of testing, the value of the basic creep coefficient reaches 1.5 to 2.8 for HSC
specimens and 1.7 to 4.1 for concrete specimens containing MNP. And for ordinary
concrete the value of the basic creep coefficient reaches 3.1 to 3.6 and 2.8 to 4.3 for
concrete specimens containing MNP. The results of this experiment can be used to predict
creep deformations.

In the future, the physical and mechanical properties of new high-strength concrete
containing montmorillonite nano particles as an alternative admixture should be
investigated in a more detailed way. Possibilities to increase efficiency of
montmorillonite nano particles must be regarded. Particle additional chemical treatment
or thermal activation may be used in future research.

Obtained results indicate on quite high dispersion of experimental data. In order to
decrease the dispersion of results, the number of specimens and tests should be increased.
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Environmental Aspects of Optimized Design of Concrete Structures
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The contribution describes some differences in results of practical design of a concrete structure. According to
some standards for the design of concrete structures (e.g. EC2 and the original Czech standard CSN 73 1201-
86) it is possible to design the structure by several methods. This paper documents the fact that even if a designed
structure does not comply with the partial reliability factor method, according to EC2, it can satisfy to the reliability
conditions according to the fully probabilistic approach when using the same materials, boundary conditions and
the loading. The application of the fully probabilistic design approach and the verification of reliability enable
the introduction of mass production with the option of control over the design procedure, and increasing quality.
Individual input quantities, which are considered as random quantities with a given probability distribution (or
statistical distribution parameters), can be gained by long-term monitoring and evaluation. To find the best possible
design of a structure an optimising procedure (method) is appropriate to use. Economical and ecological aspects
(acquisition costs, CO5 and SO, emissions or embodied energy associated with concrete member production,
respectively) are taken into account in objective function. The objective function has a significant influence on
the obtained optimal result. Efficient design procedures can achieve not only cost savings during construction
(materials and energy), erection, maintenance, disassembly and material recycling but also a more favourable
environmental impact. A design example will be presented. From the example of prestressed spun concrete pole
design by the partial factor method and simulation method (fully probabilistic approach according to the Eurocode)
it is evident that an expert should apply a more precise (though unfortunately more complicated) design method
and obtain “better” structure design.
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INTRODUCTION

The building industry is one of the largest consumers of material and energy resources and
ranks among the largest producers of waste and harmful emissions. Therefore, it is useful to
design a structure so that its environmental impact is minimal. To find the best possible
design for a structure or member without a negative effect on the reliability system as a whole
it is necessary to use a suitable optimisation method. Most of the standards enable the use of
a variety of methods for the design of a particular structure. The obtained outcome of these
methods depends on:

e the level of simplification of the calculation within a particular procedure,

e the quality of the input data,

e the expertise of the engineer, and the amount of time he/she has available to spend on the
structural design.

The partial reliability factor method is presently mostly used for the design and review of a
structure from the standpoint of ultimate states. This method is used especially for its
simplicity and the ease of obtaining input data. The input data result from the used materials
and loads (relating to the structure’s function and its location). Characteristic input data
values are given in relevant parts of the standards and drawing documentation. However,
standard CSN EN 1990 [1] alternatively also enables the application of probabilistic methods
for the design and review of structures. Basic information is mentioned in CSN EN 1990 and
ISO 2394 [1, 2].

DESIGN METHODS
The design process includes a lot of uncertainties, especially:

e the randomness of physical quantities used in the design (as a natural characteristic of
each quantity),

e statistical uncertainties during the description of a particular quantity caused by a lack of
data,

e model uncertainties caused by inaccuracies in the calculation model in comparison with
real structural behaviour,

e uncertainties caused by inaccuracies in the limit state definition, mistakes

e and human element deficiencies within the design procedure, execution, maintenance
and usage of the structure, along with incomplete knowledge of real material and
structural behaviour.

The partial reliability factor method

In the classic approach of evaluating the reliability of a structure using the partial reliability
factor method, the first three above-mentioned groups of uncertainties are hidden within the
partial reliability factors, which are determined separately both for the effects of load E and
structural resistance R (Figure 1). During the application of this approach it is not necessary
to know the particular “values” of the uncertainties. The reliability review is simplified within
the observance of rules and recommendations but the real probabilistic base of the reliability
review stays hidden.
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The ultimate limit state (ULS) reliability condition is:

Ry = Ey4 (1)
and for serviceability limit states (SLS)
Ca = Eq (2)

where R; is the design value of structural resistance (including the influence of partial
reliability factors for materials and model uncertainty for ultimate state design), C; is the
design value of the relevant criterion of serviceability (including the influence of partial
reliability factors for materials and model uncertainty for serviceability design) and E; is the
design value of the effect of loading (including the effect of partial reliability factors for load
and model uncertainty for ultimate state design or for serviceability design).

4

f

15 Eq Ry 153

Figure I Random variables: R — structural resistance, E — effect of loading

The values of individual partial reliability factors depend upon the type of assessed limit state
and the reliability category. These values are presented in [1] and in the appropriate EC
standards and national appendixes.

The fully probabilistic approach

The probabilistic formulation procedure expressing structural reliability [4] considers the
variable quantities entering the calculation to be random quantities whose uncertainties can
be described by means of mathematical statistical methods. This approach requires either
knowledge of the probability distribution of these quantities or at least knowledge of the
distribution of the statistical parameters, and possibly the mutual statistical dependence or
independence of individual quantities. The reliability condition is usually expressed with the
help of failure function Z

Z=g(R,E)=R—E. (3)

A value of Z > 0 means a failure-free state (reliability reserve); a value of Z < 0 means a
structural failure.

The quantities E (effect of loading) and R (structural resistance) are random quantity
functions that represent in principle the geometrical and material characteristics, load, and
possibly the influences of other factors. The failure probability can be determined
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p;=P(R<E)=P(Z<0)=[,_ f(2)dz (&)

where f(z) is the density of the failure function distribution probability (Figure 2).

f2(z)

Figure 2 Failure function Z, failure probability py, reliability index
The reliability condition is expressed as

Pr = Po )
where pj is the target value of the structural failure probability.

If the failure function Z has normal distribution with the parameters p, (mean value) and
o0y (standard deviation), it is possible alternatively to use reliability index [ as a reliability
indicator according to the relation

p=4 (6)
where it is valid that

pr=P(Z <0)=P(g <u,—Bo,) (7
The reliability condition is possible to express in the form

B > Bo (8)

where [, 1is the target value of the reliability index related to different design situations and
the referential time for load- bearing members with a dependence on the reliability category
given in [1] and [2].

Analytical representation of the failure function is only possible in simple cases, and thus its
application is limited. The failure function Z = g(R, E') generally depends on the number of
random quantities, whose distributions do not always correspond to the normal distribution.
The relations for determining the effect of loading E and resistance function R are often
complicated and non-linear; therefore, numerical methods (simulation, semi-analytical) are
used for failure probability calculation.
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ILLUSTRATIVE EXAMPLE — A SPUN CONCRETE POLE

A pole made from spun concrete was designed. The geometry of the pole is displayed in
Figure 3. The reinforcement of the pole is made of prestressed wire with a diameter of 6 mm
(OPN6), which is supplemented by 10 mm diameter BS00B passive reinforcement (OR10).
The pre-stressing strands are situated along the entire pole and are bond-anchored both at the
top and bottom of the pole. The passive reinforcement is designed in various lengths in order
to contribute to the bearing capacity of the pole. The pole has an annular cross-section. The
stress acting on the pole is given by the top horizontal force. The characteristic value of this
force is V = 10 kN. It includes the tensions of cable lines and also climatic effects (such as
wind and icing on overhead lines).

Restrictive conditions are formulated by the principles of standards [1] and [3] according to
the reliability conditions of:

- ULS within normal force load (caused by prestressing) and the bending moment (caused
by the top horizontal force V) in predefined discrete cross-sections along the pole depth,
- and SLS:
- deflection of the pole head due to the top horizontal force V,
- crack origin at 0.5V load
- and crack widths for 1.0V load.

Design and assessment were carried out with software based on the algorithms determined
and mentioned in [5]. This software was set up primarily for use in the partial factor method
but then was modified for application in fully probabilistic design. The Monte Carlo
simulation method was used to calculate the reliability, modified by the Latin Hypercube
Sampling method (LHS). The statistical distributions of the material characteristics and some
geometric characteristics were provided by the producer of the poles, while the uncertainties
of the resistance model R and the calculation of the effect of loading E were taken from the
recommendation in [6]. A description of the calculation is given in [7].

Pole design

The design was based on the assumption that the geometry of the pole is unchangeable (it is
determined by the mold in which it is produced); only the thickness of the concrete, the
number of prestressed strands and the passive reinforcement (number of bars, length of bars)
were allowed to be changed. The wall thickness of the annular cross-section is not constant
along the height of the pole; thickness at the bottom is denoted by t; and at the top by t;,.
Two pole wall thickness variants were considered: a pole with t; = 70 mm and t; = 60 mm
(type T1), and a pole with 10 mm larger of annular cross-section thickness (type T2). The
number and length of reinforcement bars was designed assuming the same amount of
prestressing wire (again in two variants: 200PN6 (type P1) and 18@PN6 (type P2)).

Poles designed using the partial safety factor method are denoted by PSF; PBD denotes those
created via probability-based design. In all cases, the designed concrete reinforcement
represents the minimum amount of reinforcement necessary to ensure compliance with all the
reliability conditions stipulated by the used design method. An overview of some designed
types of poles is shown in Table 1.
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Reinforcing steel is designed in two lengths. Figure 4 shows the distribution of reinforcement
along the pole length and in the cross-section (pole type T1P1-PBD).

[+~ dn=220
n—~

10500

hz= 2000

le—s/ds =370
Figure 3 Geometry, loading and boundary conditions of the pole

Table 1 Types of designed poles

TYPES OF DESIGNED POLES

type ty ty prestressing wire  passive reinforcement
T1P1-PBD 70 mm 60 mm 200PN6 130R10
TIP2-PBD 70 mm 60 mm 180@PN6 170R10
T2P1-PBD 80 mm 70 mm 200PN6 120R10
T1P1-PSF 70 mm 60 mm 200PN6 170R10
T1P2-PSF 70 mm 60 mm 18@PN6 180R10
T2P1-PSF 80 mm 70 mm 200PN6 160R10

20 @ PNG6, 10.0 m (presstresing wires)

7% R10,6.13 m

| 0.97

1.32

62 R10, 3.86 m

° 13 @ R10 passive reinforcement
+ 209® NP6 prestressing wires

Figure 4 Scheme of the pole reinforcement (type T1P1-PBD)
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Table 2 and 3 shows limit and resulting values which express the reliability of the designs in
accordance with the used method; however, for comparison, the proposed pole types are
assessed by both methods. The decisive criterion in most cases was the ULS reliability
condition (loaded by bending moment and normal force), the SLS criteria were met with
ease. Only for pole T1P2-PBD was the reliability condition of the crack origin the limiting
criterion.

Table 2 Probability based design - ultimate and resulting values of the
quantities under consideration

REVIEW VIA PROBABILITY - BASED APPROACH

ULS SLS
Quantity M+N Deflection Crack origin ~ Crack width
B B Pr Ps

Ultimate quantity Bo =3.8 Bo =1.5 p, = 0.0668 p, = 0.0668
T1P1 PBD 3.85 4.02 0.0482 0.0261
T1P2 PBD 4.02 4.04 0.0668 0.0236
T2P1 PBD 3.80 3.95 0.0482 0.0386
T1P1 PSF 4.11 4.45 0.0482 0.0209
T1P2 PSF 4.08 4.06 0.0668 0.0209
T2P1 PSF 4.07 4.42 0.0505 0.0209

Table 3 Partial safety factor design - ultimate and resulting values of the
quantities under consideration

REVIEW VIA PARTIAL SAFETY FACTOR METHOD

ULS SLS
Quantity Load capacity ~ Deflection  Crack origin ~ Crack width
V [kN] f [mm] w [mm]
Ultimate quantity 10 340.00 not allowed 0.150
T1P1 PBD 9.06 174.87 not expected 0.072
T1P2 PBD 9.76 180.17 not expected 0.078
T2P1 PBD 8.98 174.57 not expected 0.075
T1P1 PSF 10.03 166.20 not expected 0.061
T1P2 PSF 10.01 179.35 not expected 0.073
T2P1 PSF 10.01 165.17 not expected 0.063

Both of the methods provide the same level of reliability design, but the final designs are
different. When using a probability-based method the designed amount of reinforcement is
smaller than that designed according to the partial safety factor method (PBD poles fail in
terms of the ULS according to the partial safety factor method; load capacity is lower
than 10 kN).



P Stepanek et al 129

Assessment of design quality

Although poles designed according to both methods show approximately the same reliability
(within the used method), the various proposals differ both in wall thickness cross-section
and in the amount of reinforcement and prestressing wires. To select the best proposal, it is
necessary to determine the criterion by which to evaluate the design.

Factors that can be taken into account when assessing the suitability of a proposal are the
economic and environmental aspects (acquisition cost, embodied energy and emissions of
CO, and SO, caused during the production of concrete elements). The objective is to
minimize all these aspects. The resulting multicriterial task should be solved using weighted
sums. In the case that the individual terms of the objective function are expressed in different
units the objective function could be normalized with reference values. The objective (target)
function taking into account the following aspects relating to a single element (a pole) can be
written as:

P(x) CO,(x) S50,(x) E(x)
f(X):(ZPF-F(XCO%OZ-FaSOO;—OZ-F(XE? (9)

where the used symbols mean:

P- acquisition costs

P =V.Uy + myUy +m, Uy, (10)
CO, — the amount of CO,emissions

€Oz = VeUgoz + msUgo, + myUgo2, (1)
S0, — the amount of SO, emissions

50, =V Uspz + msUsp, +my,Uso, (12)
E— energy consumption

E =V, Ug + m,Ug + m,,UY. (13)

op (or °C0,, °S0,, °E) stands for the reference values set by the problem designer for
acquisition costs (or CO, emissions, SO, emissions, primary energy consumption); a, (or
Qco, Aso, Q) represents weights in the objective function (9) for P (or CO, emissions, SO,
emissions, energy respectively); V. is concrete volume; mg (m,,) is reinforcement weight
(prestressing wires); Uy, Uy, Uy are the costs of concrete (or steel); Ug, Ug, Uy are the
energy consumptions for a unit volume of concrete (or reinforcement and prestressing wire
per 1kg); Ufy, is the embodied unit amount of CO, emissions from concrete production;
Uloz, Uly, are the embodied unit amounts of CO, emissions from steel production; U, is
the embodied unit amount of SO, emissions from concrete production; and Ug,,, Uy, are the
embodied unit amounts of SO, emissions from steel production.

To evaluate the resulting design of poles according to the objective function (9) the unit cost
and environmental impact values were considered with regard to data in Table 4 (which were
obtained from publication [8]), and the weight coefficients in Table 5.
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Table 4 Unit costs and environmental impacts [§]

ENVIRONMENTAL IMPACTS AND UNIT COSTS

. Energy CO,emission SO, emission Cost
Material MJ/kg keCO, /kg 050, /kg
Concrete C40/50 0.738 0.118 0.382 95.40 €/ m’
Prestressing wire 31.895 2.776 16.325 1.20 €/kg
Reinforcement 27.311 2.505 15.519 0.97 €/kg

Table 5 Weight coefficient variants in the objective function

WEIGHT COEFFICIENTS
Variants ap Ao aso ag
Varl 1 0 0 0
Var2 0 1 0 0
Var3 0 0 1 0
Var4 0 0 0 1

Var5 0.125 0.125 0.125 0.5

Comparison of results— probability based design

A comparison of three types of pole designed using probability-based design can be found in
the following graph in Figure 5. When evaluating the objective function, pole type T1P1-
PBD is considered as a reference.

The graph clearly shows that the poles of type T1P1 and T2P1 are comparable in terms of
objective function. The objective function value of pole T1P2 is higher than that of the other
two. This is because the reliability given by the USL is higher (f = 4.02) than that of the
other two as the crack origin reliability condition was limiting for the design of this pole.

m 1.150
= —
8 1.100 - _ — © ; M OT1P1-PBD
Q0 Z o N — o =
= S 1050 - @ 3 = = S
oK = o S — OT1P2-PBD
= S 1.000 -
o % ' o = o S o - o < o o]
o

2E 0950 4 8] (IS |8 IS |8 |§‘ S H S|l |18 @T2P1-PBD
- — S i i S i o — —
<0900 =

Varl ‘ Var2 ‘ Var3 ‘ Var4 ‘ Var5 ‘

Cost ‘ CO2 ‘ SO2 ‘ Energy ‘ see Table 5 ‘

VARIANTS OF WEIGHT COEFFICIENTS

Figure 5 Comparison of pole designed via the probability-based method
(reference pole type T1P1-PBD)
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Comparison of results— partial safety factor method

The decisive criterion in the designs of the poles was in all cases fulfilment of the reliability
conditions of the given USL; the poles have approximately the same load carrying capacity
and therefore the reliability from the viewpoint of the ULS is the same for all of the three
poles. It is clear from the graph in Figure 6 that the proposals are equivalent in terms of
objective function evaluated for all weight coefficient variants; the maximum difference is
1.1% (relative to the reference pole, T1P1-PSF).

1.100 -
=
> TI1P1-PSF
—~ 1
o ., 1.050
25 T1P2-PSF
851’000—ovv o813 o= oll= ol
— O —
52 SIS BREEE EREEE REE REEE T2P1-PSF
m 0‘950 T R — || — O\. — Q — | = =
— =) <
3
< 0.900
> Varl ‘ Var2 ‘ Var3 ‘ Var4 ‘ Var5 ‘
Cost ‘ COo2 ‘ SO2 ‘ Energy ‘ see Table 5 ‘

VARIANTS OF WEIGHT COEFFICIENTS

Figure 6 Comparison of pole designed via the partial factor method
(reference pole type T1P1-PSF)

Comparison of both design method through the results

Designing of pole using the probability-based method provides a lower objective function
value. In comparison with the best pole designed according to the partial safety factor method
(pole type T1P1-PSF, which was considered as a reference pole), there is for example a
difference in cost of up to 13.8%, and in CO, production of up to 14%, etc. (see Figure 7).
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Figure 7 Comparison of poles designed using both methods (reference pole type T1P1-PSF)
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CONCLUSIONS

Only economic and environmental aspects linked with the amount of individual materials that
were used for pole production have been considered in assessing the suitability of the
proposal. From this standpoint it can be stated that designing using the probability-based
method is more economical and more environmentally friendly. However, fully probabilistic
design requires, compared with the partial reliability factor method:

e knowledge of the definition of the distribution of input quantities, and of their
characteristics,

e a calculating tool for re-design combined with statistical evaluation,

e the designer to possess sufficient professional knowledge.

The application of the fully probabilistic design approach and the verification of reliability
enable the introduction of mass production with the option of control over the design
procedure, and increases in quality. Individual input quantities, which are considered as
random quantities with a given probability distribution (or statistical distribution parameters),
can be gained by long-term monitoring and evaluation.

In the presented objective function it is also possible to take into account the following stages
for a particular structure: the construction process, utilisation, and the end of its life cycle.
Differences in the amount of used materials and particularly the different weights of the final
products (and thus the handling and transportation of the products) may cause more
significant differences in the objective function values than are shown in this paper. To find
an optimal design, i.e. the best possible design that meets specified criteria, optimization
methods should be used.
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Eco-friendly Concrete with Highly Reduced Cement Content
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TU Darmstadt, Germany

The major environmental impact of concrete is caused by the CO5-emission during the cement production. Recent
studies at the TU Darmstadt revealed that the required COz-emissions can be reduced significantly in ordinary
concrete with normal strength. The principles of the (U)HPC design were adapted for the development of these
concretes. The use of superplasticizer and high reactive cements as well as the optimisation of the particle size
distribution and the reduction of the water volume allows a significant reduction of the Portland cement clinker in
the mixture. Essential is the addition of mineral fillers like limestone powder to provide an optimal paste volume. In
addition the already practicable substitution of the cement clinker by secondary raw materials like fly ash or furnace
slag is an appropriate opportunity but limited by the availability of these resources. For the practical application
of the low carbon concretes, questions must be answered regarding the workability, the strength development, the
design relevant mechanical properties as well as durability aspects like carbonation of the concrete.

At the TU Darmstadt different mixtures for ordinary reinforced concrete structures were developed. It was shown
that concretes with cement contents lower than 125 kg/m?* were able to meet the usual required workability, strength
(app. 40 MPa) and mechanical properties. The carbonation depth of concretes with app. 150 kg/m* was equal or
lower than the depth of the DIN-standard reference concretes for exterior structures. The ecological advantages
were identified, using the environmental performance evaluation. A reduction up to 50% in environmental impact
compared with the DIN-Standard reference concrete mixture and a reduction of more than 65% using blast furnace
cement was calculated. The application in practice was verified conducting full-scale tests in a precast concrete
plant. The special requirements on workability and early strength were fulfilled with a cement content of 150
kg/m3.
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INTRODUCTION

To ensure the competitiveness of concrete asldimgy material in the fture, it is essential to
improve the sustainability of concrete sturets. Great potential for the reduction of the
environmental impact and the consumption afrse resources has been identified in the field
of concrete construction, especially in thedarction of raw material concrete technology
and structures [1] (see Figure 1). For concreteish are developed, produced and used in an
environmentally friendly manner the term “@re Concrete” [2] or "ECO-Concrete" [3] is
commonly used.
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Figure 1 Opportunities for ecological optsation in concrete construction [1]

The major environmental impact of concrete comes from thge@issions during cement
production as a result of the calcination gmiehding process including the decomposition of
the calcium carbonate. Approximately fiygercent of the gladd anthropogenic CO2-
emission is connected with theopuction of 3.3 billon tonnes of cement per year (2010) [4].
Therefore, the reduction of the cement-clinker content has positive effects on the
environmental life cycle assessment of tbearete and can be achieved by the optimisation
of the mixture design [5]. Some research wirkeduce the Portlancement content in the
concrete was alreadyrceed out [1-3, 5-10].

This paper presents the gengmadcedure for the developmentsifuctural concrete with low
environmental impact and normal compressisgength. This includes the stepwise
development of the mix design. The resultp@fformance tests on cement reduced concretes
conducted in laboratory conditioase also presented. In additidhe advantages with regard

to the environmental performance evaluatiorrenveerified. Finally, the application in the
precast industry, as well as ttezhnical advantages of the cetheeduced "green” concretes,
are presented.
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PRINCIPLESFOR THE DEVELOPMENT OF LOW CARBON CONCRETE

Based on experimental results, a stepwisecedure for the development of low carbon
concretes was developed. The tfistep is the selection @he cement. The environmental
impact of the cement should be as low pssible and at the same time the strength
performance relatively high. Composite asldg cements (CEM Il and CEM Ill) with
strength class 42.5 and 52.5 as well as Rattteement (CEM I) with strength class 52.5 are
appropriate. However, the increasesk of slag and slag cemeatswell as fly ash is limited

in several countries by the aladility of these materials @nthe requirements for the early
concrete strength. For futur@pplication, alongwith modified low-water-concrete
technology, the development @nvironmental friendly cements with higher limestone
content is planned [11].

In the second step the volume of the cement and cementitious materials should be minimised.
To achieve a significant reduction, the cate technology for ordary concretes was
modified based on the principles of high pemiance concretes. Figure 2 shows, that the
application of high performance superplasticsziercreases the actual packing density of the
solid powder particles (<0.125 mm). The optimatof the particlesize distribution also

leads to a lower required water volume andveelopermeability. Thislbows the reduction of

the water/powder-ratio in the mixture, kfroviding sufficient workability. Based on the
decreased water, along with an increasestiength and durabilitythe reduction of the
cement content is possible. The corresponding cement and water volume is substituted by
environmentally friendly powdeige limestone, fly ash or slag. Considering the availability

of the reactive materials, inert materidike limestone should bereferred. However,
investigations have shown a considerable rdmuniion of optimised linestone powders to the
strength development.

It has to be considered, that a certain pastame is necessary to maintain the required

workability. This implies that a minimisatioof the paste content and hence an additional
reduction of the cement content is based oa@imisation of the aggregate packing.
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Figure 2 Evolution from the traditional mixture proportion to cement reduced
green concrete [5]
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The principles of the concrete developmeand ¢he effects on the concrete strength, the water
content and the workability are also presergedlitatively in Figure3. The reduction of the
clinker increases with the decrease of wata the contribution ofement and additives on
the performance.
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Figure 3 Reduction of the cement clinkethe concrete in relation to a conventional
reference mixture

For the practical application @freen concretes, questions mbstanswered with regard to
the workability, the pumpability, the strahg development and the durability. The
expectation is that changes to the traditiomixtures should not diminish the material
performance. If cement reduced concretesusesd for exterior structures, the durability,
including the performance agairtarbonation induced corrosionaégreat impamance [12].

CONCRETE MIX DEVELOPMENT

At the Technische Universitat Darmstadt, inteesstudies on the topiof “Green Concrete”

were conducted as part of raseh projects in the field dbustainable Concrete Structures.
Different kinds of concretes with reduced @1 content were delaped especially for
reinforced concrete structures. The initial investigations based on laboratory tests are
described below.

A compressive strength @D N/mm?2 at an age of 24 h withdeat treatment was targeted to
enable the de-moulding. After 28 days a corsgire strength of 38l/mmz2 was desired to
obtain concrete class C25/30. The cement reduced concretes must have sufficient workability
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and a concrete surface withaularge number of awoids. Therefore the slump flow value
according to DIN EN 12350-05:2009-08 was am$o be a = 550 mm. The cement reduced
concretes are intended to be used for intestouctures (exposure class XC1) as well as
exterior structures (expost classes XC4, XF1 and XAl). The German code DIN 1045-
2:2008-08 defines the national requirements doncrete mix design depending on the
exposure class. For the apptioa in exterior structures Xposure class XC4, XF1 and XAl)
the minimum cement content is 270 kg/m3 andifberior structures (XC1) 240 kg/ms3. The
water-cement ratio must not exceed 0.60 and €egpectively. For the evaluation of the
concrete performance, reference concretegdan the concrete midesign according to
DIN 1045-2:2008-08 were included in the tpsbgram. The mix design for the reference
concretes with a cement content of 240&gand 270 kg/m?3 is shown in Table 1.

Starting with the reference concrete, the eetncontent was reduced from 270 kg/m3 to
100 kg/m?3 (see Table 2). The cement was gradually substituted by additives. At the same
time, the water volume was reduced. The lowest value was 125 L/m3. To maintain sufficient
workability the powder contér{<0.125 mm) was increased tgp440 kg/m?3 by the addition

of fly ash und limestone powder. The concretmsistency was adjusted by changing the
dosage of superplasticizer. A cement CEBRI5 R with high earlystrength, high strength

class and a defined cement clinker conteng$ wsually used. In addition, a cement CEM |
32.5 R with a lower strength classification wasluded. Subsequently, the influence of a
high performance CEM IlI/A 52.5 R (with reducelinker content and an amount of slag up

to 65%) was analysed. The limestone powder and fly ash additives were used in the ratios 0,
50, and 100% by volume. In an additional test series, the influence of the limestone powder
fineness on the concrete properties was aadlysee Table 3). The Blaine value of the
normal limestone was 3,100 cm?/g and of the fine limestone 16,000 cm?/g.

Table 1 Mix design of the reference concretes

REFERENCE CONCRETES
Mix design Mass B270- B270- B270- B240- B240- B240- B240-
perm* CEMI CEMI CEMI CEMI CEMI CEMI CEMI
concrete 525R- 425R- 325R- 525R- 425R- 525R- 52,5R-
SFA10- SFA10- SFA10- w180-DINw180-DINSFA160- SFA160-

w165-DINw165-DINw165-DIN w180 w145
CEMI1525R kg 270 240 240 240
CEMI1425R kg 270
CEMI1325R kg 270 240
Fly Ash (EN 450) kg 10 10 10 160 160
Limestone powder 1 kg
Water kg 162 162 162 180 180 179 142
Superplasticizer kg 2.8 1.9 3.0 1.3 1.7 4.0
River sand 0-2 mm kg 597 603 603 601 601 569 509
River gravel 2-8 mm kg 446 446 446 444 444 394 446
River gravel 8-16 mm kg 847 847 847 842 842 748 846
wi/c [] 0.61 0.61 0.61 0.75 0.76 0.75 0.60

W/Ceq [-] 0.60 0.60 0.60 0.75 0.76 0.66 0.53
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Table 2 Mix design of the cement reduced concretes

CEMENT REDUCED CONCRETES
Mix design Mass  B200- B175- B150- B150- B150- B150- B150- B150- B150- B150- B125- B100-
perm® CEMI CEMI CEMI CEMI CEM| CEMI CEMI CEMIII/ACEMIIACEMII/A CEMI CEM |
concrete 525R- 525R- 525R- 525R- 525R- 525R- 525R- 525R- 525R- 525R- 525R- 525R-
SFA160- SFA160- SFA250- SFA125- KSM289- SFA250- KSM289- SFA250- SFA125- KSM289- SFA275- SFA300-
w145 w145 w145 KSM145- w145 w125 w125 w145 KSM145- w145 w145 w145

w145 w145
CEMI525R kg 200 175 150 150 150 150 150 125 100
CEM II/A 52.5 R kg 150 150 150
Fly Ash (EN 450) kg 200 225 250 125 250 250 125 275 301
Limestone powder 1 kg 145 289 289 145 289
Water kg 142 142 142 142 142 120 120 143 142 142 143 144
Superplasticizer kg 4.1 3.9 3.1 4.0 5.1 6.9 6.5 2.4 3.3 4.5 3.1 1.9
River sand 0-2 mm kg 515 519 523 524 524 542 542 523 524 524 528 534
River gravel 2-8 mm kg 440 436 434 434 434 444 444 434 434 434 429 424
River gravel 8-16 mm kg 834 828 823 823 823 843 843 823 823 823 814 804
w/c [] 0.73 0.83 0.96 0.97 0.97 0.84 0.83 0.96 0.97 0.97 1.16 1.45
W/Ceq [ 0.64 0.73 0.85 0.85 0.97 0.74 0.83 0.85 0.85 0.97 1.02 1.28

Table 3 Mix design of cement reduced aetes with different limestone fineness

CEMENT REDUCED CONCRETES WITH DIFFERENT LIMESTONE
Mix design Mass B150- B150- B150- B150- B150- B150- B150-
per m3 CEM I CEM I CEM I CEM I CEM I CEM I CEM I
concrete 525R- 525R- 525R- 525R- 525R- 525R- 525R-
KSM289/ KSM246/ KSM202/ KSM159/ KSM116/ KSM72/  KSMO/
0-w145 43-wl145 87-wl45 130-wl45 173-wi145 217-wl45 289-wl45

CEMI525R Y kg 150 150 150 150 150 150 150
Limestone powder 22 kg 289 246 202 159 116 72 0
Limestone powder 3 ¥ kg 0 43 87 130 173 217 289

Water kg 142 142 142 142 142 142 142
Superplasticizer H kg 2.5 2.5 1.8 2.2 3.0 3.0 3.1
River sand 0-2 mm kg 524 524 524 524 524 524 524
River gravel 2-8 mm kg 434 434 434 434 434 434 434

River gravel 8-16 mm kg 823 823 823 823 823 823 823
wic [ 0.96 0.96 0.96 0.96 0.96 0.96 0.96

Y Different producer, ? normal finesses,  high finesses

After mixing, the slump flow value of the camete was determined, and the dosage of the
superplasticizer was adjusted as necesgsitgrward, the specimens for the compressive
strength (150 mm cubes) and the carbamatests (prisms 100/1@W0 mm) were produced.
The samples were de-moulded after one dag the cubes stored according to DIN EN
12350-2:2009-08. The compressive strengthtesied after 1, 3, 7, 28 and 91 days.

The progress of carbonation was analysed usiagaccelerated carbation test (ACC-test
method) according to [13]. The carbonation depth xc was determined at an age of 56 days.
After de-moulding, the concrete specimens weseest 7 days in water with a temperature of

T = 20°C. Subsequent to the water storagespieeimens were placed in a climate chamber
with (T = 20°C and RH = 65%). Afterwards the specimens were exposed for 28 days to an
increased C@concentration of 2% (T = 20°C and RH65%). At an age of 56 days the
specimens were split and the carbonation depthmessured at the plane of rupture with an
indicator solution (phenolphthatg. In addition tothe ACC-test method, selected concretes
were stored in a normal G&@oncentration (T = 20°C and RH65%) for up to two years.
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CONCRETE PROPERTIES
Workability and Strength Development

It was noted that the loss of compressiversith, corresponding tbe cement reduction, can

be compensated for by decreasing the watkmve and by the addition of reactive powders
like fly ash or higher strengtbement (Figure 4). The requirements for slump flow and
compactibility were also fulfiled. However, a higher demand of superplasticizer was
necessary compared to the reference mikesaddition, the plasti viscosity increased
significantly with the loss of water. The optimum water volume was identified to be
145 L/ms3.

100 2
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Figure 4 Strength development of selected concretes

Figure 4 shows that concretegtlwcement content lower than 150 kg/m3 were able to meet
the defined strength requirements. Both #aly strength and th&8-days-stregth were
acceptable (see also Table 4). To enablenéurtvater reduction and hence an additional
reduction of the cement content, a systematimmopation of the partie size distribution and
packing density in the range of tparticle sizes <0.125 mm was necessary.

Partial substitution of the ordinary limestone with fine limestone powder reduced the
viscosity of the concrete considerably. Atbe 28-day compressive strength increased from
the reference value 32 N/mmz2 up to 46 N/mm? Jitle limestone (Figure 5). It is assumed
that the more homogeneous microstructurd the improved transition zone have positive
effects.
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Table 4 — Strength development araibonation depth of the concretes

CONCRETE MIX COMPRESSIVE STRENGTH CARBONATION DEPTH
fcm,cube Xc
N/mm? mm
Concrete age ACC-test

28 d+28d, 2% CO ,,

1d 3d 7d 28 d 91 d relative humidity 65%
B270-CEM | 52,5 R-SFA10-w165-DIN 34.6 42.0 49.4 53.9 61.2 2.88
B270-CEM | 42,5 R-SFA10-w165-DIN 15.9 30.1 38.5 40.8 52.3 2.84
B270-CEM | 32,5 R-SFA10-w165-DIN 10.1 20.6 27.7 37.7 41.4 5.99
B270-CEM | 32,5 R-SFA10-w165-DIN 10.0 21.1 30.0 31.7 37.8 5.21
B240-CEM | 52,5 R-w180-DIN 15.1 22.7 30.5 33.6 34.3 6.08
B240-CEM | 32,5R-w180 DIN 4.1 11.9 18.0 24.0 25.6 11.14
B240-CEM | 52,5 R-SFA160-w180 22.8 31.6 38.2 46.8 59.7 5.37
B240-CEM | 52,5 R-SFA160-w145 34.5 42.9 56.0 69.4 82.0 1.10
B200-CEM | 52,5 R-SFA200-w145 18.6 30.5 37.6 57.0 72.9 181
B175-CEM | 52,5 R-SFA225-w145 21.3 32.6 38.5 55.0 66.5 2.1
B150-CEM | 52,5 R-SFA250-w145 11.7 24.4 29.2 40.6 54.6 9.83
B150-CEM | 52,5 R-SFA125-KSM145-w145 15.0 25.6 30.7 38.8 52.9 9.37
B150-CEM | 52,5 R-KSM289-w145 11.6 21.8 22.2 27.6 30.4 12.25
B150-CEM | 52,5 R-SFA250-w125 14.3 28.4 32.2 55.3 69.6 2.8b
B150-CEM | 52,5 R-KSM289-w125 18.3 31.9 32.6 37.8 38.4 8.44
B150-CEM III/A 52,5 R-SFA250-w145 7.2 17.2 30.9 50.9 62.9 6.30
B150-CEM III/A 52,5 R-SFA125-KSM145-w145 6.2 18.1 29.7 454 50.0 6.97
B150-CEM III/A 52,5 R-KSM289-w145 6.9 15.0 29.9 40.8 42.4 7.41
B125-CEM | 52,5 R-SFA275-w145 8.2 17.3 26.4 39.3 44.0 14.17
B100-CEM | 52,5 R-SFA300-w145 4.8 10.7 16.9 26.3 31.9 20.95

1) Relative humidity 80%

Carbonation of the Concrete

Figure 6 shows the measured carbonation depdihr@sult of the ACC-tegsee also Table 4).
The concrete mix B270-CEM | 32.5 R-w165-DHl¢cording to the German standard has a
relatively high carbonation depth of apprmately 6 mm. Compared to this the
CEM |1 52.5 R decreases the lsanation depth significantly.
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Figure 6 Carbonation depth of selected concretes

Compared with the carbonation depth of tbaeaete with CEM | 32.5 R, approximately the
same value was measured for the concnetdsonly 150 kg/m?3 blast-furnace cement CEM
/A 52.5 R. In contrast,the concrete mixes witli50 kg/m® CEM | 525 R had a
considerably higher carbonation depth thanréference concrete. However, requirements
for exterior structures can be met by reduding water content or by a slight increase in
cement. The influence of the concrete &dds on the carbonation was considerable. As
expected, fly ash reduced the carbonatioruch more than limestone powder,
notwithstanding the consumption of calcium rodde. A reduction of the cement content to
125 kg/m3 and 100 kg/m?3 tends to yield valuesich are significatly higher than the
carbonation depths of the refecerconcrete. These concreteseferable for application in
interior structures. An analgal model for the prediction dhe carbonation depth based on

an existing general model [13] is presented in [14]. This new model considers the specific
mix proportion of the concrete. It shows espdgithe different comtbution of the cement
strength class, the water content and the additives on the carbonation resistance of the
concrete.

Global Warming Potential

The optimisation of the clinker volume the mixture composition leads to a significant
reduction in environmental impact comparea the reference concrete mixtures. This
improvement is specifically based on the o$dly ash and limestone-powder. The global
warming potential (GWP) which osiders the distinct effedf different greenhouse gases

was reduced by more than 40% using CEBRISR and more than 60% using CEM IlII/A

52.5R (see Figure 7). According to the enmimental performance evaluation, other impact
factors as well as the primary energy congtiom are also reduced significantly [15].

However the improvement of the gldl@arming potential is outstanding.
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Figure 7 Global warming potential s¢lected cement reduced concretes
(CML method, 6kobau.dat 2010, withdtansport of the material)

TRANSFER IN PRACTICE

In cooperation with a producer pfefabricated concrete elentgnthe application of cement
reduced concretes in practice was testea mixture development was focused on semi-
finished concrete slabs and walls. At the ¢auddion site, the compl®n of the structural
element is carried out with in-situ concreteeTgrocessing as well as the field of application
specifies the requirements for the fresh anddrad concrete properties. Concrete slabs are
usually used for interior elements (XC12@30), while concrete walls are used for both
interior as well as exterior elements (XG&1, C30/37 and C35/45). Traeet the processing
requirements a compressive sfyeth of 7 N/mm?2 was targeteadter 5 hours, including heat
treatment with 50°C.

As a result of the mixture optimisation, the cameontent (CEM | equivalent) for interior
and exterior elements was decreased f&%%H kg/m3 to 150 kg/m3 in ECO-Concretel and
from 300 kg/m3 to 180 kg/m3 in ECO-Conta® respectively (see Figure 8). Hence the
optimisation allowed a cement reduction of approximately 40%.

At the same time, the powder content waseased by 100 kg/ms3. The cement content of the
mixes developed is below the minimum adeepvalue according to DIN 1045-1:2008-08.
This requires a building authority approvidr the production of reinforced concrete
elements.
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Figure 8 Paste proportion thfe cement reduced concretes and the reference mixes

The performance of the laboragaiests was verified by proding the elements in a precast
concrete plant and by full-scalests. It was shown that arcreased mixing time is necessary
if the standard technology is used. The woilkgbof the concretes during the processing
time was sufficient. However, the quality and ntiiy of the materials must be controlled
exactly. For example, the exact measuremerdgofregate moisture is of importance. The
high early strength allowed g¢hintegration of the new coretes in the normal production

process. The texture of the concrete surfaceweay homogenous without unsightly air voids
(see Figure 9).

Figure 9 Fabrication of semi-finished stalith cement reduced ECO-Concretel (left),
finished surface, view from the bottom (right)
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Several mechanical properties of the cementaediconcretes were tested (Table 5). It must
be noted, that the concrete specimens \wevduced with the maximum water content which
is expected in the later fabrication proceBse properties of theoncretes developed are
mostly equivalent to the conventional corteseand the normative standards. The increased
modulus of elasticity, #low heat of hydration and the lom&hrinkage can beonsidered as
advantages resulting from the decreased matatent (see Figure LOIn addition, ECO-
Concrete3 fulfilled the requirements for expies class XC4 (carbonation resistance) and
XF1 (freeze-thaw resistance).

Table 5 Hardened concrete properties according to DIN EN 12390

HARDENED CONCRETE DIN C25/30 ECO - ECO - ECO -
PROPERTIES AFTER 28 DAYS (reference)  Concretel  Concrete2  Concrete3
ACCORDING TO DIN EN 12390 C25/30 C30/37 C30/37
Compressive strength f .., .pe 150 N/mm2 30.0 35.9 40.8 491
Compressive strength  c.feyi 150 N/mm?2 23.9 29.3 31.2 38.3
Splitting strength  f., ,
2
cylinder 150/300 mm N/mm 2.63 3.14 3.56 3.81
Flexure strength f.4
i N/mm2
prisms 150/150/700 mm 4.61 4.48 5.38 4.86
Modulus of elasticity E,
linder 150/300 N/mm?
cylinder mm 23,557 30,277 34,095 38,819

Smax = 0.333f¢m ey

Bond concrete/rebar f ., 5 1m
- N/mm?
Pull-out test (RILEM), 6.4 6.0 7.6 15.1
ds = 10 mm, 0.1 mm displacement

Depth of penetration of water cm 6.3 6.6 3.9 2.1

—Model Code 2010 (C25/30) - = 10%quantile
--=- 90%quantile ——DIN C25/30
—O—-ECO-Concretel C25/30 —a—ECO-Concrete2 C30/37
—{3~ECO-Concrete3 C30/37
Start of the test -
after 1day |} 2T
RH=65% | | eee==

1.0 —

0.8

——‘_
——J‘
—‘—
-
-
-
-
-

TOTAL SHRINKAGE, CONTRACTION, %

¥
0 50 100 150 200
TIME, days

Figure 10 Time dependent shrinkage @f tement reduced and reference concretes
compared to the approach of Model Code 2010
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The environmental performae evaluation highlighted the advantages of the cement
reduction for the construction of ordinary corterstructures with prefabricated elements.
Figure 11 shows the global warming potentialr@ihforced concrete slabs produced with
conventional concrete as well as ECO-Concrateecrease of the environmental impact by
50%, inclusive of the reinforcement and enefgy the processing, is possible. However,
cement reduced ECO-Concrete mixtures shoulddeel for both the prefabricated and the in-
situ concrete. For the production of the in-situ concrete, cement with low clinker content and
moderate early strength (CEM ll1) is recommended.

500
= Concrete slab: OIn-situ concrete O Transport in-situ concrete
= d=20cm,
$ 400 | 5 cm prefabricated, O Transport precast element @ Prefabricated concrete
o' 15 cm in-situ concrete, m Heating oll O Electricit
o C25/30, g y
2 Reinforcement = 50 kg/m3 | ®mReinforcement
)
2 300
|_
pd
L
o
S 200
V]
Z
E 100
<
=
-
<
o o
6 Ordinatary prefabricated Prefabricated elements Prefabricated elements Prefabricated elements

elements and in-situ ~ with ECO-Concrete and with ECO-Concrete and  with ECO-Concrete
concrete (CEM I) ordinary in-situ concrete  ECO-in-situ concrete  (CEM I) and ECO-in-situ
(CEM ) (CEM ) concrete (CEM l11/B)

Figure 11 Global warming potential of the ferted concrete slab with ECO-Concretel
and cement reduced ready mix concrete containing CEM | or CEM I11/B

The material costs for the cement reduced concretes are approximately the same compared to
conventional ordinary concrete. Even a slighdluction is possible. However the costs are
highly influenced by the price for the additsyeespecially for the limestone powder.

SUMMARY AND CONCLUSIONS

The presented studies revealed that the-€fissions can be reduced significantly in
structural concretes with normal strength.eThse of superplasticizer and high reactive
cements as well as the optimization of the particle size distribution and the reduction of the
water volume allows a significant reduction o€ tRortland cement clinker in the mixture.
Essential is the addition of mineral fillers likmestone powder to provide an optimal paste
volume. In addition the already practicalslebstitution of the cement clinker by secondary
raw materials like fly ash diurnace slag is an appropeaopportunity but limited by the
availability of these resources.

It was shown that concretes with cement castéwer than 125 kg/m3 were able to meet the
usual required workability, strength (app. #0mm?2) and mechanical properties. The
carbonation depth of concretesthwapp. 150 kg/m?3 was equal lower than the depth of the
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DIN-standard reference concretes for extegbuctures. The ecolagl advantages were
identified, using the environmental perfmance evaluation. A reduction up to 50% in
environmental impact compared with the DBtandard reference concrete mixture and a
reduction of more than 65% using blast faze cement was calculdteThe application in
practice was verified conducting full-scale testsa precast concrete plant. The special
requirements on workability and early strengtére fulfilled with a cement content of 150
kg/ms.
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Concrete and compressed mortar blocks were prepared using alkali activated binder adopting ambient and thermal
curing r without the use of conventional cement. Since concrete has solid and fluid media, it forms the two phase
system. Air content makes the compressed mortar blocks a three phase system. Both the forms of materials are
useful in construction industry for specific purposes. In both the cases, strength data were generated changing
various parameters. It was found that compaction characteristics of the mortar are marginally affected by fluid
media. The compressive strength development in compressed blocks followed a specific pattern when the degree
of saturation is maintained constant. Phenomenological models were developed separately for the compressed
blocks and concrete. One of the models was validated by an independent set of experimental data by the authors
and another researcher. The models developed would be helpful in re-proportioning the material for the required
strength at a given age.
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INTRODUCTION

Ordinary Portland Cement (OPC) based composites such as mortar, compressed mortar blocks
and concrete are the most widely used construction materials in the world in view of their wide
ranging performance attributes [1-2]. Whitke ever rising demand for such versatile
construction materials is understandable, the undesirable issues related to envirordment a
sustainable development associated with the ever increasing production of OPC havellbeen we
documented [3-4]. The requirement of hugamtity of raw materials and intense energy needs
render the production of OPC unsustainable; the emission of green house gases on one-to-one
basis into the atmosphere during its manufacture makes it environmentally unfriendly [5-6]

Therefore, conventional cement industry is uniéense pressure to drastically cut down the
consumption of conventional cement. Many industrial by-products/margisigriads have the
potential to replace OPC partially/completely without compromising the performancet@sper

In this regard, Fly Ash (FA) and Ground dulated Blast Furnace Slag (GGBFS), the by-
products of thermal power and steel industriepeetively and available world-wide in huge
quantities, have been recognized not onlypeferred supplementary cementitious materials
(SCM) for producing blended cements partially replacing OPC, but also as major
source/precursor materials for synthesizing altogrenew novel binders alternative to OPC. Fly
ash can replace the cement partially, bringaigput improvement not only in mechanical
performance but also the economical aspects of concrete [7-9].

The development of such binary/tertiary blended cements/high volume fly ash cements,
incorporating many Pozzolonas and SCMs signify hardly any perceivable favourablésimpac
with regard to sustainability and environmental issues. Therefore, efforts are on to replace OPC
completely by synthesizingiew binder by thealkali activation of many industrial by-products/
marginal materials such as FA, GGBFS, silica fume, metakaolin, rice husk ash, red mud etc.
which are rich in silica, alumina and Cao, adoptifgpolymer Technology, originally proposed

by Joseph Davidovits [10] in 1978.

It is reported that fly ash can be activated using alkaline solution to produce inorggmenol

binder, calledgeopolymer, a better preposition to completely replace conventional cement [11-
13]. A study [14] by Feng-Qing Zhao et. al. reports the synthesis of ecologicahtiegn
material from GGBFS and class C fly ash with calcined gypsum as main activator ingredient.
The elastic properties and strength behavior of structural members of fly ash based geopolymer
concrete are found to be similar to that of Portland cement concrete [11].

Pull-Out tests [15] indicate that geopolymer concrete possesses satisfactory bond with
reinforcing steel bars and conventional design process of reinforced structural campanen

be applied to GPC also. Geopolymers have been recognized to possess excellent fire resistance,
acid resistance and stabilization/ solidificationhafavy metals wastes [16-17]. These alkali
activated cement composites have various advantages over conventional ordinary portland
cement (OPC) composites, such as the usemafginal/waste materials, early strength
development, excellent mechanical properties, denser structure, improved duradildthen
properties such as low shrinkage , low creep etc [18-21].
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The methods of making these geopolymer composites are same as that of OPC composites
except the binder component (source materials and alkaline fluid) used [22]. Sofi et. al. [23]
concluded that key engineering properties of inorganic polymer concretes stmm@essive
strength, split tensile strength, flexural strength, static chord modulus of elasttiposson’s

ratio depend upon the mix design.

The study [24] on strength development, water absorption and water permeabilityash

based geopolymer concrete with respect to water/binder ratio, aggregate/ binder ratio, aggregate
grading, fluid/binder ratio indicate that good quality GPC can be produdbdupmpiropriate
parameterization and mix design.

There are many methods for designing the Rudti@ment concrete mixes [25-26]. However, in

case of geopolymer composites, too many parameters have complicated the process of mix
design except Rangan [27]. He has proposetethod of proportioning heat cured geopolymer
concrete requiring trial mix for adjusting strength and workability This investigation makes an
attempt to analyze the compressive strength development in two and three phase systems of
alkali activated composites (concrete and compressed mortar) and to develop pbégioatn

models for proportioning on lines similar to the one developed by Nagaraj and Zahidg28gn

for Portland cement based composites.

Significance and Scope of the Resear ch

The past research reported on alkali activated composites concentrate on the mechanical
properties and durability aspects. But, there is no research reported on sciatlibdsrof mix
proportioning for making geopolymer composites to get the required strength at theggven a
This paper attempts to address this issue.

The scope of the research is limited to the development of phenomenological models to re-
proportion the materials both in two and three phase systems. The models have Hatdvali
with independent sets of experimental data. Further, the model for the taegisdéem has been
validated with the data reported in the research papers by Rangan [27 and 29].

Materials and M ethods

The properties of the source/binder materials used for the research are indicated in Tables 1a and
1b. The specific gravity and fineness modulus of the quarry dust (for fine aggregate) were found
to be 2.6 and 2.62 respectively. The particle size distribution shows that moréOgtawere

finer than 1 mm size. The specific gravity and fineness modulus of river sand é4&end.2.45

The specific gravity and fineness modulus of 20mm and down size course aggregate were found
to be 2.68 and 6.10. Commercial grade sodium hydroxide flakes (minimum purity of 88%) a
sodium silicate solution were used to prepare alkaline solution.
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Table 1a Chemical Properties of the binders

BINDER CHEMICAL COMPOSITION,%
Al,O; FeO; SIO, MgO SG NaO Total CaO
Chlorides
Fly Ash 31.23 15 61.12 0.75 053 1.35 0.06 3.2
GGBFS 1324 0.65 37.21 865 0.1 0.9 0.003 37.23
SilicaFume 0.06 0.03 97.20 1.10 0.2 0.1 0.02 0.5
Metakaolin 445 0.40 5150 0.08 -- 056 0.34 0.39

Table 1b Physical Properties of the binders

BINDER SPECIFIC COA(\T%SER FINENESS, LOSS ON LIME
GRAVITY m2/kg IGNITION, REACTIVITY,
THAN 45 .
MICRONS % MPA I1S:1727-
1967[30]
Fly Ash 2.40 0.00 1134.1 0.9 7.23
GGBFS 2.50 10.45 370 0.3
Silica 2.20 92.3 20600 0.89
Fume
Metakaolin 2.55 0.5 15000 0.68

Two and Three Phase Systems

The fresh geopolymer mortar having fluid-to-binder (f/b) ratio of less than 0.10 wadryeagd

was difficult to compact the material to get the block of required size and density. Further, the
samples cracked immediately after casting without any cohesiveness. For f/b ragicaingé of

0.150 - 0.225, the mixture was more homogeneous with desired consistency. At this fdmge of
ratio, the mortar was imree-phase system with solids, liquid and air content. This f/b range
facilitated casting of the geopolymer mortar spems with compactioeffort and hence was
selected to make compressed mortar block$uidner study. With f/b ratio of 0.25 and above,

the mix attained full saturation resulting inmeo-phase system with solids and liquid without

any air content, making it almost impossible to cast blocks. But, the addition of coarse aggregate
to this saturated mortar resulted in geopolym@ncrete. Geopolymer concrete possesses good
workability with f/b ratio in the range of 0.35-0. The resulting consistency would be adequate
enough to cast geopolymer concrete specimens without any vibrations.



154 Analysis of Compressive Strength

Geopolymer Mortar and Concrete

Geopolymer mortar was prepared using fly ash@n@GBFS as binder and quarry dust or river
sand as fine aggregate following the same procedure as for the OPC mortar. Alkaline solution
used to mix the dry constituents was a mixture of sodium hydroxide and sodium silitz2e of
proportion. Standard Proctor test was conducted to find the maximum dry dedsitgtemum

fluid content required. The static compaction device was used to cast the compressed cylinders
of 38mm diameter and 76 mm height. The specimens were thermally curédCainven for

24 hours. The samples were then removed from the oven and left in open air till the age of
testing. Some of the samples were wrappeth veluminum foil to prevent the escape of
moisture. Table 2 highlights the Mix proporigrarameters and specimen designation for
compressed blocks.

Table 2 Variables/Parameters for thatly cured geopolymer compressed blocks

SL NO SERIES ID FINE AGE, MOLA W*Uw*
AGGREGATE days RITY, *
M

1 10M-Sand-W-Days Sand 7 10 w
2 12M-Sand-W-Pays Sand 3 12 w
3 14M-Sand-W-Day Sand 1 14 W
4 14M-QD-W-7Days QD 7 14 W
5 14M -QD-UWS3 Days QD 3 14 uw

M- Molarity, QD- Quarry dust, *W- Wrapped, **UW — Unwrapped

ACIl method [31], currently used to manufacture OPC concrete, was adopted to proportion
geopolymer concrete with fly ash, GGBFS, silica fume and metakaolin or their combinations as
binders instead of OPC. Binder and fine aggregates were mixed in dry condition in a laboratory
mixer. Later coarse aggregate was added and mixed again. Alkaline solution was then added and
mixed till a homogeneous mix was obtained. The contents of fine and coarse aggregates were
adjusted for various f/b ratios to get the slump between 100 and 110 mm. Geoplymer concrete
having f/b ratio less than 0.35 was too harsh, while bleeding and segregation were observed at f/b
ratios above 0.75.

The geopolymer mortar was prepared using the same binder and fine aggregate but without the
coarse aggregate. 150 mm and 70.5 mm side cubes were used to cast concreteaand mort
specimens respectively. The speeims were demoulded after hardening. Some of the cubes were
transferred to the oven for thermal curing and some were kept inapm ambient curing as
indicated in Table 3. In all, 19 series werengidered with different parameters. Geopolymer
mortar and concrete specimens were tested for compression at the age of 1, 3, 7, 14, 28, 56 and 90
days as indicated. One typical mix proportion is shown in Table 4 for the series S19.
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Table 3 Different parameters for the series.

a) = ¢ X S = S z

5 98 o "3%z 8 o %3 3g

S1 Mortar 14 228 80 20 0 0 Ambient
S2 Concrete 14 207 100 0 0 0 Ambient
S3 Mortar 12 228 90 10 0 0 Ambient
S4 Concrete 14 228 80 20 0 0 Ambient
S5 Mortar 14 207 80 20 0 0 Thermal *
S6 Concrete 12 228 80 20 0 0 Ambient
S7 Mortar 12 228 80 20 0 0 Ambient
S8 Concrete 14 207 80 20 0 0 Ambient
S9 Mortar 14 207 80 20 0 0 Ambient
S10 Concrete 14 220 80 20 0 0 Thermal
S11  Concrete 14 220 80 20 0 0 Ambient
S12 Concrete 14 220 100 0 0 0 Ambient
S13 Concrete 14 220 100 0 0 0 Thermal
S14  Concrete 12 220 90 10 0 0 Ambient
S15 Concrete 14 220 90 0 0 10 Ambient
S16 Concrete 14 220 90 10 0 0 Ambient
S17 Concrete 14 220 90 0 10 0 Ambient
S18 Concrete 14 220 80 10 0 10 Ambient
S19 Concrete 14 220 80 10 10 0 Ambient

*Oven,60°C — 24 h.

155
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Table 4 Mix proportions of Geopolymer Concrete of Series S19

CONSTITUENTS m» < ¥ ®» ©w & & &~

3 ) o o o o o o o

kg/m c|? 1 I I 1] 1 1 1

£ 2 &£ =2 &£ &2 =2 =
Fly ash 4944 4320 3840 3456 3144 288.0 2664 172.8
GGBFS 618 540 480 432 393 360 333 216
Silica fume 618 540 480 432 393 360 333 216

Fineaggregate 206 289 354 406 450 484 515 640
Coarseaggregate 912 912 912 912 912 912 912 912
14M Fluid 220 220 220 220 220 220 220 220
Fresh density 1956 1961 1966 1970 1975 1976 1980 1988

RESULTSAND DISCUSSION

Compaction characteristics of geopolymer mortar

To get the maximum dry density and optimum moisture content, Standard Proctor's compaction
test was conducted on fresh geopolymer mortar. The fluid media used were water and alkaline
solutions of different molarities. The variation of the dry density with f/b ratio is shown in Figure

1. Similar to the interaction of water with any particulate material, the dry density of geopolymer
mortar increased initially and then decreased as f/b ratio is increased. Atof/of &2, the mix
attained maximum dry density for all the fluids. It can be seen that compaction cligtrester
were marginally affected by the fluid media.
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Figure 1 Variation of dry density of mortar blocks with water and alkaline fluid.
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Figure 2 Compressive strength variation at constant density

After fixing the maximum dry density, the compressed blocks were prepared with diffrent f
ratios for molarity of 8 at a constant density of 1.79 g/cc. The unconfined compressive strength
of the blocks was determined at the age of 1, 3, 7 and 14 days (Figure2). It was natittesl tha
strength increases with increase in f/b ratio from 0.10 to 0.20, and then decrddsss.
contradicts the trend of strength development according to Abrams’ law.

In the case of cement concrete, strength decreases as the air content increases at saturated
condition. In the case of partially saturated compressed blocks, wherein the material/matrix will

be in three phase system - solids, liquid and air, the degrees of saturation at variousityry den
values were calculated to ascertain a sinplassibility. Based on this concept, the degree of
saturation was calculated, using the following basic relation ofremihanics (Eqgn. 1).

A - - -Egn. 1

where,y = Density in g/cc

7 = Density of water in g/cc

G = Specific gravity of the material
W = Water content in percent

S = Degree of saturation in percent

From Eqn. 1, it is observed that for the given densitys the water content (W) increases, the
degree of saturation {Sand air content in the mortar increases. It can be seen from Figure2 that

as f/b increases the degree of saturation (air content) gradually increases. It can also be seen that
initially, as the f/b ratio increases from 0.10 t@@).strength increasesn contrary to Abrams’

law). However, from f/b ratio 0.20 to 0.25 (i.e, at more or less same saturation level of 55.6 and
55.9 %), the strength drops down as per Abrams’ law. This suggests that when degree of
saturation is maintained constant, the effectd/lofratio get truly reflected in the strength
development as per Abrams’ law. Hence the study of strength development of compressed
blocks at constant degree of saturation was planned.
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To maintain constant degree of saturation (specified constant air content) in the compacted state,
adjustment of dry density would be essential by varying water content using Eqnhé wHter

content (W) is known, the f/b ratio of the mortan be calculated. This was carried out by pre-
calculations as is done in gravimetric and volurmetélculations in particulate material such as
soils. All the studies on compressed blocks are made at constant degree of saturation unless
specified.

Strength variation at initial constant degree of saturation

From repeated trials, it was observed that it is possible to cast the compressed blocks at the
degree of saturation of 44 percemthout any practical difficulties. This degree of saturation

was maintained constant for therntaired blocks. In Figure 3 the strength variation is shown
with f/b ratio at constant degree of saturation of 44 percent. The molarities afkdime
activator solutions used were 6 and 8.
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Figure 3 Compressive strength for the molarity of 6 and 8

The strength development particularly at low f/b ratio, despite the degree of saturatign bein
constant, did not reflect the strength variation as expected according to Abrams’ law. Owing to
low molarity in low f/b ratio, the strength ddeped was less (Figure 3). This is also another
factor which influences strength development. &stinctly, with alkaline solution of molarity

10 and above, at constant degree of saturation of 44%, the strength varies practicadywith

f/b ratios as shown in Figure 4. With increasenimlarity, the concentrain of alkaline salts was
adequate enough to push the strength levels ito tome with Abrams’ law as expected. Alkaline
fluid of molarity of 10 and beyond with constant degree of saturation could impart strength
development in accordance with f/b ratios. Similar observations were made by d2rirly[32]

for geopolymer concrete.
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Figure 4 Compressive Strength variation with fluid-to-binder ratio

To summarize, the analysis of all test results of thermal cured fly ash-based geopolymer mortar
blocks shows that strength development was influenced basically by f/b ratio. Degree
saturation was another influencing parameter in compressed blocks which has been maintained
constant in all series of experiments. The tredains the same in all the cases. This trend was

the same in the case of cement compressed blocks as repoesage:. al. [33].

Development of phenomenological model for blocks

A rational, rapid and simple method to arrive at the combination of ingredients to raalize
specific strength at specified agedesirable. The variation of properties of materials necessitates
recheck on the mix proportions with minimum test data and computations. In a wider context,
the proposed method based on rational approach lends additional support and confidence to
employ the same in practice.

It is interesting to note from the voluminous experimental data that at constant degree of
saturation, f/b ratio alone determines the rgite development with all other parameters
remaining unchanged. Keeping this in mind, phenomenological model represented by.tBe Eq
was developed for the given set of materials and parameters for thermally cured blocks,
generalizing the compressive strength with reference to the strength at b/f of 5.0.

{ S }: 022{3}— e - Eqgn. 2
S@b/f:S f

This model is shown graphically in Figure 5 havitfgvalue of 0.94. The series considered for
the development of the model is also indicated in the Figureure. The compressive strengths of
thermally cured blocks can be predicted using Eqgn. 2.
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Figure 5 Graphical representation of the model (Eqn.2)
Validation of the proposed model for blocks

To use the phenomenological model represented by the Efpr.a given set of materials and
conditions, the strength developed at a specified age for b/f ratio of 5.0 needs to be determined
experimentally. Using this as an input parameter in the equation, the b/f ratio for any other
desired/required strength can be calculated using the phenomenological dlbdelher
variables like age, molarity, curing conditions should remain same except the b/f ratio. Using the
calculated b/f ratio, all other ingredients in the mortar mix can be determined from the given set
of materials and parameters used for developing the model. Hence, the mix proportions for the
required strength can be arrived at. If anyone or in combination the ingredients of a set changes
for the new set, the new input data is to be generated again to use the phenomenological model to
obtain the corresponding binder-to-binder ratio to arrive at the appropriatpropgrtions in

order to meet the specific strength. This exs&cs identified as ‘Rproportioning Method'.

It can be better illustrated as follows. In the Eqn.2, there are three variables@ﬁfsgand?.
If the strength at f/b =5Y4,,,_s) is determined experimentally, for the given strength (S),
binder-to-fluid ratio é) can be determined mathematically. For any mix and a given set of

materials, if b/f is known, all other ingredients can be found mathematically.

In order to validate the model, a series of experimental data with different conditions were

considered. This independent set of data was not a part of data used in the formulation of
phenomenological model. Binder-to-fluid ratio (b/f) was an independent parameter in each of

the sets.
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The other variables include molarity of solution, quarry dust as fine aggregate, ag@lesshm

3 and 7 days and lastly samples in wrapped and unwrapped condition. This exeesisarta of

most of the parameters which are involved in practice. Within the same range of b/f ratio (i.e.
4.44 - 6.67), the strength developed in each set varies due to variation qgfasimaeters. From

each of these sets, the compresgtrength at reference b/f ratio was taken into consideration in
the denominator of the left-hand side of phenomenological model (Egn.2). The strength
developed at other f/b ratios is calculated and tabulated for comparison with experimental values
as shown in Table 6. The values predicted using the developed model are found to be in close
agreement with the experimental results, justifying the applicability of this model.

Table 6 Comparison of experimental and predicted compressive strengths

B/F Series ID ES* PS* ES/P BIF SERIES ES* PS* ES/PS

RATIO MPa MPa S ID MPa MPa
6.67 10M-Sand- 18.3 18.29 1.00 5.00 14M- 1498 14.98 1.00
W- Sand-W-
7 Days 1 Day
5.71 10M-Sand- 15.88 15.81 1.00 4.44 14M- 13.2 133 0.99
W- Sand-W-
7 Days 1 Day
5.00 10M-Sand- 14.1 141 1.00 6.67 14M-QD-27.01 28.2 0.96
W- W-
7 Days 7 Days
4.44 10M-Sand- 12.2 1252 0.97 5.71 14M-QD-24.06 24.38 0.99
W- W-
7 Days 7 Days
6.67 12M-Sand- 19.25 188 1.02 5.00 14M-QD-21.75 21.75 1.00
W- W-
3 Days 7 Days
571 12M-Sand- 16.19 16.25 1.00 4.44 14M-QD-19.25 19.32 1.00
W- W-
3 Days 7 Days
5.00 12M-Sand- 145 145 100 6.67 14M-QD-21.98 21.82 1.01
W- UW-
3 Days 3 Days
4.44 12M-Sand- 12.85 12.88 1.00 5.71 14M-QD-19.37 1886 1.03
W- UW-
3 Days 3 Days
6.67 14M-Sand- 19.75 1943 1.02 5.00 14M-QD-16.82 16.82 1.00
W- UWw-
1 Day 3 Days
571 14M-Sand- 17.1 16.79 1.02 4.44 14M-QD-15.04 1495 1.01
W- UW-
1 Day 3 Days

*ES — Experimental strength  **PS — Predicted strength
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Strength development in concrete

Geopolymer concrete cubes were prepared using different mix proportiongafdreeters
considered were:

e Molarity of alkaline activator: 12 and 14 M

e Fluid content: 207 and 227 kgim

e Binder: Fly ashGGBFS, Silica fume and Metakaolin.
e Curing Temperature: Ambient and €D

o Composite: concrete drconstituent mortar

The range of strength for these series amnpgosites is 1-60 MPa for different parameters.
Depending on the requirement, parameters are to be selected to get the concrete of desired
strength. It is to be noted that there are too many parameters which influemughstre
development. Proportioning becomes more and more complex as the number of parameters
increase. One common phenomenon observed in Figure 6 is that strength development is
sensitive to f/b ratio in all the cases. As thidio increases, strength decreases with other
parameters remaining the same. This pattern of strength development is the same as for cement
concrete as per Abrams’ law [34]. The strength decreases as the f/b ratio increases because of
greater porosity with higher fluid content.

In case of geopolymer composites, when strength variation is plotted with bonitied ratio, it

is linear (strength increases with increase in b/f ratio) in all the cases. Bolomey observed this
kind of variation in the case of cement composites [35].
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Figure 6 Variation of compressive strength verses f/b ratio (Abrams’ Law)
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Development of phenomenological model for concrete

Since the f/b ratio is a generic parameter fongtite development with the age in geopolymers, it is
an appropriate parameter to normalize the datewelop a model. Different f/b ratios within the
range of 0.45 - 0.70, at different ages with simiéderence strength data mgeconsidered. In this
investigation, inverse of f/b ratio of 0.45, i.ef dtio of 2.22 was consiled as a reference for
normalization. Again this chosen value of binder-to-fluid ratio is arbitrary, havingtimer
significance. The generalization of the data with respect to the reference valeesiétiyth at a
binder-to-fluid ratio (b/f) of 2.22 (&ur = 229 results in phenomenological model as given in
Eqn. 3. The value @t* was found to be 0.96.

_ 5 | 0.770{3] ~0.7349-- - Eqn.3
S@h |f=222 f

In the model (Eqgn.3), shown graphically in Figure7, if the strength at binder-to-flisdf&.22

(Sewr = 2.29 IS known, the strength at any binder-to-fluid ratio can be estimated as long as all
other parameters, including age, are constant.aflvantage of this model is that the input of
single experimental data is sufficient to predict the strength at any other b/f ratio. This simple
rational model avoids multiple trials. This is the major advantage in re-proportioning the
geopolymer concrete.

11 I 0_77{‘5’} —0.73
1- S@blf:2.22 I .

o R=0.956
g 0.8 1 n=160

S/b
o O O
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Figure 7 Graphical representation of the model (Eqgn. 3).
Validation of the model for concrete

To use this model (Eqgn. 3), for a given set of materials, the strength devel@pspleaified age

for a binder-to-fluid ratio (b/f) of 2.22 (or f/b =4b) is to be determinetlsing this as an input
parameter in the equation, the binder-to-fluid ratio for any other desired strength can be
calculated using the phenomenological model.
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Using this calculated b/f ratio, all the ingredients of concrete can be calculated for the mix
having f/b = 0.45 or b/f = 2.22. A separate series of experimental data was auhsidexamine
the validity of the phenomenological model.

The data generated for the series S10-S19 was used exclusively for the validatiborapather
series. From each of these sets, the compeessiength at referend@f ratio was taken into
consideration in the denominator of the left-hand side of the phenomenological equation. Gjtire stren
predicted at other f/b ratios was calculated and tabulated for comparison with experimentahvalues.
close match between the two (Figure 8) reinfothesapplicability of the phenomenological model.
With more data being generated the scope of this model can further be enhancleditterstinge of

b/f ratio.

507 y=1.0005x+0.1184
R2=0.9939
457 n=90
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Figure 8 Comparison of experimental results and predicted strength using Eqn. 3

It is interesting to note that the model was ugegredict the strength using the data generated

by Rangan [11 and 12]. The predicted strength values were in line with the experimental values
(Table 7). The maximum error was less than @%is reinforces the possibility of using this
model for any geopolymer composites.

Table 7 Experimental [11 and 12] and predicted strength values
F/B B/F EXPERIMENTAL PREDICTEDVALUES ERROR

RESULTS(Rangan) (Eqn.3) %
MPa MPa
0.30 3.33 58.0 59.6 2.8
035 2.86 45.0 47.6 5.8
040 250 37.0 38.6 4.3

0.45 2.22 32.0 31.5 1.6
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CONCLUSIONS

e Masonry blocks of considerable strength can be prepared using geopolymer mortar.

e Strength development in geopolymer mortar and concrete is in accordance with Abrams’
law for the specified range of fluid-to-binder ratio and for a given air content represented by
degree of saturation.

e The phenomenological models can be developed and used to re-proportion the mix required
to cast the compressed blocks and concrete.

e The models were validated with independent sets of experimental data.

e The predicted compressive strength values show good agreement with the experimental
results , reinforcing the possibility of using the models for the field applications.

¢ In case of geopolymer concrete, the phenomenological model developed by the authors was
validated not only by a set of independent experimental data generated by the authors but
also with the data reported by other researcher.
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Measuring the Albedo for Different Slag Contents and Surface Finishes of Concrete Slabs
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2 — Ecocem Materials, Ireland

This paper presents a review of ongoing research at Trinity College into measuring the effects of slag content
and surface finish on concrete albedo, that is, the solar reflectance of concrete. There is a number of advantages
to improving the albedo of surfaces which includes the reduced need for air conditioning thus reducing energy
consumption, and mitigation of the urban heat island effect. The amount of light reflected back into the universe
can be converted into an equivalent reduction in CO5. The effect of the composition of concrete on the solar
reflectance has been researched by others however this research is limited. The objective of this research is to
quantify the improvement in albedo in concrete containing different quantities of ground granulated blast furnace
slag (GGBS) (which is a cement lighter in colour) with different surface finishes. Four different percentages of
GGBS and four different surface finishes representative of different applications of exposed horizontal concrete
surfaces are investigated. A number of instruments is being evaluated over the course of the study as to their
efficacy in measuring the albedo of the concrete samples, including a lux meter, albedometer, infrared camera
and thermocouples. The surface moisture of the slabs (which affects their greyness) is being recorded using a
moisture meter and the hours of sunshine using a sunshine duration sensor. Preliminary results of the lux meter,
thermocouples and sunshine duration sensor indicate their sensitivity and reliability. It may be concluded that the
surface finish has a measurable effect on the temperature of the specimens and that the specimens containing the
higher percentages of GGBS recorded the lowest temperature increase under sunlight. It was also observed that
direct sunshine is necessary to take light reflectance readings as the presence of cloud has a significant impact on
the accuracy of the results.
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INTRODUCTION

Solar reflectance, or albedo, is the ratio of the amount of light reflected from a surface to the
amount of light incident on a surface [1]. Albedo is a dimensionless parameter and is
measured on a scale from 0 to 1 and some typical values are given in Table 1. An albedo of 0
represents a black body that does not reflect any light and an albedo value of 1 represents a
perfectly reflective surface.

A man-made surface such as asphalt absorbs more heat from the sun than, say, concrete as it
has a low albedo value. Low albedo surfaces can contribute to the urban "heat island" effect
as they raise the local ambient air temperature in urban areas [1]. By increasing the albedo of
a paved surface, this keeps it cooler in the sun thereby reducing convection of heat from
pavement to air. This decreases the ambient air temperature which decreases the demand for
cooling energy and slows the formation of smog [2]. Other benefits include increased
visibility at night time leading to reduced lighting by approximately 30% [3] and improved
safety [4]. Increasing the albedo of urban surfaces can also improve the urban air quality and
it also results in reflecting more of the incoming global solar radiation and countering to
some extent the effects of global warming [5]. Concrete can be made more reflective by
using suitable cement and aggregates [2]. Research conducted by Boriboonsomsin and Reza
[1] has shown that high solar reflectance concrete using 70% ground granulated blast furnace
slag (GGBS) as a cement replacement results in an albedo value approximately 70% higher
than that of ordinary grey cement.

Table 1 Typical Albedo Values [6]

SURFACE ALBEDO
Snow 0.90
Ice Caps 0.80-0.90
White Paint 0.80
GGBS Concrete (50%) 0.50

New Concrete(Traditional) 0.30-0.40
Aged Concrete(Traditional) 0.20-0.30

Aged Asphalt 0.10-0.15
Ocean 0.06-0.10
New Asphalt/Black paint 0.05

MATERIALSAND METHODOLOGY
Ground granulated blast furnace slag (ggbs)

Ground-granulated blast furnace slag (Figure 1) is a cement replacement which is
significantly lighter in colour than ordinary Portland (CEMI) cement. It is a waste product
from the blast furnace production of iron from ore. There are a number of benefits of the use
of slag in concrete including but not limited to better paste aggregate bond, lower
permeability, enhanced durability and reduced heat generation [1]. The use of this cement
replacement in sufficiently high proportions results in a concrete that is lighter in colour, thus
increasing its albedo.
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Figure I GGBS and normal Portland cement [7]

The use of GGBS in construction can result in a project being awarded recognition in
national standards such as LEED (Leadership in Energy and Environmental Design). This
standard was developed by the United States Green Building Council which rates a building’s
environmental performance and credits are awarded for the improvement of albedo. The use
of GGBS can have a positive outcome in a number of the credit categories as it has a higher
albedo value and can help to reduce the heat island effect. Accordingly, up to 2 points can be
awarded in the heat island category of the LEED assessment.

Initial research carried out by Boriboonsomsin and Reza [1] using 30, 60 and 70% GGBS
replacement illustrated that a direct relationship exists between GGBS content and albedo.
This relationship may be observed in Figure 2, where the albedo increases linearly with
increasing GGBS content although the data is limited. Levinson and Akbari [2] examined the
correlation between the albedo of smooth concrete and the albedo of cement. They
manufactured a number of samples using grey Portland cement and white Portland cement.
Of the 32 mixes which were manufactured, 24 of these were substandard and subsequently
not included in the publication results. Of the 8 remaining samples, the four most reflective
unexposed samples were constructed using white cement and had albedos ranging between
0.68 and 0.77. The four remaining samples which were the least reflective had results ranging
between 0.44 and 0.52 and were made with grey cement.

or

06 o

o 10 20 S0 40 50 B0 [t a0

GGBS %
Figure 2 Relationship between albedo and GGBS content of concrete [1]
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AGGREGATE TYPE

In the project reported in this paper, three different aggregate types were used in the
manufacturing of the sample slabs; limestone, partially crushed limestone and sandstone. It is
not believed that the aggregate type will significantly affect the surface albedo, however, it
was included in the study to justify the elimination of this parameter to ensure consistency
throughout all test samples. Each aggregate was taken from the same batch. The coarse
aggregate was 20mm and 10mm in size and the moisture level of the sand was measured
using the 'Speedy Test' in order to ensure that the same amount of water was present in each
concrete mix.

METHODOLOGY

The primary focus of this paper is to examine the different mechanisms for measuring albedo.
There are, however, a number of parameters which affect the albedo value, including the
surface finish of the concrete, the level of cement replacement (GGBS in this case) and the
aggregate type. For this reason, it was decided to manufacture a total of 96 concrete
specimens (300mm square in surface area and 60mm deep), containing four different levels
of GGBS, three different aggregate types and four different surface finishes. Two specimens
of each type were manufactured for repeatability purposes. During the manufacturing
process, the formwork was constructed with marine plywood to ensure a smooth surface
finish and a small hole was drilled in one side to facilitate the inclusion of a thermocouple
wire (20mm from the top surface) to record internal temperature at the centre of the slabs at a
later stage.

The slabs were exposed to a strict and consistent curing regime for the first 24 hours before
being placed on a rooftop within Trinity College Dublin in September 2010 (see Figure 3).
There are a total of 6 boards, each one containing 16 slabs and a different aggregate type. As
there are three aggregates used, each board has a duplicate. In the centre of the board, the
thermocouple wires are protected from the elements in a box connected to a central data
logger.

Figure 3 Layout of concrete slabs

Sur face Finish

Research carried out by Bretz and Akbari [8] studied the long term performance of high
albedo roof coatings. Their research did not look specifically at the effect of surface
roughness on albedo however their roof coatings were categorized under smooth, medium
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and rough substrates. They found that a rough substrate can result in a smaller surface albedo
because of geometrical effects (multiple reflections) and because air borne particles can
accumulate in depressions on the surface. Similarly research carried out by Taha and Sailor
[9] measured the albedo of roofing materials and they concluded that for the same material or
colour, a rough texture effectively decreases the albedo compared to that of a smooth texture.
A rough texture increases the possibility that a reflected beam strikes the same surface again
and is absorbed, therefore a rough surface will have a higher temperature than a smooth one.

Based on the existing limited research into the effect of surface roughness on solar reflection,
surface roughness is investigated here: a total of four different surface finishes were chosen;
two rough and two smooth finishes. These were achieved as follows:

Cast (smooth) — achieved by exposing the underside (cast face) of the slab

Screeded (semi-smooth) — using a steel float to seal the surface of the concrete

Brushed (semi-rough) — carried out by using a brush over the surface in one direction
Tamped (rough) — a piece of timber is used to tamp the surface resulting in an undulating
surface

(a) (b)
Figure 4 Different surface finishes (a) Cast (b) Screeded (¢) Tamped (d) Brushed

INSTRUMENTATION

The parameters being tested include the core temperature, measured using thermocouples, a
greyness card to visually determine colour ageing of the concrete slabs, light reflectance
using a light meter, and solar reflectance using an albedometer. Sunshine hours are also
recorded using a sunshine duration sensor located on the rooftop parapet and moisture
content on the surface is measured using a moisture meter.

Light Meter

A light meter is used to measure visible light reflection for both incident and reflected light
off the surface. The device measures light in units of “lux” (lumens/m?) and the
measurement of light reflected off a surface is an independent indication of the level of
albedo. As visible light only accounts for 43% of the solar spectrum, this measurement does
not determine the albedo directly. This can only be done using an albedometer which
measures light across the entire frequency spectrum.

To measure the incident and reflected visible light, the light meter is used with a black box
(Figure 5) which has been designed specifically to measure only the light reflected off the
slab and eliminates any background light [10]. The box is placed on top of the slab and they
are rotated in a horizontal plane so that the tunnel points towards the incoming light. Both the
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slab and the box are then tilted in the vertical plane until there is no shadow cast on the
surface of the slab, at which point the incoming rays are parallel to the sides of the tunnel.
The incoming light is measured orthogonal to the ray at the slab surface and the reflected
light is measured in the recess of the box.

Hole for
reflected
light
measurement

Figure 5 Light meter and black box

Infrared Camera

A thermal image is a representation in colour of radiation differences in objects. Hotter
objects appear brighter and this can be used to demonstrate differences in a material's
temperature. An infrared thermal imaging camera (Figure 6) is being used to measure heat
development of the slabs. As the slabs absorb sunlight, this is converted into heat and is
reemitted as infrared radiation. Two parameters which are expected to be demonstrated as
having an effect on the radiation observed are the GGBS content and surface finish however
the dominating factor is yet to be established.

Figure 6 Thermal imaging camera

Thermocouples

The internal temperature of the slabs is being measured on a continuous basis using
thermocouples which were placed in the slab 20mm from the top surface during the
manufacturing process. They measure the increase in temperature inside the slab when the
surface is exposed to natural sunlight and this is being used to indirectly evaluate the solar
light absorption. A data logger is used to collect results every 10 minutes.
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Albedometer and Sunshine Dur ation Sensor

The albedo of the concrete samples can be measured using an albedometer, as shown in
Figure 8. The upper dome measures the incoming global radiation with a field view of 180°
and the lower dome measures the reflected solar radiation with a field view of 170°. The
instrument is required to be level when recording albedo and it has a spectral range from 285-
2800nm i.e. it accounts for the infrared, visible and ultraviolet light. It is a very sensitive
device and complies with ISO 9060. The output voltages of both domes are converted to
irradiance in W/m? then the albedo is calculated. The instrument, normally used over large
pavement areas, is currently being calibrated to enable it to measure the albedo over the
smaller surface area of the concrete specimens (Figure 3).

The sunshine duration sensor (Figure 7) indicates whether or not there is sunshine at a
particular time and also the direct irradiance or level of intensity which is measured in W/m?.
The instrument is pointed in the direction of the nearest pole and is rotated to the locations
angle of latitude with an unobstructed horizon. This instrument is also set to record at 10
minute intervals in order to compare the sunshine intensity with the temperature changes in
the slabs.

Figure 7 Albedometer (left) and sunshine duration sensor (right)
Moisture and Ageing

Research by Levinson and Akbari [2] found that wetting the surface of the concrete strongly
depressed the albedos of the concretes by virtue of a darker surface colour, which pertained
until their surfaces were dried. Therefore, as the slabs are exposed to the environment, the
moisture level on the surface will change depending on weather conditions. The surface
moisture is recorded using a moisture meter before taking readings of light reflectance as the
moisture level may have an effect on the colour of the slab.

Similarly Levinson and Akbari [2] also found that on average weathered concrete is less
reflective than unexposed concrete. As a result, a greyness scale was constructed in order to
give an indication of the level of ageing of the slabs over time. The greyness scale (Figure 8)
is compared with the surface of the slab and the percentage of greyness is recorded (white is
equal to 0% and black to 100%). This is being recorded on a monthly basis to establish the
effect of ageing due to exposure of the slabs with different surface finishes ageing differently.
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Figure 8 Greyness card [11]

RESULTSAND DISCUSSION

Thermocouples and sunshine duration
The effect of GGBS content on internal temperature

Figure 9 represents the temperature change for slabs with different GGBS contents (0, 30, 50
and 70%) for a cast surface finish during March 2011. The aggregate used in this case was
partially crushed limestone. There is a discernable difference between the temperatures of the
different slabs. The slab containing no GGBS is consistently the highest temperature, which
is approximately 22°C in this case. This is followed by 30 and 50% GGBS slabs, with 70%
reaching the lowest temperature of approximately 16°C. This indicates that the addition of
GGBS reduces the internal temperature of the slabs (by approximately 6°C in this case) as the
brighter slabs are reflecting the sunlight. In the more intense sunlight found in different
regions of the world, this difference is likely to be considerably greater.
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Figure 9 Time vs. Temperature — Cast Finish
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The Effect of Surface Finish on Internal Temperature

Figure 10 illustrates results from thermocouple readings taken over four days during the
month of July 2011 with the limestone aggregate. The graph represents four slabs containing
no GGBS but with four different surface finishes. The corresponding sunshine data is also
shown in Figure 10 indicating the intensity of sunshine, therefore, the peaks in temperature
correspond to the peaks in this graph. The cast finish slab was the highest temperature
followed by screeded, brushed and tamped slabs. This can be seen in particular on day 1 and
3. There is very little sunshine recorded on day 2, however, there is still a noticeable
difference in the temperature. This could suggest that even on cloudy days, there is still an
albedo benefit.

The smoother surface finishes (cast and screed) consistently reach the highest temperatures,
with the rougher surfaces (brush and tamp) being lower in temperature which is unexpected
based on literature review and the results of visible light reflectance. Due to the nature of the
surface, it would appear that the rough surfaces are absorbing less light. Therefore the surface
finish does have a discernible effect on the internal temperature of the slabs as there is
approximately a 7°C difference between the cast finish and tamped finish slabs on day 1.

TEWMPFERATURE
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Figure 10 Time vs Témperature - 0% GGBS (left) and Corresponding Sunshine Data (right)

Figure 11 shows the temperature change for slabs with different GGBS contents but the same
surface finish over the duration of one day during March 2011(as in Figure 9). The aggregate
used in this case was limestone. Both 0 and 30% slabs reach their maximum temperature of
approximately 19°C.

The slab containing 70% GGBS reached the lowest temperature of 14°C, with a difference in
temperature between 0 and 70% slab of 5°C. As the brush finish is a rough finish, it is
generally lower in temperature overall in comparison to the smooth cast finish in Figure 9. It
can be concluded from these results that both the surface finish and the addition of GGBS
have a significant influence on the temperature.
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Figure 11 Time vs. Temperature - Brush Finish

LUXMETER

A measure of visible light reflectance was taken for the slabs using a light meter and black
box as described earlier. The set of results shown in Figure 12 were taken with an average
incoming solar light reading of approximately 75,000 lumens (that is, in clear sunshine), as
there is much less consistency in measurements when there is cloud present as the incoming
lux is constantly changing. The readings were taken on July 27th 2011 and the aggregate is
sandstone. There is a general increase in reflectance seen with the increase in GGBS content.
The screed finish is the most reflective followed by the tamped finish. These two particular
surface finishes look visibly brighter than the brush and cast finish. The cast finish is the least
reflective which may be attributed to two main reasons; the surface looks darker in colour
due to the finish and also the nature of the surface finish which results in it having a higher
moisture content. The cast finish has open pores on the surface which absorb moisture in
comparison to, say, the screeded finish which is a sealed surface finish. This is seen in the
corresponding readings from the moisture meter where the cast finish has the highest
moisture level of at least 4% in every case. Both the brush and screed finishes decrease in
reflectance after 50% GGBS. The highest increase in reflectance is seen between 30 and 50%
GGBS replacement.

Figure 13 illustrates thermocouple readings from one day in July 2011. In contrast to Figure
9, the lowest temperature in this result is the slab containing 50% GGBS as opposed to 70%.
This is due to weathering of the slabs, in particular the 70% slab. This result coincides with
the results of light reflectance in Figure 12 where both the brush and screed slabs decrease in
light reflectance.
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INFRARED IMAGING

Figure 14 shows a sample set of results for slabs containing no GGBS (see Figure 4) with
corresponding thermal images taken on the 27th July 2011. A summary of data is illustrated
in Table 2. The results show that the cast finish reaches the highest surface temperature in all
cases and the screed finish is the lowest, with tamp and brush finishes having similar
temperatures. These results correspond with results of light reflectance and greyness. As the
cast finish is darker in colour it is absorbing more radiation therefore reaching a higher
temperature. The results also coincide with the thermocouple results for the cast finish only.
The brighter screed finish is reflecting more of the sun's radiation thus experiencing a lower
surface temperature. The tamped and brush finishes are similar in temperature. For the 70%
cast and screed slabs, these recorded a higher temperature and this may be due to the visible
ageing of these slabs.
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igure 14 (a) | (b)

Table 2 Thermal Imaging Average Temperatures

% GGBS CAST SCREED TAMP BRUSH

0 4577  40.1 41.0 42.5
30 45.1 404 39.3 41.0
50 41.8 392 40.9 41.5
70 42.8 403 40.7 39.7
GREYNESS SCALE

The greyness scale was developed in order to visually assess the ageing of 'albedo’ index over
time and the value for greyness is calculated as (1 minus the % reading on the greyness card).
Similar to the results of light reflectance, the greyness scale results (Table 3) show that the
screed finish has the brightest colour and cast finish is the darkest, with the tamped and brush
finish having a similar colour. This is a quick and very cost effective means of assessing the
relative values of the albedo index.

Table 3 Greyness card results for brightness

'ALBEDO' INDEX

% GGBS Cast Screed Tamp Brush
0 0.55 0.70 0.65  0.65
30 0.50 0.80 0.75  0.75
50 0.65 0.80 0.75  0.80
70 0.70 0.90 0.85 0.80

CONCLUSIONS

The main objective of this paper is to compare the various methods of measuring the albedo
concrete slabs. A number of slabs were manufactured with four different levels of GGBS and
four different surface finishes. These specimens have been placed on a rooftop and have been
exposed to the environment since September 2010. The various methods of measurement
include a light meter, thermal imaging camera, albedometer and thermocouples. A moisture
meter is also being used to record the moisture of the slabs surface and a greyness card has
been developed to give an indication of visible ageing of the slabs over time.
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Based on the sample results, the light meter is an inexpensive and reliable instrument which
gives a good indication of relative albedo value. It is used in conjunction with a black box
which eliminates any background light. It does require that no clouds are present interrupting
the direct sunlight when taking readings and is quite labour intensive. Similarly the
thermocouples inside the concrete slabs are cheap, accurate and reliable and allow for remote
full time monitoring of the slab's temperature to indirectly determine solar light absorption.
These however need to be placed in the concrete at the time of production and there is the
possibility that the connection within the concrete will fail resulting in no readout. This data
is processed alongside the results from the sunshine duration sensor as they record at the
same time and intervals. The sunshine data is reliable and also allows for full time
monitoring.

The thermal imaging camera shows the infrared radiation emitted off the surface of the slab.
Similar to the light meter, a high level of sunshine intensity is required in order to allow the
slabs to heat up sufficiently so that there is a measurable difference between the temperatures
of the different slabs. The thermal images can differentiate between the effects of the
different levels of GGBS content and surface finishes as the temperature of the slab changes
accordingly. The albedometer measures both the incoming and reflected solar radiation
across all wavelengths and is a highly sensitive and expensive device. The concrete
specimens are small in surface area and thus the device needs to be calibrated as it is
generally used to measure larger surface areas. Research into the practicality of using this
instrument is currently in progress.

Table 4 Methods of 'Albedo' Index Measurement

% GGBS THERMOCOUPLE LIGHTMETER IR IMAGING GREYNESS >
0 Cast Cast Cast Cast 5
Screed Brush Brush Brush g
Tamp Tamp Tamp Tamp g-
Brush Screed Screed Screed 3
70 Cast Brush Cast Cast 20
Brush Cast Tamp Brush iz
Tamp Tamp Screed Tamp v %
Screed Screed Brush Screed o

Increasing reflectance

Table 4 demonstrates a summary of results for the various different methods used to measure
the 'relative' albedo. For the 0% slabs there is consistency in these results for three of the four
methods used and for the 70% slabs the cast finish is almost always the highest temperature
and screed the lowest, though early trends indicate different ageing behaviour. The fact that
they are measuring different though related physical phenomena may go some way to
explaining these discrepancies. In conclusion, based on results to date, of the various
methods considered in which to measure the albedo value indirectly, the light meter and
thermocouple wire are the most consistent, affordable and reliable.
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Study of Environmentally Friendly High-strength Concrete
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The spreading awareness of green issues in recent years has prompted us to develop environmentally friendly
concrete: a high-strength concrete that contains high volume of by-products. Compressive strength tests were
conducted using mortar and concrete specimens containing various by-products. As a result, compressive strength
exceeded 100MPa even at the high cement replacement ratio of 70%. COq emissions from the component materials
of this environmentally friendly high-strength concrete were estimated to be 60% of the emissions for conventional
high-strength concrete.
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INTRODUCTION

This study aims at development of environmentally friendly high-strength concrete with low
CO, emissions per unit. And we tried to construct a basic framework for preparing
environmentally friendly high-strength concrete; we present a method to approximately
estimate the strength contribution of concrete containing multiple mineral admixtures and
quantitatively discuss the preparation of environmentally friendly concrete having low CO,
emissions per unit.

In recent years, the importance of environmentally friendly technology is increasing with the
surge of environmental consciousness. Among environmental issues, the need to reduce CO,
emissions is urgent. One method for reducing CO, emissions in construction is to reduce the
CO, emissions from the production of construction materials. In the case of concrete,
Portland cement has the largest CO, emissions per unit among concrete materials. And high-
strength concrete which contains a lot of Portland cement have increasingly been put to
practical use. For the reduction of CO2 emissions of concrete, the use of fly ash and ground
granulated blast furnace slag, industrial by-products, as supplementary cementitious materials
(SCM) are known to be effective [1]. Therefore, we tried to replace Portland cement with a
large quantity of by-products in mineral admixture.

On the other hand, when the replacement ratio of by-products against Portland cement is high
in the mineral admixture, if by-products are used that do not contribute to the strength of
concrete, the water-binder ratio must be kept low to maintain compressive strength. Then, the
content of Portland cement should be increased in the concrete. All told, therefore, the
influence of the type and replacement ratio of the mineral admixture on concrete strength is
considered critical. Among the earlier studies on the strength contribution, Hwang et al.[2]
and Wu et al.[3] proposed strength contribution coefficients for fly ash where the unit cement
content and the specific surface area of fly ash were used as parameters. Regarding blast
furnace slag, Sakai et al [4] recently discussed strength development considering the phase
constitution of hardened cement. However, there have been few studies on the compressive
strength of material in which the replacement ratio of multiple mineral admixtures is high. In
particular, there have been few reports on material with a low water-binder ratio for the
development of environmentally friendly concrete with resistance to carbonation, as we are
interested in discussing.

EXPERIMENTS ON MORTAR
Materials

The first phase of this study is experiments on mortar. And the second phase is experiments
on concrete. Tables 1 and 2 list the cement and mineral admixtures used in the mortar
experiment. When cement is replaced by by-products such as fly ash in large quantities, early
strength development is delayed, and thus ordinary Portland cement was chosen to ensure the
early strength development. As the mineral admixtures, silica fume, fly ash, and ground
granulated blast furnace slag were used, all of which are abundantly procurable by-products
that are widely used in usual concrete. Further, andesite crushed sand (density in saturated
surface-dry condition 2.61 g/cm’) was used as fine aggregate, and a polycarboxylate-based
superplasticizer was used in the admixture.
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Table 1 Cement and mineral admixtures

SYMBOL BINDER
P Ordinary Portland cement
(density 3.16 g/cm’, specific surface area 3320 cm®/g)
S Silica fume
(density 2.00 g/cm’, specific surface area 200,600 cm?/g)
F Fly ash
(density 2.22 g/cm’, specific surface area 4,220 cm?/g)
B Ground granulated blast furnace slag
(density 2.92 g/cm’, specific surface area 2,980 cm’/g)
Table 2 Characteristics of cement and mineral admixtures
C02 PER CaO A1203 SIOQ R**
SYMBOL UNIT Mass, % mass % mass % pm
P 0.7666 63.28 5.65 20.61 16.99
S 0.0196* 0.38 1.07 92.60 0.87
F 0.0196 1.78 30.29 58.20 10.51
B 0.0265 42.65 14.00 34.02 22.59

CO, emissions per unit in t-CO,/t [5]
*CO, emissions per unit of silica fume is replaced with that of fly ash
**Average size of 50% particles

Mortar mixtures

The mortar mixture was broadly classified into two groups. The combination of cement and
by-products is shown according to the two experimental series summarized in Tables 3 and 4.
In Series I, the mixture ratio between cement and by-products was kept the same in each
water-binder ratio group to evaluate the relation between water-binder ratio and compressive
strength. The replacement ratio of by-products was 10-30% in Series 1.

In Series II, the water-binder ratio was held constant at 0.22 to evaluate the influence of the
replacement ratio and combination of by-products, and we changed as parameters the
replacement ratio and mixture ratio of by-products for each combination of by-products. The
replacement ratio of by-products was 30-50% in Series II. Further, in both series, the unit
contents of the binders of mortar and the fine aggregate were set by assuming high-strength
content with unit water content of 155 kg/m’, unit fine aggregate content of 865 kg/m’, and
air content of 2.0%.

Fabrication of specimens

We used a Hobart mixer to mix mortar. The addition rate of a superplasticizer was set
depending on the water-binder ratio so that the flow value just after mixing would be over
200 mm without segregation. In the compressive strength test, we used cylinder speciments
(®50 mm x 100 mm) with 7, 28, and 91 days (cured in water).
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Table 3 Cement and by-products (Series I)

CEMENT

MIXING REPLACEMENT €O, EMISSIONS MORTAR WATER-
BINDER RATIO PER UNIT
RATIO BINDER RATIO
(P:F:B:S) o (t-CO/t)
mass %
P 10:0:0:0 0 0.7666 0.31, 0.26, 0.22, 0.19
S 9:0:0:1 10 0.6919
F 8:2:0:0 0.6172
B 8:0:2:0 20 0.6186
FB 8:1:1:0 0.6179 0.26, 0.22,0.19
FS 7:2:0:1 0.5425
BS 7:0:2:1 30 0.5439
FBS 7:1:1:1 0.5432
Table 4 Cement and by-products (Series 1I)
CEMENT CO, MORTAR
BINDE MIXING RATIO REPLACEMEN EMISSIONS  WATER-
R (P:F:B:S) T RATIO PER UNIT BINDER
mass % (t-CO»/t) RATIO
F 8:2:0:0, 7:3:0:0, 6:4:0:0 20-40 0.6172-0.4678
B 8:0:2:0, 7:0:3:0, 6:0:4:0 20-40 0.6186-0.4706
8:1:1:0, 7:2:1:0, 7:1.5:1.5:0, 7:1:2:0,
FB 6:3:1:0, 6:2:2:0, 6:1:3:0 20-40 0.6179-0.4685
7:2:0:1, 6:3:0:1, 5:4:0:1, 6.5:3:0:0.5
s s s 5 _ _ 022
FS 57-4:0:0 3 30-50 0.5425-0.3931
BS 7:0:2:1, 6:0:3:1, 5:0:4:1 30-50 0.5439-0.3959
7:1:1:1, 6:2:1:1, 6:1.5:1.5:1, 6:1:2:1,
FBS 5:3:1:1, 5:2:2:1, 5:1:3:1, 6.5:1.5:1.5:0.5, 30-50 0.5432-0.3938
5.7:2:2:0.3

RESULTSON MORTAR
Compressive strength test results

Figures 1 and 2 show the test results for compressive strength. In all of the by-products tested
in this study, the compressive strength was always low at 7 days in comparison with the test
samples made with ordinary Portland cement, and decreased as the replacement ratio was
increased. In addition, the compressive strength of 100-150 MPa was obtained at 28 days.

In Series I, in which the replacement ratio of by-products was less than 30%, at and after 28
days regardless of water-binder ratio, the compressive strength was more than 90 percent of
that of the test sample made with ordinary Portland cement, although there were minor
differences between the mixtures.
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In Series II, in which the water-binder ratio was fixed at 0.22 and the combination and
replacement ratio of by-products were varied, the compressive strength of P:B:S=5:4:1,
which was made with both ground granulated blast furnace slag and silica fume as mineral
admixtures, was relatively large in the samples with a large replacement ratio, more exactly
with the mixture ratio of 50%: P:F:S=5:4:1, P:F:B:S=5:3:1:1, P:F:B:S=5:2:2:1,
P:F:B:S=5:1:3:1, and P:B:S=5:4:1. At and over 28 days, the compressive strength was more
than 80% of that of the test sample made with ordinary Portland cement.
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Figure 1 Compressive strength test results (Series I)
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Figure 2 Compressive strength test results (Series II)

Figure 3 shows the relation between the strength contribution [6] of by-products and the unit
cement content with age as a parameter. The strength contribution is obtained by using Eq.
(1) to estimate the compressive strength using the strength contribution of fly ash given in the
literature [6]. Overall, the strength contribution increased with age, but we did not find a clear
relation between strength contribution and unit cement content at any age.
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Fr=a(C+kE)/W+b (1)
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Figure 3 Relationship between cement-water ratio and strength contribution

Estimation of CO, emissions

On the basis of the experimental results, we calculated the amount of CO, emissions
assuming a concrete mixture with unit water content of 155 kg/m’, unit coarse aggregate
content of 865 kg/m’, and air content of 2.0%. The CO, emissions per unit are shown in
Table 2. From the experimental results on mortar at 28 days, we show the results for the case
of 30% replacement in Figure 4 and the case of 50% replacement in Figure 5, and the CO,
emissions were compared with those of the concrete made with only portland cement. In
addition, the strength of the concrete using only portland cement was controlled to the same
levels of compressive strength.

On the vertical axis of the figures, the CO, emissions for each mixture are expressed as a
percentage of the CO, emissions for the concrete made with only portland cement. As a result,
it was shown that we could reduce CO, emissions almost 30% by replacing 30% of the
Portland cement with by-products to the extent possible while retaining sufficient strength in
Figure 4. On the other hand, in Figure 5, P:B:S=5:4:1 could reduce CO, emissions almost
50%, but P:F:S=5:4:1 couldn’t reduce CO, emissions 50%. It was shown that the use of by-
products in large quantities does not directly contribute to the reduction of CO, emissions.
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Figure 4 CO, emission rate
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PROPOSAL OF STRENGTH PREDICTION MODEL

As discussed in the preceding section, we cannot greatly reduce CO; emissions simply by
using by-products. We need to design better mixture to reduce CO, emissions while ensuring
adequate compressive strength. To help design better mixture, we propose a simple
compressive strength prediction model, assuming the use of multiple by-products, based on
the results of tests on mortar.

Using Eq. (1) to estimate compressive strength using the strength contribution of fly ash in
the reference [6], we attempted to extend the prediction model to include the use of multiple
by-products. To be more precise, we performed multiple linear regression analysis with
strength contribution as an objective variable and with unit cement content, the replacement
ratio of by-products, the chemical composition, and the average grain size of by-products as
explanatory variables. The solid-state properties of the materials are shown in Table 2. The
proposed prediction model is given by Egs. (2) and (3). The explanatory variables of Eq. (3)
were chosen as follows. C and C/E were chosen by considering the influence of the ease of
reactions occurred by cement reactant and by-products, by referring to the studies of
Hwang et al[2] and Wu et al[3]. « was chosen by considering the influence of the reaction
products of the chemical reaction with cement hydrate on the chemical composition, in
reference to studies by Honda et al.[7] and Katayama et al.[8], and the concept of basicity
defined in Japanese industrial standard. Although we also adopted CaO/SiO, and
(Ca0+Al,03)/S10; as explanatory variables, much better correlation was obtained by using
CaO/(SiO,+Al,03) as an explanatory variable. 1/R* and 1/R were chosen by considering the
influence of by-products on reactivity, by referring to studies by Hwang et al.[ 2], Wu et
al.[3], and Li et al.[9]. In addition, although specific surface area was also examined as an
explanatory variable, better correlation was obtained by using the reciprocal of particle
radius.

Fr'=a(C+k’E)/W+b (2)

k'=hC+j(C/E)+m a +n(1/R*)+p(1/R)+s (3)

Fg, Fg’ : Compressive strength (MPa)
a , b: Experimental coefficients
C: Unit cement content (kg/m’)
k, k. Strength contribution
E: Unit by-product content (kg/m®)
W Unit water content (kg/m”)
o: Ca0O/(Si10,+Al,03) of binders
R: Average grain size of binders (um)

h, j, m, n, p, s:Coefficients (See Table 5)
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Table 5 Coefficients for proposed prediction model

AGE h J m n p s

7 days -1.65x10° -0.68x10"! 1.09 -1.04x10° 1.48x10° -0.52x10

28 days -3.40x10° -1.57x10™" 1.79 -1.50x10° 2.37x10 -0.87x10

91 days -3.01x10° -047x10" 1.56 -1.92x10° 3.03x10? -1.07x10

Figures 9-11 (A) show the compressive strength as estimated by regression analysis with
contribution ratio as the objective variable and with unit cement content as the explanatory
variable, and substitution of the results into Eq. (1). The figures show that it is difficult to
estimate the compressive strength assuming the use of multiple by-products at any age if the
strength contribution is explained by unit cement content only. Figures 9-11 (B) show the
relation between the estimation using the proposed model and the measured compressive
strength. The figures show that at any age, the proposed model can estimate the compressive
strength by considering not only unit cement content but also other factors.
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Figure 9 Relation between estimated strength and measured strength (7 days)
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Figure 10 Relation between estimated strength and measured strength (28 days)
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Figure 11 Relation between estimated strength and measured strength (91 days)

Then, under conditions where the water-binder ratio was 0.19, 0.22, and 0.26 and the cement
replacement ratio was 30-70% (out of 30-70%, the replacement rate of silica fume was kept
at 10% and the rest was fly ash and ground granulated blast furnace slag), the strength
contribution at 28 days was calculated using the strength prediction model by changing the
component ratio of fly ash and ground granulated blast furnace slag. The calculation results at
7,28, and 91 days are show in Figures 12, 13, and 14, respectively. Note that, in the figures,
the percentage ratio of ground granulated blast furnace slag in the by-product increases toward
the left, and the ratio of fly ash increases toward the right.

The figures show that the strength contribution increases with age at any level of water-
binder ratio. Further, if the by-product contains ground granulated blast furnace slag in great
abundance, although the latent hydraulicity of ground granulated blast furnace slag moderately
contributes to strength at 7 days, the strength contribution is less than 0.4 if the water-binder
ratio is 0.19, 0.4-0.8 at 28 days and 0.6-0.8 at 91 days. It is shown that we can predict the
situation where the strength of the concrete made with ground granulated blast furnace slag
develops slowly at early ages.

On the other hand, in the mixtures abundantly containing fly ash, no contribution to strength
is observed: the strength contribution is less than 0.1% at 7 days under the condition of water-
binder ratio of 0.19. However, the strength contribution increases with age from 0.1-0.4 at 28
days to 0.3-0.5 at 91 days, and this result is thought to reflect the Pozzolanic reaction of fly
ash. While the strength contribution ratio increases with the content of ground granulated blast
furnace slag when the replacement ratio is 30-50%, the strength contribution reaches a peak at
the mixture rate of around 60% between ground granulated blast furnace slag and fly ash at the
replacement ratio of 60-70%.

As the replacement ratio increases, there tends to be a greater percentage of fly ash, of which
the grain size is smaller than that of cement, and we can presume that the binder grain size
shifts toward the optimum distribution and the chemical composition becomes better suited to
chemical reaction. In the future, further study on the strength model will be necessary
because the replacement ratio was investigated in this study only in the range of 30-50%.
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strength contribution (7 days)

1.2

STRENGTH CONTRIBUTION

Water-binder raiot 0.19

40 60 80

F/(F+B)

20

1.2

1

0.8

0.6

0.4

0.2

Water-binder raiot 0.22

o
IR

R TN AT

R Water-binder raiot 0.26
Co

0 20

40 60 80

F/(F+B)

100

40 60 80

F/(F+B)

20 100

Figure 13 Relation between composition ratio (fly ash and granulated blast furnace slag) and
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strength contribution (91 days)

EXPERIMENTS ON CONCRETE

Experiments were conducted on concrete on the basis of the experiments on mortar and the
calculation using the strength prediction model in Proposal of strength prediction model
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Materials

Tables 6 and 7 shows the cement and mineral admixtures used in the experiments on
concrete. Further, andesite crushed sand was used as fine aggregate (density in saturated
surface-dry condition 2.62 g/cm’; CO, emissions per unit weight 0.0037 t-CO./t), andesite
crushed stone was used as coarse aggregate (density in saturated surface-dry condition 2.62
g/cm3, CO;, emissions per unit weight 0.0029 t-CO,/t), and polycarboxylate-based
superplasticizer was used in the admixture.

Table 6 Cement and mineral admixtures

SYMBOL BINDER
P Ordinary portland cement (density 3.16 g/cm®, specific surface area 3280 cm?/g)
S Silica fume (density 2.20 g/cm’, specific surface area 168,000 cm®/g)
F Fly ash (density 2.22 g/cm’, specific surface area 3,830 cm?/g)
B Ground granulated blast furnace slag (density 2.92 g/cm’, specific surface area 3,140

cm’/g)

Table 7 Characteristics of cement and mineral admixtures

SYMBO CO, PER CaO AlLO; Si0O, R**
L UNIT mass % mass % mass % (um)
P 0.7666 63.36 5.53 21.11 16.64
S 0.0196* 0.18 0.42 94.59 6.04
F 0.0196 1.26 31.00 58.00 9.67
B 0.0265 42.80 13.82 34.16 19.61

CO, emissions per unit in t-CO,/t [5]
*CO, emissions per unit of silica fume is replaced with that of fly ash
**Average size of 50% particles

Mixturedesign

The basic concrete mixes are shown in Table 8. The unit amounts of binder and fine
aggregate for the basic concrete mix were decided by assuming high-strength concrete with
unit water content of 155 kg/m®, unit coarse aggregate content of 865 kg/m’, and air content
of 2.0%. Three levels of water-binder ratio, namely, 0.20, 0.25, and 0.33, were chosen to
cover the whole range to realize the compressive strength 100 MPa at the age of 28 days,
based on the experiments on mortar (. Table 9 shows the combinations of cement and by-
products. The replacement ratio of by-products was set to 50-70% from the fact that
sufficient compressive strength was obtained at the replacement ratio of 50% in the
experiments on mortar. Three combinations of by-products were adopted: fly ash and silica
fume; fly ash with ground granulated blast furnace slag and silica fume in equal amounts; and
ground granulated blast furnace slag and silica fume, referring to the calculation result
regarding the strength contribution in the preceding section. Series P is consistent with the
basic concrete mixture shown in Table 8. The fine aggregate content was controlled in the
other series depending on the combination of by-products.
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Table 8 Basic concrete mixture

WATER- AIR UNIT CONTENT, kg/m’
BINDER CONTENT Bind Wat Fine Coarse
RATIO % mnaet atet aggregate™® aggregate
0.20 2.0 775 155 250 865
0.25 2.0 620 155 299 865
0.33 2.0 465 155 348 865

* Adjusted depending on the by-product content

Table 9 Characteristics of cement and mineral admixtures

PERCENTAGE OF PERCENTAGE
BINDER MASS, % REPLACEMENT
SERIES ’ WITH BY- WATE&‘TBII&\IDER
P F B S PRODUCTS,
%
P 100 0 0 0 0 0.20-0.33
50 40 0 10 50 0.20-0.33
FS 4 50 0 10 60 0.20-0.33
30 60 0 10 70 0.20-0.33
50 0 40 10 50 0.20-0.33
BS 4 0 50 10 60 0.20-0.33
30 0 60 10 70 0.20-0.33
50 20 20 10 50 0.20-0.33
FBS 4 25 25 10 60 0.20-0.33
30 30 30 10 70 0.20-0.33

Fabrication of specimens

We used a biaxial revolving-paddle mixer to prepare concrete. The additive rate of
superplasticizer was controlled such that, after the mixing, the slump flow would be greater
than 450 mm and segregation would not occur.

EXPERIMENTAL RESULTSFOR CONCRETE

Figure 11 shows the test result of the compressive strength of concrete. When the water-binder
ratio was 0.20, the mixture ratios P:F:S=5:4:1, P:B:S=5:4:1, and P:B:S=4:5: 1 give compressive
strength greater than 100 MPa at 28 days, indicating that high-strength concrete can be realized.
Within the scope of our study, at 7 days, the compressive strength proved to be small at any
water-binder ratio when cement was replaced with by-products in high percentages: the
compressive strength was 40-50% for the Series P concrete when the water-binder ratio was
0.20, and the compressive strength was 25-50% for Series P concrete when the water-binder
ratio was 0.33.
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However, the compressive strength increased with age: at 91 days, compressive strength of
65-105% was obtained with the water-binder ratio 0.20, and compressive strength of 50-80%
was obtained with the water-binder ratio 0.33. It is likely that the pozzolanic reaction of fly
ash influences the strength more strongly as the age increases.
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Figure 15 Test results on the compressive strength of concrete

ESTIMATION OF CO, EMISSIONS

We examined the CO, emissions by assuming and using concrete of 100 MPa, by referring to
the result from the compressive strength test on concrete in Section 6 lists the mixtures
fabricated. 100 MPa concrete mix is shown in Table 10. In Section 6, the series with higher
compressive strength at the age of 28 days has a lower water-binder ratio; for example,
abundant binder materials were used in FS-70 in which by-products were used in
large quantities.

Table 10 100 MPa concrete mixture

SYMB \};\/I/Ix\g%l;- UNIT CONTENT, kg/m’
OL RATIO Water P F B S G S

P 0.41 155 381 0 0 0 865 980
FS-50 0.24 155 322 258 0 64 865 649
FS-60 0.20 155 305 381 0 76 865 504
FS-70 0.15 155 306 612 0 102 865 200
BS-50 0.27 155 291 0 233 58 865 777
BS-60 0.26 155 243 0 304 61 865 750
BS-70 0.25 155 188 0 377 63 865 727
FBS-50 0.27 155 286 115 115 57 865 753
FBS-60 0.24 155 257 161 161 64 865 672

FBS-70 0.21 155 216 216 216 72 865 582
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Comparing the series, the water-binder ratio decreased in the following order: BS series, FBS
series, and FS series. Here too, the CO, emissions were compared with those of the concrete
using only Portland cement just like in Estimation of CO, emissions. The result is shown in
Figure 16. The figure clearly shows that the replacement ratio of by-products does not simply
result in the reduction of CO, emissions. For example, comparing FS-50 and FS-60, we see a
10% increase in the replacement ratio, but only an approximately 5% reduction in CO,.
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Figure 16 CO; emissions of 100 MPa concrete

Within the range of our test, BS-70 was the best in reducing CO, emissions, and the
calculation showed that we could reduce around 40% of CO, emissions compared with the
concrete using ordinary Portland cement only. Note that the calculation covers only the CO,
emissions from the materials themselves, and it is further necessary to evaluate the CO,
emissions from the transportation and production of materials used to produce concrete.

CONCLUSIONS
The main findings of this study are listed below.

1) The use of by-products in large quantities does not directly contribute to the reduction of
CO, emissions.

2) We suggested a computation approach of the compressive strength of mortar by using a
regression expression that uses the chemical composition and the mixing condition of the
by-product as parameters.

3) In the calculation on high-strength concrete of 100 MPa, we showed that CO, emissions
could be reduced by more than 40%.

4) In replacing cement, the combination of ground granulated blast furnace slag and silica
fume is likely the best mixture for reducing CO, emissions.

On the basis of these findings, we will advance our study on environmentally friendly high-
strength concrete by examining in detail the composition of the concrete mixtures in order to



Y Yoshida et al 197

improve the accuracy of the model for the compressive strength of concrete containing
multiple by-products, and by testing the durability (e.g., resistance to carbonation and freeze-
thaw resistance) of environmentally friendly high-strength concrete containing by-products in
large quantities.

10.
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Portland cement is the main contributor to the carbon footprint of concrete produced in the Arabian Peninsula. This
study has considered a binder consisting solely of GGBS as an alternative to current cements in the production of
structural grade concrete. Unwashed limestone crushed rock fine aggregate with a fines content of 10% by mass
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INTRODUCTION

The oil and gas industries in the Arabian Gulf region are driving economic growth by
supporting a population boom and diversification into new business sectors. This rapid
growth also means that the region is amongst the world’s worst polluters per capita [1],
although moves to address CO; in the region are developing at an extraordinary pace. Since
the majority of construction within the Gulf region utilises concrete as the core building
material it is imperative that CO, emissions related to its use are controlled [2] whilst the
durability and quality of construction is maintained [3].

Since Portland cement is the most carbon emitting of the common cementitious materials,
replacing it by a high volume supplementary cementitious material (SCM) such as ground
granulated blast furnace slag (GGBS) is a practical approach and blastfurnace cements
containing up to 70% by mass of GGBS are commonly used in Arabian Gulf concretes [4-5].
However, in previous work the lead author has studied the effect of high volume SCM
including GGBS in self compacting concrete and found reasonable strength gain and
durability properties for concrete containing GGBS as the sole cementitious material [6].
This research was carried out to further investigate whether the utilization of GGBS as the
sole cementitious constituent was viable.

Furthermore, crushed limestone rock fines (CRF) are the main fine aggregate used in
concrete in the Gulf region. Generally the CRF contains a high amount of fine particles
passing 75um (as high as 10% by mass). Local industry practice is to wash off the excessive
fines to a maximum of 5%. Washing CRF is a very energy intensive process resulting in
wastage of huge amount of water. Discarding of huge waste sludge due to removal of finer
particles also creates another environmental impact. However, the finer limestone particles
of ‘Unwashed’ CRF sand could be utilised as additional filler material, provided it does not
consist of silt or clay, to aid particle packing and improve the strength parameters of high
volume GGBS concretes should strength gain be a concern.

To determine the effect of GGBS cements and additional fines on the performance of
concrete, two specific series of mix-designs using ‘washed and unwashed’ sands were
designed and tested. Each series was comprised of two sets of mix-designs containing a
control concrete with a blastfurance cement (70% GGBS/30% PC) and an alternative cement
comprising solely of GGBS. A polycarboxylate based high range superplasticizer was used
to meet the higher water demand of the extra fine particles. The superplasticizer chosen was
also known to boost the hydration of GGBS. Each set contained three mixes with varied
water to cement ratios of 0.40, 0.32 and 0.25. All together total 12 mixes were designed and
tested for compressive strength (up to 56 days), water and chloride permeability, and
resistance to sulfate attack.

A potential implementation of the outcome of this research will have a far-reaching effect on
the environmental sustainability of the Arabian Peninsula. The industry will be able to save

huge amount of resources in terms of energy, water, raw materials and money while
enhancing the overall durability of structures.

METHODOLOGY

Experimental work consists of the following stages:



200

1.
ii.
iil.

Characterization of the raw materials
Design of concrete

High Volume Slag Cement

Testing and measurement of the properties of concrete

Constituents

The materials used throughout the test programme are given in Table 1 together with their
respective sources, while Table 2 provides the composition and characteristics of the Portland
cement and GGBS used in this work, as provided by the manufacturers.

Table 1 Concrete constituents used in this programme

CONSTITUENT MATERIALS SOURCE
Cements
1 Portland cement National cement, Dubai
2 GGBS Super cement, Abu Dhabi
Aggregates
3 20 mm crushed limestone aggregate ~ Ras Al Khaima, UAE
4 10 mm crushed limestone aggregate ~ Ras Al Khaima, UAE
5 5 mm crushed limestone aggregate Ras Al Khaima, UAE
6 Dune sand Al Ain, UAE
Admixtures
8 Polycarboxylate admixture Chryso Fluid Optima 245 EMx
9 Retarding admixture Sodamco Admix CR 152

Table 2 Properties of Portland cement and GGBS

PARAMETERS % BY MASS
PORTLAND GGBS
CEMENT
LOI 2.9 0.34
SiO; 21.67 34.5
Al,O; 6.41 13.8
F6203 3.94 1.12
CaO 65.98 42.4
MgO 1.24 6.2
SO; 2.68 0.24
Cl 0.01 0.008
Na20 - 0.24
K,0O - 0.30
Total alkali (Na,O+0.685 K,0) 0.50 -
Fineness, m*/kg 330 437
Soundness, Le Chatelier expansion, % 1.0 0.5
Initial setting time, Vicat test, min 160 205
Final setting time, min 255 310
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The characteristics of the four aggregates used in this work, are given in Table 3. Crushed
limestone aggregates were used as coarse aggregates, in two sizes 10/20mm and 5/10mm
maximum size. All coarse aggregates have been tested for their strengths such as aggregate
crushing values, geometrical properties such as grading, flakiness and elongation index test
and their physical properties such as density, absorption and impurities such as clay lumps
and friable particles.

Table 3 Aggregate characteristics

TEST DESIGNATION TEST METHOD RESULTS
10720 5/10 WA(;/fIED UNW(XSSHED DUNE

Particle Density (Oven Dry) Mg/m’ BS 812: Part 2: 1995 280 2.80 2.79 2.73 2.61
Particle Density (SSD) Mg/m’ BS 812: Part 2: 1995 281 2381 2.81 2.79 2.63
Particle Density (Apparent) Mg/m® BS 812: Part 2: 1995 2.82 283 2.85 291 2.67
Water Absorption (%) BS 812: Part 2: 1995 0.3 0.4 0.90 2.30 0.70
Clay Lumps & Friable Particles (%) ASTM C 142 : 1997 0.3 0.4 0.30 0.50 >0.1
Flakiness Index (%) BS 812: Sec. 105.1: 89 11.0  14.0 - - -
Elongation Index (%) BS 812: Sec. 105.2: 89  17.0  12.0 - - -
Aggregate Crushing Value (%) BS 812: Part 110:1990 19.0 18.0 - - -
Mean 10% Fine Value (kN) BS 812: Part 111:1990 212 196 - - -
Material Finer than 75u (%) BS 812: Part 103:1985 0.5 1.0 3.8 9.3 0.1
Bulk Density (Compacted) Kg/m® BS 812: Part 2:1985 1599 1502 1763 1853 1531
Bulk Density (Un-compacted) Kg/m® BS 812: Part 2:1985 1465 1378 1603 1659 1448
Shell Content (%) BS 812: Part 106:1985 - - 0.20 0.10 >0.1

The main fine aggregates were CRF of limestone aggregate obtained from the same source as
the coarse aggregates. For the purposes of the research the 0/5mm aggregates were either (i)
washed or left (i1) unwashed. It is a common practice in the local industry to wash the
limestone crushed rock fine aggregate to remove the finer particles below 75um ‘dust’ to
below 5% by mass. This is to satisfy local project specifications.

Fine aggregate with less than 5% dust is considered to be ‘washed’ sand and with
approximately 10% dust has been termed as ‘unwashed’ sand in this work. Table 3 shows
that the percentage of material finer than No. 200 sieve is 3.8% for washed and 9.8% for
unwashed sand. This excess finer material in the unwashed sand mix is expected to
contribute to the particle packing of the concrete and enhance its compressive strength
properties.

The final aggregate used was dune sand, which is fine rounded natural sand in abundance in
the desert dunes. It is used to aid achievement of finer particle sizes in the mix gradation.
Dune sands are mostly single sized. The fine aggregates have been tested for grading,
density, absorption and impurities including clay lumps, friable particles, and shell contents.
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A high range water reducing admixture was used to assist the production of concrete mixes at
w/c ratios less than 0.40 while maintaining a suitable consistence. The admixture used was a
polycarboxylate based admixture that according to the manufacture includes a proprietary
polymer to boost the hydration of high volume GGBS and fly ash concrete. Although the
retention of slump was not a major requirement in this work, a retarding type admixture was
used to maintain reasonable slump retention and achieve a level of consistence between
mixes.

Table 4 Technical properties of admixtures

SUPERPLASTICIZER RETARDING
ADMIXTURE
1 Nature Liquid Liquid
2 Colour Brownish yellow Light yellowish
3 Density 1.100 + 0.020 1.103 - 1.108
4 pH 6+2

5 CI ion content Nil to EN 934 and BS 5075 Zero to BS 5075
6 Na,O equiv <1.0 %

Mix proportions

Four types of concrete were produced as shown in Table 5, with parameters varied to permit
comparison of concretes made with either cement and both types of sand. Each concrete type
was made at three water to cement ratios (w/c); of 0.25, 0.32 and 0.40, making 12 concretes
in total. This permitted interpolation and comparison of concretes at different strengths and
properties. The relative values of w/c were comparatively low as it was anticipated that
concrete with 100% GGBS as cement would gain compressive strength at a slow rate. The
use of low w/c should therefore give an acceptable level of compressive strength for
structural application. The total cementitious content remains fixed at 400kg for all mixes.

Propertiesof Concrete

Beside fresh properties, among hardened properties compressive strength and durability
properties of the concrete have been evaluated. Compressive strength at 7, 28 and 56 days
were measured to understand the strength gain pattern of the mixes.

Water absorption of the concrete was measured in accordance with BS 1881-122, in which
concrete was submerged in water for 30 minutes, and the increase in mass was measured in
relation to the total mass of concrete. Water permeability was measured in accordance with
BS EN 12390-8 in which concrete cubes were subjected to water pressure at 5 bar for 72
hours. The depth of water penetration was measured after splitting the cube into two halves
along the same axis to the water penetration. The visible water profile was measured using a
measuring scale.
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Table 5 Mix designs

T wie &iﬁg&{lﬁggm;) AGGREGATES (kg/m®) V\(]ll:;i% ADMIXTURE (kg/m’)
TOTAL PC  GGBS nzlgl nllgl m5m EXIE’]E SP gETARDE
1 025/pc30gebs70/w 025 400 120 280 647 438 678 303 100 7.0 1.0
2 032/pc30ggbs7Ow 032 400 120 280 632 422 642 291 128 2.25 1.0
3 0.40/pc30ggbs70/w  0.40 400 120 280 633 384 614 269 160 2.15 0.85
4 025/pcOggbsl00/w 025 400 0 400 642 435 673 300 100 8.0 1.0
5 0.32/pcOggbs100/w 032 400 0 400 638 418 638 280 128 5.0 1.0
6 0.40/pcOgebsl00/w  0.40 400 0 400 609 400 609 267 160 2.5 1.0
7 025pc30ggbs70/u 025 400 120 280 647 438 673 303 100 9.0 1.0
8  032/pc30ggbs70/u 032 400 120 280 632 422 638 291 128 3.5 1.0
9 0.40/pc30ggbs70/u  0.40 400 120 280 633 384 609 269 160 2.0 0.5
10 0.25/pcOggbs100/u 025 400 0 400 642 435 668 300 100 6.5 0.0
11 0.32/pcOggbsl00l 032 400 0 400 638 418 633 280 128 2.5 0.0
12 0.40/pcOggbs100/u  0.40 400 0 400 609 400 605 267 160 1.7 0.0

Rapid chloride permeability test (RCPT) was determined in accordance with ASTM C 1202.
It is an indirect test, where an electric charge is measured in coulombs over a period of 6
hours. The charge is passed through a concrete disk test specimen whose two ends are
immersed in sodium chloride and sodium hydroxide solutions, respectively. Although the
variability and precision and bias between technicians and laboratories of this test is very
high, RCPT was chosen since it is widely used and accepted in the Gulf Region, as a means
of ensuring the resistance of concrete to chloride ingress. Consequently, the acceptance of
new concretes without information pertaining to the RCPT permeability would be difficult.

The sulfate resistance of concrete was measured by a direct test of length change of 75mm x
75mm x 280mm concrete prisms immersed in Na,SOj4 solution (50g/L). The test procedure
was a modified method of ASTM C 1012-02, which uses mortar bars, to provide a more
direct measurement of the performance of concrete rather than relying on mortar extracted
from the concrete.

RESULTSAND DISCUSSION
Compressive Strength

As expected the compressive strength of the mixes containing 70% GGBS and 30% Portland
cement are higher than those with 100% GGBS. Strength gain patterns followed the general
norm in terms of lower w/c giving higher strength (Figure 1).The strength for 100% GGBS
mixes as shown in Figure Iwere low but still remarkable given that they did not contain
Portland cement. The concrete at a w/c ratio of 0.25 produced a very reasonable strength
profile starting with a 7 day compressive strength of 35.5 N/mm’and 28 day compressive
strength of 43.5 N/mm”. However, the 7 day strength fell rapidly with increasing w/c ratio.
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The strength pattern of the unwashed sand series was in general very similar to the washed
sand series. However, the strength gain profiles for the 100% GGBS mixes appear to be
almost linear up to 56days (Figure 2), suggesting the possibility of significant further

development in strength after 56 days.
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Figure 2 Effect of the GGBS content on the strength for unwashed sand mixes

Effect of Increased Fines

Figure 3 compares the compressive strengths of concrete with or without filler contribution
for each w/c category. It is clear that the use of unwashed sand did not lead to concrete of
significantly lower compressive strength than the use of washed sand, and it may be argued
that the results show a general trend for higher compressive strength at a specific age when

using unwashed sand; however further work in this area is required.
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Figure 3 Effect of filler in the ‘unwashed sand’ in compressive strength gain

Durability

The results of RCPT, water absorption and water permeability tests are given in Table 6. In
general the quality of the concrete was very high, reflecting the low w/c ratios used, the use
of a minimum 70% GGBS, and the mix proportioning method used to create very dense low
porosity concretes suitable for the Gulf environment.



206 High Volume Slag Cement

Rapid chloride per meability

Guidelines for the severity of chloride penetration as given by ASTM C1202 are shown in
Table 7. This categorizes chloride ion penetrability into five categories namely high,
moderate, low, very low and negligible level in terms of the charge measured. According to
these guidelines concrete having chloride permeability between 100-1000 coulombs will have
very low chloride ion penetrability. Table 6 shows that the chloride permeability of all
concretes tested in this work were within this range, and that there was no specific indication
on the comparative performance of concrete in terms of RCPT test. This is perhaps due to
the very high variation (42%) of results. Indeed this is acknowledged by the standard.

However, qualitatively it can be concluded that all concrete mixes achieved a degree of
chloride ion resistivity which is very low irrespective of the content of GGBS or additional

filler in the sand.

Table 6 Durability results

RAPID CHLORIDE WATER WATER
NO REF PERMEABILITY  ABSORPTION PERMEABILITY
ASTM C1202 BS 1881-122 BS EN 12390-8
COULOMB % mm
1 0.25/pc30ggbs70/w 380 0.8 0
2 0.32/pc30ggbs70/w 254 0.7 0
3 0.40/pc30ggbs70/w 306 1.6 0
4 0.25/pc0ggbs100/w 450 0.6 3
5 0.32/pc0ggbs100/w 535 0.6 3
6 0.40/pcOggbs100/w 585 1.8 0
7 0.25/pc30ggbs70/u 475.2 0.7 0
8 0.32/pc30ggbs70/u 375.3 0.5 0
9 0.40/pc30ggbs70/u 342 0.7 0
10 0.25/pcOggbs100/u 491.1 1.4 0
11 0.32/pcOggbs100/u 508.4 1.8 0
12 0.40/pcOggbs100/u 701.1 1.8 1
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Table 7 Guidelines of the level of chloride ion permeability given by ASTM C1202

CHLORIDE PENETRABILITY BASED ON CHARGE PASSED
ASTM C1202:1997

CHARGE PASSED CHLORIDE ION
(COULOMBS) PENETRABILITY
>4000 High
2000 - 4000 Moderate
1000 - 2000 Low
100 - 1000 Very Low
<100 Negligible

Water permeability

All mixes except 4, 5 and 12 showed no penetration of water, proving that the concretes were
robust. The maximum penetration of water measured was 3mm which can be considered
negligible (Table 6). Results below 10mm are considered to be very good and the concrete
can be considered to be water impermeable [7].

Water absor ption

Likewise the water absorption results did not provide any quantitative conclusion on
comparative performance of different mixes (Table 6). The results are all below 2%, which
is considered to be acceptable [8].

Sulphate resistance

Results of sulfate diffusion tests are not presented as to date (after 14 months) all of the
specimens have remained intact and have shown no evidence of sulfate attack. Again this
demonstrates that the concretes are robust and durable.

CONCLUSIONS

The effect of 100% GGBS and the use of sand containing a higher fines content on the
properties of concrete have been studied. It can be concluded that concrete with 100% GGBS
can have sufficient strength for structural use, particularly at later ages. Furthermore, 7 day
strengths of over 30 N/mm? can be achieved with low wi/c ratios.

The effect of the extra fines in the concrete as a result of using unwashed sand may contribute
to strength. The research provides some justification for using crushed limestone sand with a
fines (that passing a 75um sieve) as high as 10% by mass. Use of such sand would save huge
amounts of water, which is currently being used to satisfy local requirement of maximum
allowable limit of 5% by weight.

All mixes have demonstrated satisfactory level of performance with regard to durability and
permeability.
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It can be concluded that it is possible to use high volume slag concrete in some applications
as a means of reducing the overall carbon footprint of concrete in the Gulf region.
Furthermore, the sustainability of concrete produced in the Arabian Peninsula can be
enhanced by stopping the practice of washing crushed rock limestone sand and by allowing
the maximum fines content to be as high as 10% by mass.
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This paper explores the benefits of utilizing oil drill cuttings as filler in Portland cement and ternary cement con-
cretes. Hardened concrete properties such as compressive strength, permeation (water sorptivity and water pene-
tration), rapid chloride permeability and carbonation were investigated. The study was conducted in two parts; 0,
5, 10 and 20% replacement of PC with oil drill cuttings (ODC) as filler and 10% ODC replacing ground granulated
blast furnace slag (GGBS) and Fly Ash. All the mixes were designed with superplasticiser at fixed water/cement
ratio of 0.5. Significant improvements were recorded for fresh properties for all the concretes. The influence of
ODC on hardened properties of all the concretes was negligible. The investigation shows limitations and potentials
in utilisation of oil drill cuttings as a cement replacement both in PC and ternary concrete.
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INTRODUCTION

Oil drill cuttings are waste materials produced fraitling boreholes to subterranean oil and gas
bearing formation during oil exploration activities [1, 2]. The cuttings contain a mixture gf rock
drilling fluids and crude oil. The physical characteristics and mineralogical compositiails of
drill cuttings have been said to depend on the geological formations, drilling methdds
drilling fluids and will influence the properties of concrete made with the material [1].

The disposal of these materials in major oil producing countries, like Nigeria, the UK, and the
Gulf constitutes an environmental problem torima life. More of these materials are being
generated yearly. In the last 50 years statistics shows that, in UK, 16 million cubic metérs of
drill cuttings were generated [3]. This lad different methods of treatment e.g thermal
desorption, stabilisation/solidification and mechanical separation to remove the hydncaradbo
heavy metals before sending to landfill.

However, drill cuttings have found some use in the construction industry and resedbelermas
conducted to examine their applications. Dhir et al [2], worked extensively on the physical and
chemical composition of oil drill cuttings for its use as filler in bituminous mixtures. The
compositions and the resulting mixtures wibhl drill cuttings compared very well with
bituminous mixtures with limestone. Moreover, the beneficial effect of minor addition in cement
had been investigated upon to improve the rheological properties of concretengédyuential

effect on the hardened and durability properties [4]. Moosberg-Brown et al [5] investigated the
function of fillers in replacing cement at 10, 20, 30 and 40%, quartz sand were used, the result
showed improvement in fresh and hardened properties of concrete at the optiplacement.
However, the use of quarry dust which similar in properties to oil drill cuttings as filler
replacement has not been successful, there was reduction in 28 days compressive strength, but
improvement in fresh properties was recorded [6].

In an attempt to create awareness in the use of oil drill cuttings in concrete, Ifeandi [7] used
treated oil drill cutting to produce concrete interlocking bricks while Mohammeé€heeseman

[3] used the same to produce sandcrete blocks. The concrete bricks performed very well in
strength, but the durability aspect was less suadesdbre research is still needed to see its
wider application in concrete. If this is sessful, there will be less demand on cement, and
more durable concrete will be produced, thus promoting the sustainable development through the
use of waste from the oil and gas industry.

This paper reports the result of laboratory study, investigating the benefits of utilisingloil dril
cuttings as filler in cement and ternary cement concrete for sustainable development. The
research project is part of a research programme carried out at Concrete Technalpgy Un
University of Dundee. It investigates the fresh and hardened properties of conadsteaising
treated oil drill cuttings as filler replacemt in cement and ternary cements.
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EXPERIMENTAL PROGRAMME

The laboratory investigation was subdivided itvto parts. In the first part, cement was replaced

by oil drill cuttings at 0, 5, 10 and 20% (repeated by mix codes M1, M2, M3 and M4) while

the second part, ternary cements were replactdd 0% oil drill cuttings (represented as M5
(PC/GGBS), M6 (PC/ODC/GGBS), M7 (PC/PFAhd M8 (PC/ODC/PFA)). Concrete mixes

were produced using these replacement levels. Fresh properties such as slump, comparting facto
and plastic density were studied and compared. Also, hardened properties such as compressive
strength, water penetration (to BS EN 933-10:20[8], rapid chloride permeability test (to

ASTM C1202-97) [9] and accelerated carbonation test were carried out to see the beneficial
effect of oil drill cuttings as filler in cement and ternary cement.

CONSTITUENT MATERIALSUSED

Portland cement (CEM 1 52.5) conformingB& EN 197- 1:2000 [10and oil drill cuttings
obtained from a location in the North Sea weredu®il drill cuttings were pre treated using the
rotomill method to remove heavy metals and hydrocarbon conforming to less than 1% content of
hydrocarbon as limit requirement in BS EN 197-1:2000 [10] and to satisfy the size requirement
of a filler material (<63 pum) in BS EN 933-2001 [8]. Ground granulated blast furnace slag
and fly ash were also made use in the experiment. Three grades of aggregateeadverdhis
investigation they were fine and coarse aggregate of size 4/10mm &@mb® of natural
glacial gravel origin. All aggregates were air dried under laboratory conditions of @Q0%2°
55%+5% RH. The physical properties and grading curve of aggregates are shoguarén1Fi
Superplasticiser of poly-carboy group was incorporated into all the mixes. Oil drill cuttings
passing a 63um sieve size was used as filler in cement and ternary cement.
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Figure 1 Grading of fine (0/4) and coarse (5/10, 10/20) aggregates andiabs@ioes
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Char acterisation of Cements

The particle size distributions of the cements are shown in Figure 2. All the cements are well
graded and within the limit of 70% passing 63um as specified in BS EN 933-10:2001 [8] for
fillers. However, Table 2 shows that ODC has the largest specific surface area (712 m?/kg) and
the greatest fineness (74%/ky) compared with other cements.
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Figure 2 Grading curves of oil drill cuttings, PFA, GGBS, and PC

The chemical and mineralogical composition of the cements samples are presented in Table 1
The result shows the presence of large quantitgiayf minerals, this makes oil drill cutting as
silicate-based material. These minerals have been said to have high impact on fresh and hardened
concrete properties, through increased water absorption tendency and reduced compressive
strength as shown in compressive strength test [11].

Table 1 Mineralogical composition of ODC, determined by XRD

MINERALOGICAL CHEMICAL

NAME FORMULA COMPOSITIONY%
Quartz Silicon dioxide 16.10
Barite BaSQ@ 14.90
Calcite CaC@ 8.80
Halite NacCl 5.80
Kaolinite ALSi,O5(OH),4 19.10
Muscovite KAI 5(SizAl)O 10(OH), 3.50
siderite FeCQ® 0.50

Corundum Al>O4 0.00
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Table 2 Physical and selected chemical properties of cements

CEMENT TYPES
Physical properties PC GGBS PFA oDC

Apparent particle density  3.14 2.81 2.27 2.76
Loss on ignition % 1.40 0.31 5.00 8.40
Specific surface area,

m?/kg 251.00 409.00 535.00 712.00

Blaine fineness, kg 405.00 435.00 525.00 749.00
Oxide composition of cements

Elements Bulk oxide

Ca CaO 64.07 225 39.10 1.36
Si SiO» 20.15 24.60 37.03 72.10
Al Al ;05 586 11.90 12.44 11.30
Fe FeOs 227 780 057 4.37
Mg MgO 224 072 677 1.88
Mn MnO 005 0.06 052 0.08
Ti TiO 027 0.82 068 0.68
K K0 070 1.89 064 163
Na NaO 037 058 049 2.08
P ROs 046 024 004 0.18
cl cl 0.18 0.00 0.02 0.00
S sQ 258 065 1.07 0.05

Concrete mix proportions

Consistence was maintained at target slump of 100 to 120mm (BS 8500 slump class S3). The
BRE digest 331 [12] method of mix design was employed for calculating the proportions of
concrete materials. The detail of the mix proportions used in the experimbawis & Table 3.

Free water was kept constant at 165°Ifor all the batches in all the concrete batches.
Consistence was measured using slump as described in BS 1881: Part 102:1983 [13].
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Table 3 Mix proportions of test concretes at water/cement ratio of 0.5

MIX PROPORTIONSkg/m®

Slump,
mm
PC  GGBS AF';] ODC  Water Aggregates . aSsutPc?;er
0/4  4/10 10/20

M1 330 0 0 0 165 760 380 760 1.2 80
M2 314 0 0 17 165 760 380 760 12 90
M3 297 0 0 33 165 760 380 760 12 120
M4 264 0 0 66 165 760 380 760 1.2 80
M5 150 180 0 0 165 770 380 760 1.2 100
M6 150 162 0 18 165 770 380 760 1.2 100
M7 210 0 115 0 165 750 375 750 1.0 120
M8 210 0 103 12 165 750 375 750 1.0 110

RESULTSAND DISCUSSION

Influence of ODC on Consistence

The inclusion of ODC increased the superpasgicdose by 29 and 42% to maintain the required
workability in PC/ODC concretes. A similaffect was seen in PC/GGBS and PC/ODC/GGBS
concretes which may be attributed to the combined effect of angular shape and large specific
surface area of ODC and GGBS. Fly ash concretes exhibited a reduction of 33% in
superplasticiser dose which may be due to iteegpal shape. Howekeintroduction of ODC
improved the consistence of all concretes.

Compressive Strength Development

Compressive strength tests were conducted in accordance with BS EN 12390-3: 2009 [14] on all
the cubes of the mix proportions at 1, 3, 7, 28 curing days, the results are shown in Figure 3.

ODC concretes showed a reduction in corepiree strength compared to the control PC
concrete.

There were small reductions in strength at different replacement levels (5-15%). Similar results
were seen for the ternary cement with GGBS and Fly Ash compared with the PC concrete. 10%
ODC introduction shows a strength reductiof 21% in PC/ODC/GGBS compared with
PC/GGBS, but PC/ODC/PFA maintained the sastrength as PC/PFA concrete at 28 days.
However, strength increases with age in all the concretes as shown in Figun¢h&rmore,
considering the result of concrete types, iaparent that the increase in the ODC percentage
reduces the strength at all ages this may be attributed to the presence of clay minerals which can
inhibit hydration and formation of C-S-H gel in cement matrices [11].
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Figure 3 Compressive strength developments of concretes

Depth of Water Penetration

Water penetration tests were conducted on all the test cubes of the concrete batches after 28 days
in accordance with BS 12390-8:2009 [15]. Theufes are shown in Figure 4. Water penetration

depth increases with increasing percentages of ODC in the concrete. Similar results were also
obtained for ternary cement concrete whenaegd with 10% ODC. However, the increase in

the water penetration depth could be as a result of presence of clay minerals in thes ODC
revealed by the XRD analysis shown in Table 1. Clay minerals have the tendency for high wate
absorption capacity when exposed to water. Again, another factor that could haimuted to

the increase in the water penetration depth of the concrete containing ODC is the decreasing
concrete quality as a result of reduction in PC content.
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Figure 4 Comparison of maximum depth of water penetration and sorptivity at 28 days

Sor ptivity

Sorptivity test was carried out in accordance with ASTM C 1585 [16] and the results are shown
in Figure 4. It worth noting the change in behaviour of the concretes at different replacement
levels with ODC. Portland cement content regurcin the concrete mix reduces the sorptivity
and 10% replacement concrete has the highest sorptivity of 1.23%gkré/min®> while 5%
replacement concrete gave the lowest sorptivity of 1.198g/t@rf/min®° compared to the
control concrete. The increase in sorptivity can alsattributed to lower quality of the concrete

as a result of PC replacement levels and possible presence of clay particles. However 5%
replacement with ODC reduces sorptivity by 28ich confirm the fillereffect of oil drill
cuttings in refinement of concrete pores for lpgrmeability in concrete. Similar effect could be
seen in PC/ODC/PFA concretehere sorptivity was reduced [8/2%. This shows that pore
structure is more refined with ODC in PC/PFA concrete.

Rapid chloride per meability

The need to assess the potential movement of chlorides in a short period led to thantkel

of rapid chloride permeability test. The test inwgd utilising voltage gradient to force chloride

ions to migrate more rapidly through the pores of concrete. The samples were conditioned and
test performed in accordance with ASTM C 1202 -97 [9]. The result is shown ireFgilihe
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result indicates high permeability in all the /BOC binary concrete saples with the control
concrete having the highest value. However, tieereegligible decrease at introduction of ODC.

It could be seen that the control concrete at 100%PC has the highest total charge of 5843
coulombs while the GGBS and PFA are 2572 and 5272 coulombs respectively.
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Figure 5 Average RCPT Charge at 28 days

It can be deduced that the control PC concrete may have lower resistance to chloride movement
compared with the binary cement concretesadidition, this shows the beneficial effect of
GGBS and Fly Ash arising from the denser microstructure of hydrated cement paste. Although,
the value is still relatively high in PC/Fly Ash concrete compare to PC/GGBS concrete, this may
be due to the influence of the LOI of ODC and PFA as shown in Table 2. However, there is more
than a 50% reduction with GGBS, and around 18% reduction with Fly Ash compared with the
PC control concrete and a further replacement with 10% ODC reduces the chloride pdymeabili
by 8% and 10% respectively. However, one can rightly say that ODC acted as filler in this
respect, it reduces tlohloride permeability of all the concretes.

Accelerated carbonation

The result of accelerated carbonation test on concretes is shown in Figure éédtaaserved

that average carbonation depth increases along with increase in percentage replacement of PC
with ODC and carbonation depth increases with exposure age. The increase in the carbonation
depth can be attributed to lower quality of the concrete as a result of PC replalsxmlentth

ODC. Ternary cement concretes also behaveirmlar way. However, PC concrete shows no



218 Benefits of Utilising Oil

carbonation at 7 and 14 days. It shows carbonation of 2.5 mm and 5.0 mm at 21dayd 28
respectively compare with otherary cement concretes that have carbonation depth of more
than 18mm at 28 days exposure period. This justified the assertion that thecatgooftion is

a function of cement content and concrete quality. However, one can observe that at 28 days,
average carbonation depth of ternary cement concretes converges, this makegdserch
necessary.
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Figure 6 Averagearbonation depth and exposure time of concretes

CONCLUSIONS

This paper explores the benefits of utilizing oilldruttings as filler replacement in Portland and
ternary cement concrete. Fresh properties such as workability and admixture demand were
observed to see the beneficial influenceodfdrill cuttings on concrete. Also, compressive
strength, water permeation (sorptivity and water penetration), rapid chloride permeability and
accelerated carbonation were among the hardpnggerties considered in this investigation.

The investigation was in two parts, the first part studies the PC replacement with oil drill cuttings
at 0, 5, 10 and 20% level. The second partstigates the role of oil drill cutting in replacing
ternary cement at 10% level.IAhe mixes were designed using superplasticiser at fixed water
cement ratio of 0.5. The results so far have yielded some benefits for its use in concrete
Improvements were recorded for fresh properties of ODC/PC binary and ternary cement concrete
while the influence of it on hardened properties of concrete showed negligible benefits but
importantly negligible negative effects. Thus, isigygested that oil drill cuttings can be utilised

in lower strength grade applications such foundation blinding, walling and concretetéitiaisa

for affordable and sustainable housing solution in oil producing regions.
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Increasing energy demand is one of the important 21st century challenges for the developing and the developed
world. A significant portion of the energy used in commercial or residential buildings is spent on heating or cooling
the interior space. Considerable energy savings can be realized if the heating and cooling loads in buildings can
be controlled. One potential methodology to attain this objective is through the use of phase change materials
(PCM) in building components. PCMs are latent heat thermal storage materials that store energy when subjected
to temperatures in excess of their melting point by changing from the solid to the liquid state. The stored energy is
released when the temperature drops below the melting point of the PCM. This study investigates the feasibility of
using PCMs in cementitious systems to control the indoor thermal environment. Two different PCM incorporation
methods — one using a microencapsulated powder, and another through impregnating porous aggregates with PCM
— are evaluated. Differential scanning calorimetry (DSC) is used to understand the enthalpies associated with the
pure PCM and the cement paste system incorporating the PCM. Semi-adiabatic calorimetry results are used to
understand the influence of the PCM in altering the early age cement hydration reactions, which might beneficially
influence early-age thermal cracking. Studies on small-scale slab systems to quantify the internal temperature
reduction efficiency as a function of PCM type, dosage, and incorporation method is also reported.
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INTRODUCTION

Ever increasing energy demand is one of the most important challenges faced by the
developing and the developed world in thé 2éntury. Nearly 40% of the total energy in the
United States is utilised by commercial Idings, corporate offies, and residential
complexes, and a significant iion of this is spent on heag or cooling and lighting the
interior space. Today, 50% of fgehre used to heat or cool and to light buildings. There is a
need for more energy conscious forms of hgatincooling and alteate source of energy.
Recent research [1, 2] has shown that the ldteat energy storage systems can store large
volumes of energy for thermal regulationkafildings. One potential methodology to attain

this objective ighrough the use of phashange materials (PCMs) in building components.
Phase change materials are latent heat staregerials which absorb and releases thermal
energy as they undergo state transformations. A review on the mechanisms and
classifications of PCMs has beprovided by Pasupay et al. [1] and Zalba et al. [2]. An
extensive review on variougpes of PCMs, their applications and techniques for the
measurement of thermophysical properties?6Ms is provided in Sharma and Sagara [3]
and Sharma et al. [4]. PCM incorporatedllb@ards were reported to greatly reduce the
energy cost of HVAC systems and redupeak load energy consumption as they
automatically absorb indoor redundant heat [5]. Entrop et al. [6] studied the use of phase
change materials in concrete floors where the thermal energy from the sun is stored in the
modified concrete to reduce the need ofwentional heating during evening and nightfall.
The preparation, characterizatj performance and developmeh microencapsulated phase
change materials was researched and reviewedetail by Hawlader eal. [7] and Tyagi et

al. [8]. Many detailed investigations on tipeeparation and perforance of impregnated
phase change materials were carried out [9-kidorporation of PCM into fresh concrete
was found to control or lower the peak tesrgdure during cement hydration [12]. Addition

of PCM to self-compacting concrete mixeshowed an improvement in the thermal
performance of concrete due to lower theromiductivity and increasdtkat capacity [13].

The foregoing discussion demonstrates the fiakimpacts of using latent heat energy
storage materials in building application&/hile the incorporain of PCMs in gypsum
wallboards have gained prominence, it is etpe that the development of methodologies
wherein the PCM is integrated as a parttloé concrete material system will result in
widespread implementation of energy efficieahcretes. In this paper the influence of two
types of PCMs — one a micmeapsulated paraffin, and theecond a glycol that is
impregnated into the pores of lightweighggregates, on the mechanical and thermal
properties of cementitious systems are presealeng with thermal performance studies of
prototype chambers with PCicorporated roof slabs.

EXPERIMENTAL PROGRAM
Materials

Type I/ll ordinary Portlandtement (OPC) conforming to ASTM C 150 was used to prepare
cement pastes, mortar slabs and concreteshfe study. Microencapsulated phase change
material (MPCM) used in this study was Micronal DS 5008 X (manufactured by BASF)
which is essentially a paraffin wax blendcmiencapsulated in an acrylic polymer. The
MPCM has a phase change tempamatin the range between 22 and®@5The melting
enthalpy of this MPCM as reported is 110 kJ/kg.
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Light weight aggregates (LWA) with a egfic gravity of 1.4 was used to prepare
impregnated phase change material (IPGiM)impregnating the LW with polyethylene
glycol (PEG 600). PEG 600 is reported to hav@hase change teemature in the range
between 16 and 22 and a melting enthalpy of 12@/kg. The impregnation of the
aggregates was carried oby first oven drying the LWA at 100°C to remove all the
evaporable water. The dried aggregates weea immersed in PEG 600 and wet vaccumed
for 6 hours to ensure adequate de-aerationtlzer the residual vacuum was released to the
atmosphere and the aggregates were left to sotle sealant at atmospheric pressure for a
period of 48 hours to facilitatpenetration into the pores. t&f this, the aggregates were
removed and the surfaces were cleanedoafémove the excesgalant (PEG 600).

Mixture Proportions and Specimen Preparation

All the cement pastes investigated in this study were madeawithiter-to-cement ratio (w/c)
of 0.35. Cement pastes were made by repdp6%, 3%, 5% and 10% of cement by mass
with MPCM for semi-adiabatic calorimetriand differential scanning calorimetric (DSC)
studies. The cement paste and the respentplicement material were mixed in a paste
mixer for 2 minutes, after which water wasdad gradually and mixed for 3 minutes. The
cement pastes with 0%, 5% and 10% replaceingmass of cement with MPCM were cast
into 50 mm cube molds for compressive strergjtidies and was testéar strength after 1,

3, 7, 14 and 28 days of curing in a moist chamber (>98% RH).

Light weight aggregates impregnated WREG 600 were crushed and preliminary studies
were done using DSC to understand their pladmsege properties. Mi@r mixtures with
water-to-cement ratio of 0.40 were preparedkbgping the quantity afement and LWA in
the mixture constant (50% aggregate vadyirand by varying the amount of PEG 600 by
mass of light weight aggregates, by vagyithe duration of impregnation. In this study,
mixtures with 0% and 5% IPCM by mass of ceitneas evaluated to determine the influence
of IPCM on the compressive strength of the systSemi-adiabatic calorimetric studies were
conducted to evaluate the heat of hydratismg mixtures with 0%, 13% and 15% of PEG
600 by mass of cement obtained by alterihg duration of soaking of LWA after
impregnation under vacuum.

For the evaluation of thermal fi@ermance of PCM incorporatesfabs, mortar slabs with 50%
sand volume and w/c of 0.40, having dimensi 10” x 6” x 3" ( 250 mm x 150 mm x 75

mm) were prepared with 0% and 10% replacement of cement by mass with MPCM. Slabs
modified with IPCM were prepared similgslwhere in 25% IPCM by mass of cement was
incorporated into the slab by the impregnation of LWA constituting 50% aggregate volume
of the constituent slab with PEG 600 for 48 hours.

Test methods

The compressive strengths of the cubes were determined at ages of 1, 3, 7, 14 and 28 days in
accordance with ASTM C 109. The heat of hydmaif the plain and modified cement pastes

and concrete were determined from semi-aatialiemperature measurements. Freshly mixed
cement pastes were placed in a Styrofoam cup (35pwehich was encased in a polystyrene
chamber. The temperature development was recorded every 10 seconds over a period of 72
hours using J Type Thermocouples embeddéd ihe specimens and connected to a 8
Channel Data Acquisition Module, interfaced with a personal computer.
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This instrument was also used to record the temperature development during thermal
performance studies of the mortar slal3ifferential scanning calorimetric (DSC) studies
were carried out on the plain and modified eetrpastes, and crushed impregnated LWA, to
estimate the phase change temperature (°@)emthalpy of the system (kJ/kg), i.e. the
amount of latent heat thatssored or released when phasenge occurs. The samples were
crushed into a powder form f@SC analysis and the samliees ranged between 5.0 mg to
25.0 mg. The thermal cycles adopted had dimgaate of 5°C/min and ranged between -
20°C to 40°C in a purified nitrogen atmosphere.

To understand the influence of the additioP@Ms on the thermal performance of building
components, insulated chambers were ma@te.cubicles were constructed around 4 wooden
posts connected by Styrofoam panels and fwgdther by an adhesive tape. The mortar slab
was placed on the top of the wooden supports. Foam insulation was used to seal all the joints.
To simulate a 24 hour cycle dkeating and cooling of thiedoors through solar radiation,
heat source (heat emitting 1200 W halogen wights) was turned on for 12 hours to
simulate the solar radiation during daylight aadhed off for 12 hours to simulate the effect
of nightfall. The experiments were run f@2 hours (3 day and night cycles) and the
temperatures were recorded every 10 secosdyy four J type thermocouples. One of the
thermocouple was placed inside the cubiclel another was placed outside to record the
ambient temperature as shown in Figure 1. fEmeaining two thermocouples were attached
to the mortar slab on its interior and ekte surfaces. Through this setup, temperature
readings would represent the exterior surface adrecrete slab that @irectly heated by the
solar radiation, the outdoor tempaiure, the temperature on theerior surface of the slab
which receives heat due to conduction througlctrerete slab, and thedoor temperature.

Top surface

~ RoofSlab
Data = Chamber
f Logger

Ambient

Bottom surface

Core
Figure 1 Schematic representation of temafure monitoring points of the cubicle

RESULTSAND DISCUSSION
Effect of Microencapsulated Phase Change Material (MPCM) in Cement Paste
Compressive strength and heat of hydration
Compressive strength developmehplain cement pastes aslives those modified with 3%

and 5% MPCM determined at 1, 3, 7, 14 anddags of hydration is shown in Figure 2. A
decrease in strength with tirecrease in the amount of MPCiM the system at all ages was
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observed. The major reason for this observaiotine dilution in the system caused by the
replacement of cement with a noeactive material. Also, the etasproperties of the MPCM
are very different from those of the cemenstpa, with the MPCM being a few orders of
magnitude more compliant than the cefraste in which it is incorporated.
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Figure 2 Compressive strength resultse@hent paste samples with varying amounts of
MPCM by mass

At the age of 1 day, the strength of cempastes containing 5% MPCM was lower by
approximately 60% as comparedth® plain cement pastes, whidethe age o028 days 5%
MPCM modified cement paste showed about 26#er strength than géhplain cement paste.
The breakage of the polymeric shell of MECM which being a hydrophobic paraffin blend
could have released the paraffin into the maduring specimen preparation, which in turn
hinders the hydration process. This could be afrtee reasons for the drastic decrease in the
early age strength. Figure 3 shows the damagetbo@psules and paraffin possibly released
into the cement paste.

Clarkson

Figure 3 Micrograph of the damagedcnoicapsule and the paraffin released
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The influence of MPCM on théweat of hydration of motied cement pastes were
investigated by monitoring the temperature @f fileshly prepared pa&st containing 0%, 3%,
5% and 10% MPCM by mass of cement, usingemi-adiabatic setup for a duration of 72
hours and the recorded temperature curveshanersin Figures 4(a). Figure 4(b) shows the
first 20 hours of temperature measurement torately discern the effect of PCM dosage.
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Figure 4 Semi-adiabatic temperature curves for (a) Plain pastes and pastes modified using
MPCM and (b) Expanded areareange of the hydration peak.

A significant decrease in the peak reaction temperature fromi®40644C was observed
with increasing quantity of MPCNh the paste. Along withetrease in the area under the
curve indicating reduction in the heat evolution, an increase in the content of MPCM which
acts as a retarder, delayed the hydration of cementthe peak in these curves moves to the
right, as reported in [12]. Figer4(b) clearly shows this delay the rate of hydration with
increasing quantity of MPCM in the systemaiRlcement paste reached its hydration peak in
7.78 hours while cement paste with 10% MPG@dhched its peak temperature after 9.74
hours. It was also observed that even afterhours of hydration, the pastes with higher
MPCM content showed slightly lower temperasithan the plain cement paste. The ability
of MPCMs to reduce the heat generated in a hiydr&ement paste as wal the rate of cool
down could be beneficially used to contraéimal stresses and craaffiin mass concreting.
3.1.2 Influence of MPCM on the latentdiestorage capacity of cement paste

The latent heat storage capacity and phaseg#htemperature of plain and modified cement
pastes were determined by difatial scanning calorimetric (DSC) tests. The latent heat
capacity was estimated from the total heat utlderpeaks of the sollifuid transitions of
paraffin in the system by numerical integratias reported in [11]. Figure 5(a) shows the
phase change temperature range and hewat ffler unit mass of the paste for plain and
modified cement pastes. Figure 5(b) shothe peaks in the DSC curve at a higher
magnification to clearly differentiate the clyms in enthalpy facilitad by the addition of
various amounts of MPCM. The increase in the latent heat storage capacity during melting
was observed to increase with the increaséhé quantity of PCM in the composite. An
exothermic peak observed at about’@8ould be attributed to ¢hsuper-cooling of the water
present in the paste matrix.



226 Performance Evaluation of Two

These composite mixtures showed relatively fgeaks for latent heat capacity as compared

to the pure MPCM powder (110 /kd), as expected. Theoreticzalculations showed that
when 3% of MPCM was used in the cement @aste expected enthalpy is 3.3 kJ/kg while
only a maximum of 1.3 kJ/kg was obtained from the experimental studies shown in Figure
5(b). This shows that the MPCM is incapable of providing thermal storage to its full capacity
when incorporated into a cement paste. Téusild be because of the breaking of the
microcapsule during the mixing process @wown in Figure 3), making them partly
dysfunctional. The capsules could also crack due to the difference in the coefficients of
thermal expansion between the PCM and theuwtag40]. Another factors the low thermal
conductivity of the MPCM which eates a high thermal resistanbandering the transfer of

heat to the interior surfaces of the matrix éigrisolating the melt process only near the heat
source, i.e. phase changeuld occur only at the surface wh is in immediate contact with

the heat source as the heat will not get transferred to the interiors due to the thermal
resistance.
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Figure 5 DSC heating and cooling scamsveing (a) Heat flow in plain and MPCM
modified cement pastes and (b) Expanded ereange of phase change to show the
difference in enthalpies.

A general reduction in the latent heat storageacay of the MPCM modified cement pastes
with age was observed as shown in Figure 6. Although the MPCM is generally not
influenced by the alkaline environment of conterfl4] a decrease of about 30% in the latent
heat storage capacity of the modified pastah &ge especially for the systems with higher
MPCM content was observed. The reductionemthalpy of the pastes containing higher
amounts of MPCM could be due to the randowsstlinking of the cement particles due to
the dispersed PCM in the matrix, similartte crossing linking oEpoxy-diamine resins
[15]. Further investigation needs to ¢@ried out to confirm this hypothesis.
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Figure 6 Reduction in enthalpy oettMPCM modified pastes with age

Effect of Impregnated Phase Change Material (IPCM) in Cement Paste

Compressive strength and heat of hydration

Compressive strength development of cemeaste-light weight aggregate (LWA)
composites with 0% and 5% IPCM by masseifent determined at 1, 3, 7, 14 and 28 days

of hydration is shown in Figure 7. A signifidadecrease in compressive strength with the
incorporation of IPCM into the cgent-LWA composite mix was observed.
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Figure 7 Compressive strength resultserhent-LWA composites with 0% and 5% IPCM
by mass of cement (PCM pargnated into LWA)

At the age of 1 day, a decrease of 60% largjth was observed whitee least reduction of
strength, 25% was observed a #ge of 28 days. This strength reduction could be due to the
binding of water with the PEG 600 moleculesthey are water soluble, preventing the
formation of complete hydration products.
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The PEG 600 also could have leaked frompibies of impregnated LWA as shown in Figure
8, during the mixing process. This couldgrevented by coating the impregnated LWA with
a cement slurry so as tead the interaction of PEG 6(ith the surrounding water.

To understand the effect of impregnated phelsenge material (IPCM) on the hydration
process, semi-adiabatic calorimetric studiesre carried out on mixtures consisting of
cement and LWA with varying saturation levefsPEG 600. Three samples were tested with
0%, 13% and 15% PEG 600 by mass of cemadtthe results are given in Figure 9, which
shows a significant decrease in the peakpterature when IPCM is incorporated. A
prominent reduction in the rate of hydration amcteased duration of doant phase also can
be observed by the shift of the hydration cuneethe right with increasing amount of IPCM
in the system.
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Figure 8 Micrograph of Impregnaté WA with PEG 600 on the surface
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Figure 9 Semi-adiabatic temperatureves for cement pastes containing
varying amounts of IPCM
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The hydration peak temperature oBtB% IPCM mixture reaches about°G5while the
mixture with 15% IPCM is & lower at 27C. Also, the modified mixtures reached the
hydration peak temperature 3 howafter that of the plain miure. This ispotentially
beneficial in improving thermatracking resistance of concretdhis enhanced efficiency
can be observed in impregnated phase chamgerials as it prevents leakage of the PCM
into the matrix and also the LWA enhandles thermal conductivity of the mixture [9].

Influence of IPCM on thelatent heat storage capacity of cement paste
The latent heat capacities of plain LWAdabhWA impregnated with 10% IPCM by mass

were determined using DSC, to estimate @ngount of heat storage it can provide when
incorporated into a cementitious systamshown in Figure 10(a) and (b).
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Figure 10 DSC heating and cooling scans shg\a) Heat flow in pure PEG 600, and in
impregnated and non-impregnated LWA and (kpd&hded area in range of phase change to
show the difference in enthalpies

Due to the effect of confinement of the PGiMthe pores of the LWA, the DSC signals are
broad and have a tail in thewotemperature region, which isp@rted to increase in size
inversely with the size of the pore. Due to thehaviour, the phase transition temperature is
taken as the maximum value at the peakkanthe bulk material for which the phase
transition temperature is takexs the onset of the transition peak in the DSC scan. The
broadening could be due to tlager-by-layer melting of the confined PCM, which is similar

to the pre-melting effects in the bulk PCM [16]. In confined pores, the increase in the
volume of the PCMs during phasarsition from solid to liquid wuld lead to an increase in

the pressure within the confinement whichturn results in an increase in the melting
temperature [17]. It can be seen that phase change of bulk PEG 600 occurs at £2.36
while that of PEG 600 confined in the pores of the LWA occurs at 47.8% elevation of

4°C in the phase transition temperature can also be due to mild attractive interaction between
the PCM and the pore surface [18]. PEG 600 egpes&s intra- and inter-molecular hydrogen
bonding which leads to a reduction in the sttengf interfacial ineraction (attractive
interactions) towards the pore walls/surfaces. [19].
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Studieson PCM dabs

Thermal performances of plain mortar slabsva#l as those modified with 10% MPCM and
25% IPCM were investigated during 72 houry dad night cycles and the thermal response
of the these chambers is shown ig¥es 11 (a), (b) and (c) respectively.
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Figure 11 Temperature studdsring 72 hours day and night cyclefs(a) Plain mortar slab,
(b) 10% MPCM modified slab and, (c) 25% IPCM modified slab
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The temperature at the top surface of thaimplmortar slab, as elwn in Figure 11(a),
recorded temperatures as high as Z9while the bottom surface dfie mortar slab had a
temperature of 28°C and the chamber experienced a maximum core temperature %.27.4
This shows that most of the heat from the source was transmitted through the slab into the
interiors. While, the top surfaad the 10% MPCM modified ab (Figure 11(b)) recorded a
maximum temperature of 27@®, the maximum temperature at the bottom surface was a
recorded as 2€. This shows that there is nearly € 2Irop in the temperature of the inner
surface of the slab with respectthe outer surface, which indiegtthat not all the heat from
the exterior has passed throuthie slab to the inmesurface and thatertain quantity was
absorbed by the PCM present within the d2B]. Similarly, the slab modified with 25%
IPCM, as shown in Figure 11(c) also showed’@ Becrease between the top and bottom
surface of the roof slab. Also,ehop surface of the modifieslabs (Figures 11(b) and (c))
recorded lower temperatures when comparedaim phortar slab (Figurél(a)), this could be
due to the phase change activity of the PCM at the surface of the stabia the heat from

the source without ineasing the temperature.

Significantly greater fluctuations of aroun8C4were observed between the maximum and
minimum temperatures within the chamber hgvplain roof slab during the day and night
cycles, when compared to the chambers Wi@M modified roof slabs, having lesser than

3°C variation. The raise in the indoor temperator the core temperature of the chambers
with PCMs is to a maximum of about 22406while the temperature of the outer surface of the
slab facing the heabarce goes up to about 27C8 A relative decrease in the temperature
between the top surface and bottom surface of plain LWA slab was observed, and this could
be attributed to the air entrained within thegsoof the LWA incorporad into the system.

The thermal response within the cubicle witain and PCM modified slabs during the day

and night cycle is given in Figure 12.
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Figure 12 Indoor temperatures of the cubiein plain and PCM modified mortar slabs
during a 72 hour cycle

The observation from the 72 hours day and naylete as seen in Figure 12, shows that the
cubicle with both 10% MPCM and 25% IPCModified roof slabs experiences thermal
inertia when compared to the reference cubicle as there is a lag in the time taken to reach the
temperature of the plain chamber. It can alssd®n that the peak temperature of reference
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chamber is about 2€ while the chambers with MPCM and IPCM shows a maximum peak
temperature to be about 2Z2and 24.8C respectively. The minimum temperature also
differs by 3C; where the reference chamber hasigimum indoor temperature close to°€3
while the chambers with PCRodified roof slabs showsmperatures as low as 2%5 This
reduction in temperature gradiewithin the cubicles with PCM modified roof slabs when
compared to the reference cubicle core teatpees, provides a more thermally efficient and
comfortable interior.

The core temperature of the chamber with rlab modified with 10% MPCM by mass of
cement was the lowest followed by roof slab containing 25% IPCM by mass of cement.
Highest temperature was observed within the diemonsiting of plaimortar roof slab.

CONCLUSIONS

e The compressive strength of the mixturesrdased with the addition of PCMs at all
ages. A strength reduction of 60% was obsgrae early ages while at 28 days the
strength reduction reduced26%. Also reduction in the hyaltion peak temperatures and
heat evolution was observed and both B@&Ms retarded the hyation process which
could be beneficially used to control threal stresses and cracking in mass concreting.

e Presence of PCMs enhancee tatent heat storage capgcif the cement paste. 10%
IPCM modified paste showed a higher hsttrage capacity (18.14 kJ/kg) than cement
paste with 10% MPCM by mass of cement wiheldl a heat storageparcity (5.773 J/g).
This can be attributed to the LWA ustdimpregnate PEG 600, enhancing the thermal
conductivity of IPCM mixtures, asell as the effect of comfement of the PCM in pores
of LWA.

e An increase in thermal efficiency and decreas¢he core temperature of the insulated
chamber was observed with the incorporatiolP@M into the roof slabs. Reduction in
the temperature fluctuations during day amght cycles were also observed. Modified
slabs containing 10% MPCM by mass of ceme&at most efficient in maintaining and
lowering the indoor core temperature.
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The Effect of Using GGBFS on Early-age Thermal Crack Control Reinforcement in
Concrete
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As the biggest steel producing country, China accounted for half of the global steel production in 2009. As waste
material in the steel manufacture process, over 160 million tonnes of blast furnace slag is generated in China every
year. Of this total only 55% is recycled. The unwanted blast furnace slag would cover an area of 600 hectares
annually if heaped 10 meters high. Blast furnace slag, ground to an appropriate fineness, can be used as a partial
replacement cementitious material in concrete. In China, the major part of ground granulated blast furnace slag
(GGBFS) however ends up in low-grade construction applications, including: (i)”’Low heat” cementitious material
in low-grade bulk concrete; (ii) Cementitious material in mortar. GGBFS has a slower reactivity than cement,
which reduces the peak hydration temperature and as a result decreases the early age thermal loads experienced
by concrete. The potential for using GGBFS in in-situ concrete slabs to minimise the use of more expensive
supplementary thermal crack control reinforcement is being investigated at Xi’an Jiaotong-Liverpool University
(XJTLU). The objective is to determine the ‘optimum’ GGBFS mix proportion which could result in the minimum
level of crack control reinforcement.
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INTRODUCTION

Linear expansion and contraction always take place in concrete structures due to ambient
temperature variations. Internal stresses will build up if these movements are restrained by
columns or shear walls. This effect is more prominent in concrete at early ages, i.e. thermal
hydration contraction and autogenous shrinkage will lead to tensile stresses which may cause
deleterious cracks in concrete. There is therefore a maximum crack width requirement in
reinforced concrete sections, specified by BS 8110 [1], Eurocode 2 [2] and GB50010-2002
[3]. Concrete early age thermal cracking can be prevented by leaving one metre wide
construction gaps in slabs and beams when concrete is placed. These gaps will not be infilled
until early age concrete hydration contraction has been completed on both sides. This
provision however is often not cost effective because extra structural supports are required to
enable stability on both sides of the gap during construction. Without careful consideration of
the programme of construction, unacceptable deflections can occur due to inadequate
temporary support or inadequate quality control, shown in Figure 1. Another effective
method to limit concrete crack widths is to use supplementary crack control reinforcement.
The latter has gained popularity in China when labour costs have become more significant in
recent years.

Figure 1 A pour gap problem associated with quality control [6]

Concrete early age thermal contraction is caused by the heat development from cement
hydration during early age setting. The early age heat development in concrete mixes
containing GGBFS is slower than that of ordinary Portland cement mixes. The peak
temperature in fresh GGBFS concrete is also lower and this will result in a reduced thermal
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contraction. In China, however, the major part of GGBFS produced as a by-product of the
steel industry ends up in low-grade applications such as cementitious material in mortar. This
project, carried out in conjunction with ARUP, aims to promote an increased use of GGBFS
in long-span concrete structures in China by minimising the use of more expensive crack
control reinforcement. The research methodology is primarily based on a case study using
Finite Element Analysis (FEA) software Oasys GSA [4]. The effects of temperature
variations and of time-dependent concrete volume change, including creep and drying
shrinkage, are applied as temperature differentials. Four mixes studied by Bamforth [5] have
been chosen in this project to investigate the effect of temperature rises from cement early-
age hydration. These mixes comprise:

- Mix MO: total binder content: 340kg/m3, CEM I 42.5N only, i.e. 0% GGBFS

- Mix M30: total binder content: 340kg/m3, 70% CEM I 42.5N and 30% GGBFS
- Mix M50: total binder content: 355kg/m3, 50% CEM I 42.5N and 50% GGBFS
- Mix M70: total binder content: 410kg/m3, 30% CEM I 42.5N and 70% GGBFS

Results from this previous study were used as input for the FEA modelling. It should be
noted that a higher total binder content was required to achieve the designated concrete
strength, C30/37, for 50% and 70% GGBFS.

CASE STUDY

A case study has been conducted of a typical commercial office accommodation block in
Shanghai, shown Figure 2. This office block is 75m long and 37.5m wide. C30/37 concrete is
used for the slabs at all floor levels. These slabs span a maximum of 7.5m, which provides
good flexibility for service penetrations. Ground bearing slabs are used at the ground level.
Thermal movements in the slab at upper levels are restrained along the longitudinal direction
by concrete shear walls located on both ends. The office block was modelled using the above
four mixes, i.e. M0, M30, M50 and M70, to investigate the potential crack mitigation effects
of GGBEFS on early-age thermal loading.

Figure 2 Office accommodation block model
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The mechanical properties of C30/37 concrete from Eurocode 2 [2] are:

fem = 38MPa
ka = 30MPa
foom = 2.9MPa
E,.. = 33GPa

Where:
fem:  Mean value of compressive cylinder strength of concrete at 28 days
fex: Characteristic compressive cylinder strength of concrete at 28 days
ferm: Mean value of axial tensile strength of concrete at 28 days
E.n: Secant modulus of elasticity of concrete at 28 days

The objective of this project is to determine the effect of using GGBFS as a cement
replacement on the early-age thermal loading in concrete. Eurocode 2 [2] gives following

equations to estimate the mechanical properties of concrete before 28 days:

2

fem(t) = exp {5 [1 - (TS)O'S]} X fem
foom® = exp {51 = (2) "]} ¢ feom

fem(t) 0.3
Ecm(t) = [K] Ecm
fctk(t) =0.7 X fctm(t)

Where:

t: Age of concrete in days
S: Coefficient dependent on the type of cement:

= 0.20 for CEM 42.5R, CEM 52.5N and CEM 52.5R

= 0.25 for CEM 32.5R, CEM 42.5N

0.38 for CEM 32.5N

fem (O): Mean value of compressive cylinder strength of concrete at t days
fetm (0): Mean value of axial tensile strength of concrete at t days
E.n(t): Secant modulus of elasticity of concrete at t days
fetr(t): Characteristic axial tensile strength of concrete at t days

Concrete thermal loading has been modelled at the age of 3 days. The mechanical properties
of C30/37 concrete at 3 days are estimated according to Eurocode 2 [2] too:

0.5 0.5
fem(3) = exp {s ll — (?) l} X fom = €xp {0.25 [1 — (?) l} X 38 = 22.73MPa

0.5 05
feem(3) = exp {s [1 — (2—t8> } X fetm = €xp {0.25 ll - <?) l} X 2.9 =1.73MPa

Fom(O1%° 22.731°3

E.n(3) = [ + E.p = [W x 33 = 28.28GPa
cm

foee(3) = 0.7 X form(3) = 0.7 X 1.73 = 1.21MPa
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The  linear  coefficient of concrete thermal expansion is taken  as
10 X 107%/°C according to Chinese code, GB50010-2002 [3]. In this project, S00MPa
characteristic strength reinforcement [7] is used to resist both thermal actions in slabs.

CONCRETE EARLY-AGE TEMPERATURE DIFFERENTIALS

The short-term temperature difference T1 (°C) is defined as the difference between the peak
temperature during the early age exothermic cement hydration reaction and the ambient
temperature at the time of casting. The magnitude of T1 depends on the composition of the
concrete mix, formwork materials and the ambient temperature. T1 for the above four mixes
have been investigated by Bamforth [5]. These results were obtained from 225mm thick
concrete specimens (slabs) cast against steel formwork. The concrete placing temperature
was measured as 20°C. Test results showed the following short-term temperature differences:

- Mix MO: T1=15°C
-Mix M30: TI=12°C
-Mix M50:  TI1=10°C
-Mix M70:  TI1=9°C

A higher temperature difference, T1, is to be expected when the concrete placing temperature
is higher than 20°C. The maximum allowable placing temperature recommended by ACI
305R, i.e. 38°C, is assumed to be appropriate in China and used in this case study
investigation. Bamforth [5] proposed the following adjustments to T1 for a placing
temperature of 38°C:

- Mix MO: Adjusted T1=24°C
- Mix M30:  Adjusted T1=21°C
- Mix M50:  Adjusted T1=19°C
- Mix M70:  Adjusted T1=17°C

CONCRETE AUTOGENOUS SHRINKAGE
Autogenous shrinkage is a short-term effect caused by the hydration of the unhydrated
cement. This shrinkage will become more significant with low water-cement ratio mixes.
Eurocode 2 [2] gives following equation to predict the autogenous shrinkage strain.
gca(®) = 2.5(far — 10) X [1 — exp(—0.2 X t%%)] x 107°

Where:
€cq. Autogenous shrinkage strain

Autogenous shrinkage occurs over a longer duration than early-age thermal contraction,
although a large percentage takes place soon after casting, as shown in Figure 3.
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Figure 3 Autogenous shrinkage curves (reproduced from Eurocode 2 [2])

Autogenous shrinkage had been taken into considerations in GSA modelling by applying an
equivalent temperature range, AT. The value for AT is calculated by dividing the autogenous
shrinkage strain by the coefficient of thermal expansion, 10 X 1076/°C [2].

AT = g.4(t) + ac

Where:
ac:  Linear coefficient of concrete thermal expansions, taken as 10 X 1076/°C

THERMAL ANALYSIS

Concrete early age thermal contractions were investigated using GSA modelling. Concrete
slabs and shear walls (Figure 4) were represented using a 2D element mesh comprising of flat
shells which have the same 225mm thickness as the in-situ slabs. Cracking in concrete was
modelled using an iterative analysis procedure [8]. The stiffness of highly stressed slab
elements (maximum principal stress is greater than f;(3)) was gradually reduced to enable
the redistribution of residual thermal stresses after the development of concrete cracks. In this
study, 4 different comparison analyses have been carried out using the same structural model:

- Analysis 1: Slabs with concrete made from “mix M0”. T1 has been considered in
conjunction with AT;

- Analysis 2: A repeat analysis using “mix M30”;

- Analysis 3: A repeat analysis using “mix M50”;

- Analysis 4: A repeat analysis using “mix M70”.
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Finite element analysis results from this study indicated that there is a high risk of formation
of tensile cracks on Level 1 slabs. Tensile stresses exceeding 1.21MPa, i.e. f.(3),
developed in a large region. Slab reinforcement designed based upon ultimate limit state
combinations may yield in this highly stressed region and result in concrete cracks of
excessive width. The magnitude of the concrete tensile stresses has been evaluated and
supplementary crack control reinforcement was provided to prevent the yield of existing slab
reinforcement, as shown in Figure 5. The amount of supplementary reinforcement was
determined using the following equation. Reinforcement anchorage length has not been
considered at this stage.

o X d x 1000
Ag=—— " ——

N fy
Where:
As:  Supplementary reinforcement (mm? per meter wide slab)
o: Maximum principle stress in slabs (MPa)

d: Slab thickness (mm), 300mm in this case study
fy: Yield strength of supplementary reinforcement, SO0MPa in this case study

The use of GGBFS reduces thermal stresses and the magnitude of thermal contractions
(Figure 6). With up to 30% of the cement replaced by GGBFS, approximately 20% of the
total supplementary thermal crack control reinforcement can be saved on Level 1 slabs. Over
40% of supplementary crack control reinforcement can be saved if 70% of the cement is
replaced by GGBFS.

’\I/{ B: :\\‘7 \4‘/' -
Figure 4 2D elements in GSA modelling
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Figure 5 Thermal stresses predicted by GSA analysis — crack control reinforcement required
for highly stressed > f;(3) area presented in shadow
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Figure 6 Early age thermal contractions predicted by GSA analysis

CONCLUSIONS

FEA modelling based on GSA software can be used to predict movements and stresses in
concrete structural elements for design purposes. The use of GGBFS in concrete slabs can
significantly reduce the requirement for more expensive crack control reinforcement. With up

to 70% of cement replaced by GGBFS, 40% of the supplementary crack control
reinforcement can be saved in slabs based on a case study investigation.
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Methods to Produce Low Carbon Two Stage Concrete

H S Abdelgader, A S El-baden
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During the last decades, the concrete industry has been widely developing in many ways such as the methods of
pouring concrete in order to achieve high quality concrete and low cost. Some new concretes have been produced
which are completely different from the conventional concrete in the method of mixing, pouring with no need for
the normal compaction methods which require more labour, tools and higher cost. This paper presents two special
types of concrete: Two-Stage Concrete and Rock Filled Concrete and demonstrates the advantages and special
requirements for each of the two special types of concrete and their uses. The cost of Two-Stage concrete is less
than the cost of normal concrete and there is no need for compaction or vibrating the concrete. Also, the risk of
having aggregate segregation is completely avoided since the coarse aggregate is placed before adding the other
remaining concrete constitutes. The use Rock Filled Concrete gives many advantages that related to quality, cost
and environment. The RFC gives low heat of hydration because the use of its low cement content makes it more
easier to ensure temperature control and allows continuous pouring of SCC and a reduce in the construction time
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INTRODUCTION

During the last few decades, the concrete industry has been widely developing in many ways
such as the methods of pouring concrete in order to achieve high quality concrete at a low cost.
Some of these new concretes have been produced which are completely different from
conventional concrete in the method of mixing, pouring with no need for the normal compaction
methods which require more labour, tools and higher costs. This paper presents two special
types of concrete; (i) Two-Stage Concrete and (ii) Rock Filled Concrete. In the Two-Stage
Concrete or Pre-Placed Aggregate method, as the name implies, the coarse aggregate is laid first
then the cement grout is poured by pumping tubes which are directed to the bottom of the
formwork. The grout fills the voids between the aggregate particles. The Two-Stage Concrete
differs from conventionally placed concrete in that it contains a higher percentage of coarse
aggregate; consequently, the properties of the coarse aggregate appear to have a greater effect on
the properties of the concrete. Rock Filled Concrete (RFC) which is a combination of
consolidation Self Compacting Concrete (SCC) and large block or rock with the minimum size
of 300mm. In general, RFC is produced by filling the working space with large-scale blocks of
rock to form a rock-block mass first, and then, by either pumping SCC into the working space or
pour it directly on to the surface of rock-block mass. The advantage and special requirements for
each of the two special types of concrete and their uses are presented in this paper.

TWO-STAGE CONCRETE

Two-Stage concrete (TSC) is considered to be one of the modern techniques in the concreting
industry. The two-stage concrete or pre-placed aggregate method, as the name implies, is
produced by placing the coarse aggregate in the section to be cast then grouting the cavities
(voids) of the coarse aggregate with a special mixture (grout) under pumping tubes extended to
the bottom of the form, to fill the voids between aggregate particles as shown in Figure 1. The
technology of concrete made in this two-stage method is quite different from the normal
traditional concrete, not only in the method of placement but also in that it contains a higher
proportion of stone aggregate; consequently, the properties of the coarse aggregate appear to
have a greater effect on the properties of the concrete than on the cement mortar..

Grout
injection
tube

Figure 1: Two stage concrete
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Properties of Coarse Aggregate

The choice of stone aggregate is of great importance in respect to the two-stage concrete method;
the aggregate that is used in (TSC) should be washed, free of surface dust and other impurities.
The void content of the aggregate should be as low as possible and is usually achieved when the
coarse aggregate is graded uniformly from the smallest allowable particle size to the largest size
[1]. It is typically 40 mm or larger; if aggregates smaller than 20 mm are used then the injected
grout tends to bridge the interstices, thereby impeding grout flow. The mechanics of the two-
stage concrete is depended on the mechanical properties of the coarse aggregate, because of the
point-to-point contact of the coarse aggregate.

Properties of Grout

The grout that is used in (TSC) normally consists of ordinary Portland cement and well graded
sand. The flow of the grout around the aggregate is essential, therefore some admixtures are
normally recommended to improve the flow of the grout, improve penetrability, and control the
potential for both shrinkage and bleeding.

Propagation of Mixturein Coarse Aggregate

The problem of flow and curve of mixture propagation in coarse aggregate is an important
economic question. Mathematically the description of propagation is very difficult. The shape
of the curve in Figure 2 depends on many factors such as: mixture density, intensity of mixing,
hydraulic pressure, shape and size of grains and pores.

A

y=f(x)
E
>
(0.0) '
X(m)

Figure 2 Propagation curve of mixture in stone

General empirical equation of propagation curve has been derived [2], and described in
Equationl as follows:

y= a (1)
(B +1) 7—;+1
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Where: a = thickness of stone layer (m); = (axbxf) ; a = parameter dependent of mixture
fluidity.; b = parameter dependent of stone : shape, size, kind of grain, surface , number and
relation of fraction; f = Environment of construction; y = (cxdxe); c=parameter dependent of
efficiency of flushing pipe(m’/min.); d=parameter dependent of perforation; e= parameter
dependent on the kind of excavation bottom; t = time (min.); x = distance from flushing pipe(m);
y = level of mixture mirror in stone (m).

Grouting Systems

The injection is achieved by pumping the grout through vertically mounted pipes which almost reach the
bottom of the section to be cast. These pipes are rigid, normally 20 mm in diameter and placed at 1.5 m
centers [1]. As the grout is pumped into the form the injection pipes are slowly raised. Injection of grout
into small units can be achieved by pumping into the bottom of the form.

Advantages of Using TSC

The two-stage concrete completely differs from the normal concrete in the placement and implementation
method. Some of the advantages of two-stage concrete are given as following:

Economics

The cost of two stage concrete is nearly 40% less than the cost of normal concrete. This is related to the
reduction of cement content by some 30% with no need for compaction or vibrating [3]. In the case of
using (TSC) method for underwater concreting, the cost of water-tight forms and dewatering may be
eliminated and preparatory work can be done under water.

The Modulus of Elasticity

The modulus of elasticity of two stage concrete is slightly higher than that of conventional
concrete because of point-to-point contact of the coarse aggregate and is mainly affected by the
mechanical properties of stone aggregate. Extensive laboratory tests on the two-stage concrete
using three different types of coarse aggregate (rounded, crushed, and mixed) and three different
grout proportions (w/c = 0.45, 0.50, and 0.55; c/s = 1/1.5, 1/1, and 1/0.8) were performed to
describe the concrete mechanical properties [4]. The results obtained and their statistical
analysis enables formulation of the following comments. The linear part of the stress-strain
curve may reach as much as 40-60% of the compressive strength of the specimens as shown in
Figure 3.

The static modulus of elasticity (Etsc) as a function of the compressive strength of the two-stage
concrete (fc) is derived. See Equations 2a, 2b and 2c.
For rounded aggregate:

Ersc = 28.7 +0.080 X [, (GPa) (2a)
For crushed aggregate:

Ersc =33.9—-0.049 X f°, (GPa) (2b)
For mixed aggregate:

Ersc =34.9—-0.090 X f°,. (GPa) (2¢)

The strength limit values in Eq. (2) are: 22 MPa < f°. < 32 MPa
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Figure 3 Graphical presentation of estimating two-stage concrete modulus of elasticity

The two-stage concrete static modulus of elasticity, for the examined types of aggregates and
grout proportions, is mainly influenced by the mechanical characteristics of the aggregates—i.e.,
the compressive cylindrical strength, surface texture, and grading. The type of grout has a
significant effect. The characteristic mechanical properties of the two-stage concrete can be
explained by the specific stress distributions, which occur mainly through the particles of coarse
aggregate (skeleton of the aggregate).
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Figure 4 Relationships between modulus of elasticity and its compressive cube strength
Shrinkage

The drying shrinkage of two-stage concrete is about 50% lower than that of ordinary concrete, due to the
contact between the large aggregate particles. This contact restrains the amount of shrinkage that can take
place.
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Segr egation of the aggr egate

The risk of having aggregate segregation is completely avoided in TSC since the coarse
aggregate is placed before adding the other remaining concrete constitutes. In the case of using the
two-stage concrete method for underwater concreting, the dense grout displaces upwards the water
available between aggregate particles, producing a high aggregate/cement ratio concrete with point-to-
point aggregate contact.

The Cold Joints

In the case of normal concrete, the cold joints should be executed in specific locations, but in the case of
two-stage concrete these can be executed in any location, because the coarse aggregate pieces cross the
joint, bond and shear , which in the majority of cases, will be adequate

Compressive and Tensile Strength of TSC

There is a good correlation between the compressive strength and tensile strength of (TSC). The
compressive strength and the tensile strengths of (TSC) were investigated at 28 days for all grout
proportions. On the basis of these results a relationship between tensile and compressive strength of TSC
has been statistically derived. See Equation 3

Fe=(A)+ B) +fc +(O) x (fc)” (MPa) 3)

Where: ft* is tensile strength and fc' is compressive strength, A,B,C and D are regression coefficients
shows Table 1 [5]. The measured tensile strength of TSC is in fact higher than that predicted by the ACI
equation for conventional concrete. The greater mechanical interlocking among the particles could be
responsible for this high tensile strength.

Table 1 Regression coefficients of equation (3)

CORRELATION
TYPE OF GROUT A B C D COEFFICIENT
Without admixture -49.67 -0.44 38.63 0.150 0.724
Superplasticizer 39.97 0.36 -32.28 0.100 0.800
Expanding -4.30 -0.30 1.82 0.658 0.721
admixture
Combination of
superplasticizerand - o) <o 1.15 132.28 0.108 0.680

expanding
admixture
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The uses of Two-Stage Concrete

TSC can be used for many applications just as:

e TSC is suitable for use in effecting repairs and making additions to concrete structures.

e Where placement by conventional methods is difficult (e.g., massive reinforcing steel)

e  When low-volume change of the repair concrete is required to avoid cracking caused by
excessive tensile stresses in the overlay concrete because of dry shrinkage and restraint
provided by existing concrete.

e Where underwater placement is necessary because dewatering is difficult, expensive, or
impractical and water conditions permit. In the case of using two-stage concrete method
for underwater concreting, the water and air being displaced upward by the rising grout
front. Injection is continued until a free washout of grout is emitted from the top of the
pour and the voids between the aggregate is completely filed by the cement grout as
shown in Figure 5.

Figure 5 Underwater concreting by using two stage concrete

ROCK-FILLED CONCRETE

Rock-filled concrete (RFC) is a new type of concrete for massive concrete construction works
based on the technology of Self —Compacting Concrete (SCC). It is produced by pouring ready
— mixed SCC into the voids of large blocks of rock with the minimum size 300 mm in the
formwork. The SCC fills the void space between the blocks due to its good fluidity and
segregation resistance, and thereafter the mix sets to form the RFC mass. Figure 6 shows, RFC
is a combination of consolidated SCC and large blocks [6].

Figure 6 Rock-filled concrete
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Self-compacting concrete (SCC) is defined as ‘a concrete that is able to flow under its own
weight and completely fill the formwork, while maintaining homogeneity even in the presence of
congested reinforcement, and then consolidate without the need for vibrating compaction [7].
(SCC) has been used in various kind of practical structures all over the world. The immediate
cause for the employment of SCC is summarized as follows:

e To shorten the construction period for large scale construction.

e To assure compaction in the confined zones of reinforcing bars where vibrating
compaction is difficult or impossible.

e To eliminate noise or vibration due to compaction in concrete production.

e To assure durability with no initial defect of concrete or sure compaction.

However, in spite of these benefits, compared with conventional vibro-compacted concrete, SCC
displays lower E-modulus, higher hydration heat and is also more costly in seeking to achieve
the same compressive strength. Thus, SCC has still been used as a kind of special concrete rather
than standard concrete in practical structures, especially in massive concrete in dam engineering.
Yet scope exists to employ SCC in some degree, especially in light of the further challenge faced
by dam engineering of the need to pay more attention to reducing costs and environmental
impacts in future projects. To overcome challenges in the limitation of the use of SCC ,and to
improve the economics and environmental performance of dam projects, Rock-filled concrete
(RFC) was developed as a new type of concrete for structures, especially massive concrete
structures such as dams Figure 7.

Figure 7 Self-compacting concrete
Advantages of Using (RFC)

There are many advantages for the employment of RFC in practical structures

1-  Low heat of hydration because the use of low cement content which makes it more easier
to ensure temperature control

2-  Allowing continuous pouringing of SCC to reduce the construction time

3-  No need for compaction by using SCC results in compaction being ensured independent of
the quality of construction work

4-  Simplifying the aggregate production and concrete mixing machinery contributing to cost
reduction
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5-  Using the rock-block mass as skeleton of concrete results relatively little drying and
shrinkage

6- Reducing noise as well as energy consumption contributes to lower emissions of the
greenhouse gas (GHG) carbon dioxides and also sulphur dioxide.

Application of RFC
RFC has been put practical use in the following hydraulic projects:
Experimental Dam Construction

RFC was first used in a gravity dam in a reservoir project in Beijing. The 13.5 m high, 2,000 m’
gravity dam was finished in 2005.

Auxiliary dam in Baoquan Pumped Stor age Project

After successfully employed in experimental gravity dam RFC was applied in part of the
auxiliary dam of the upper reservoir in Henan Baoquan pumped storage project.The dam was
designed as a 50000 m3 , masonary construction , such as low construction with RFC to solve
the problems in the practical masonary construction, such as low efficiency and low construction
quality . It was finished in 2006 and the picture of the site during RFC construction is shown in
Figure 8.

Figure 8 Auxiliary dam

Gully Backfill in Baoquan Pumped-Stor age Pr oj ect

After finishing the RFC construction on part of the auxiliary dam at Baoquan, most of the
engineers involved, including those with the owners, designer and construction, understood more
about the benefits of RFC and came to an agreement on using RFC instead of conventional
vibro-compacted in the gully backfill project. The total volume of the backfill project was
130,000 m’ ,and approximately 50,000 m® of them was constructed with RFC.
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Caisson Backfill in Xiangjiaba Hydr opower Project

RFC was also employed in the Caisson backfill in Xiangjiaba hydropower project, which would
be the third largest hydropower station in China. Approximately 70,000 m® of RFC had been
constructed in the Caisson backfill project and it was finished in the end of 2007 (see Figure 9).

. e
caisson --*';'5

ﬁ’""
_—F = ..-r ‘ ";

Fra

Figure 9 Caisson

CONCLUSIONS

The cost of two stage concrete is almost 40% less than the cost of normal concrete. This is
related to the reduction of cement content by 30% and there is no need for compaction or
vibrating of concrete.

The risk of having aggregate segregation is completely avoided since the coarse aggregate is
placed before adding the other remaining concrete constitutes.

Bond of two-stage concrete is excellent because the grout used to consolidate the pre-placed
aggregate penetrates surface irregularities and pores to establish initial bond.

In the case of normal concrete, the cold joints should be executed in specific locations, but in the
case of two-stage concrete can be executed in any location, this is because the strength of two-
stage concrete depends specifically on the coarse aggregates itself.

The use of Rock Filled Concrete gives many advantages related to quality, cost and environment
considerations.

The RFC gives low heat of hydration because the use of low cement content which makes it
easier to ensure temperature control.

RFC Allows continuous pouring of SCC and reduce the construction time

In RFC method there is no need for compaction as using SCC results in compaction being
ensured independent of the quality of construction work

Simplifying the aggregate production and concrete mixing machinery contributes to cost
reduction

Using the rock-block mass as skeleton of concrete results relatively little drying and shrinkage

Reducing noise as well as energy consumption contributes to lower emissions of the greenhouse
gas (GHQG) carbon dioxides and also sulphur dioxide.
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Low Carbon Gound Floors for Housing: A Case Study

C Shaw
Independent Consultant, UK

The Paper describes the design and construction of the world’s first fully integrated super insulated flexibly detailed
hybrid reinforced concrete ground floor slabs for a housing development which incorporated ‘underfloor heating’
within the structural slab. This design provided a low cost low carbon floor which was constructed faster and easier
than the previous slabs used for this type of development. The five house types were all designed using the same
system. The first layer comprised super insulated carbon enriched units, which were laid on a sand blinded base of
previously excavated material. The units each stand on integral legs, giving an air space under the main insulation,
and interlock to give a thermal break within the thickness of the insulation. The next layer was the polythene damp
proof membrane. New, specially designed soft formwork spacers were placed on the membrane and these hold a
mix of flexibly detailed bar reinforcement combined with sheets of welded steel fabric reinforcement for economy.
The underfloor heating pipes were fixed to the reinforcement in a specified pattern provided by the manufacturer
to give individual heating control to each room on the ground floor of the house. The concrete was then poured
and power floated to give the finished floor surface. The thermal mass of the concrete greatly enhances the storage
capacity of the floor and reduces the thermal drift, giving a more comfortable environment. This design achieved
a low cost low carbon floor.

Chris Shaw is a Chartered Civil Engineer and a Chartered Structural Engineer practising as a Consultant. He
has more than 35 years experience in achieving the specified cover to the reinforcement in reinforced concrete
structures, and devised the system for achieving this which was subsequently published as British Standard 7973
in 2001. He is now Chairman of the committee that prepared the Standard and gives advice, lectures, and training on
the subject. He continues to carry out research and development on the products, their applications and innovative
uses worldwide.

Keywords: Flexible detailing, Hybrid, Insulation, Low carbon, Spacers
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INTRODUCTION

The increasing requirements of The Building Regulations in England and Wales, together with
the rising cost of energy for both the construction and running costs of buildingeshked in

more attention being given to the Carbon Cost and the Sustainability of new buildihgee is

a need to reduce the number of ‘goods miles’ travelled for building materials as the transport is
dependent on oil which continues to rise significantly in price. Progress is bettegimthe
development and implementation of new types of construction. The paper describes one such
development where a new system of ground fldordrouses was built. It was the first in the
world to be built using this system, and received approval from the United Kingdom National
House Builders Council (NHBC). It was started in 2010 and completed in 2011.

BACKGROUND

The development comprised 12 houses of five different designs placed on a steeply sloping site.
The sub-soil was chalk. The slope meant that the ground level around the houses varied
considerably and suspended ground floor slabs were needed to comply with The Building
Regulations.

The architectural drawings initially showed a pre-cast pre-stressed Inelalnhoak floor, with a

void underneath, and a series of underfloor ventilators. On top of the beams andHh#oeks
was a 20mm self levelling screed, and on thpelgthene damp proof membrane (dpm). On the
damp proof membrane there was 50mm of rigid insulation board, and on this another 50mm
thickness of insulation with the heating pipes fixed in pre-formed grooves within the insulation.
The top layer was a 50mm thisklf levelling screed.

The foundations for the first few houses had already been cast when the Client was made aware
of the Eco-slab insulation system and its advantages over the proposed fldrctions The
insulation was changed to the Eco-slab system, and the structural desiggriuthd floor slabs
commenced in conjunction with the guidance of the underfloor heating manufacturer.

The Eco-slab system has many advantages over the design of the originally proposed floor,

especially in relation to its W cost and low carbon footprint.

e The pre-stressed beam and block floor requires a lot of energy in its manufacture and
transportation, whereas the in-situ concrete for the floor is obtainedytocall

e The pre-stressed beams require manual or mechanical handling, including lifting, whereas
the concrete floor is placed in-situ;

e The ends of the steel pre-stressing wires of the pre-stressed beams are exposed and
vulnerable to corrosion. This starts from the ends and progresses along the circunofierence
the pre-stressing wires cracking the concret¢hef beam and reducing its shear capacity.

The ends of the beams and the wires were traditionally coated with a black bituminous
coating to protect them, but this practice has ceased in more recent years. Now the ends of
the wires are exposed and can corrode in the presence of moisture. The in-situ concrete slab
does not have this problem.
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e Itis well known that the actual size of a builgivaries from its design size due to tolerances
and variability in its construction. The ps&essed beams are ordered from the numerical
size on the drawings, so they may not be of the correct length when placed on the walls
below. If the walls are too close together thed ehthe beam will project into the cavity and
locally reduce the thickness (and therefore éiffeaess) of the thermal insulation, resulting
in a ‘cold bridge’, which can result in condensation forming on the end of the beam causing
corrosion of the pre-stressing wires. If thdlsvare slightly further apart than the designed
dimension then the bearing of the end of the beam on the wall, which is usually only 100mm
wide, can be significantly reduced and the masonry of the wall becomes overstressed and can
ultimately fail in shear locally. The in-situ slab has none of these disadvantages and is
formed to the actual size of the supporting walls below, thus ensuring a continuous bearing
of the full width. As the support is continuous the bearing stress on the wall below is greatly
reduced.

e The originally proposed system had a total of eight operations to complete the floor. The
Eco-slab system had only five, giving a significant saving in the cost of labour, which is the
most expensive part of the construction. The system used readily available site skills, and no
special tools were needed to place the insulation.

e The Eco-slab system is much quicker to ¢ttt from start to finish and this has cost
savings in both the programme time and the financing of the project.

e The originally proposed floor would be vulnerable to the weather for much longer than the
Eco-slab system which, apart from the actual placing of the concrete, is independent of the
weather conditions as it is an all ‘dry’ construction.

¢ The finishing screed of the proposed construction has a thickness of &0cha density of
approximately 2,000kg/m The Eco-slab system for this project had a typical concrete floor
thickness of 200mm and a density of approximately 2,300kg/m3. The thermal storage
capacity of the Eco-slab floor is therefore greatly superior to that of the originallyspbpo
design. This results in less thermal drifttire air temperature in the house, resulting in
greater comfort and a better environment for the occupants.

THE INSULATION

The increasingly stringent thermal insulation requirements of The Building Regulations (as
applied in England and Wales), together with the introduction of ‘soft’ permanent fokrhadr
previously led to problems in ensuring that the formwork provided the steel reinforcement with
the specified cover at all locations within the concrete. ‘Soft’ formwork is defined as either
expanded polystyrene (EPS), (such as Eco-slab used for insulation purposes in law carbo
construction), cellular plastic sheet (CPS), or plastic encapsulated welded steel fabric (PEWSF).
Both CPS and PEWSF have no useful thermal insulation properties. ‘Soft’ formwork is usually
used as permanent formwork. It is sometimes used for ground beams, ground bearing and
suspended ground floor slabs, and foundations. In contrast ‘hard’ formwork is normally either
plywood, timber or steel etc. and is usually temporary and removed after thretedmas set.

Only expanded polystyrene provides both the formwork function and the thermlatiors It is
therefore a much more sustainable product than CPS or PEWSF, both of which use the
increasingly expensive oil in their manufacture a@o not have the thermal insulation benefits of
expanded polystyrene.
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Expanded polystyrene is a lightweight, totally inert foam material made by thegy@gtion of
styrene, and consists of approximately 98% air by volume. It is traditionally white in colour, and
does not use the ozone depleting Chlorofluorocarbons (CFC’s), Hydrochlorofluamsarb
(HCFC’s) or Hydrofluorocarbons (HFC’s) in its manufacture.

The insulation was formed with Eco-slab carbon enriched super insulation units. Carbon
enriched expanded polystyrene is about 17% more thermally efficient than plain EPS ofg¢he sam
density. The carbon enrichment of the expanded polystyrene significantly increases its thermal
insulation and this, together with the design of the units incorporating an aérlsgraeath them,
results in a ‘super insulation’. The Eco-slab won the Shell Springboard 2010 Award for
Innovation in Carbon Reduction, and has adloAuthority Building Control Type Approval
Certificate. The Eco-slab units are made with up to 5% of recycled material and they can be
recycled at the end of their life.

The insulation complies with BS EN 13163:2008, [1], and is manufactured under a Quality
Management System to BS EN ISO 9001:2008, [2]. The polystyrene is of 100 grade (previously
Heavy Duty (HD) grade).

The modular system consists of 1m square interlocking units with overlapping edges. Each unit
sits on nine integral legs which create a void beneath the floor for services diatioen
Testing at the United Kingdom Building Research Establishment (BRE) has shown the system to
achieve a ‘U’ value of 0.19W/iK. If the density of the polystgne is increased a ‘U’ value of
0.10W/nfK can be achieved, and this gives scopefidather development of the system as the
thermal insulation requirementsdmene more stringent over time. At the perimeter of the floor
the insulation units sit on aootinuous edge support made from the same polystyrene as the
units, and this achieves a linear thermal transmittance of 0.01%W¢mthe edge of the floor.

This is several times better than that requbedhe current UK Building Regulations.

The modular units have a flat top surface for the placing of the 1200 gauge polythene damp
proof membrane and to support the soft formwork spacers for the reinforcement. The units were
easily cut to shape where necessary and thesgedetop edges werdléd with factory made

infill strips of the same pgstyrene which are supplied part of the insulation units.

The units were placed on a sub-base formed by re-using inert excavated material from the
foundations, and levelling this withthe external walls. This pvided support for the insulation

units and at the same time reduced the quantity of excavated material that needed todxe remov
from the works and taken to the landfill sitdhis saved both on the transport cost and the
landfill tax payment that would have been incurred, and reduced the carbon cost and footprint of
the project. The re-used material did not need to be fully compacted as it ceased to be
loadbearing once the concrete slab had been cast, resulting in further savings in time and cost.
Figure 1 shows a typical example of the insulation units being placed.



C Shaw 261

Figure 1 Placing the insulation units

SOFT FORMWORK SPACER

Soft formwork spacers are relatively new to the construction market. They are intended for use
with the types of ‘soft’ formwork previously mentioned, and were originally introduced in 2007
for use with expanded polystyrene insulation for ground beams and foundations where the cover
to the reinforcement would normally be either 40mm or 50mm. Details of these spacers were
published in an article in the August 2010 edition of Innovation and Research Focus [3]. The
soft formwork spacer forms part of the ongoing development of spacers and chairs based on the
previously published requirements [4, 5, 6, 7, 8]. This development was the first time that the
Eco-slab insulation units had been used with tegnmated reinforced concrete floor slab with the
heating pipes cast within it.

The cover to the bottom reinforcement was selected at 25mm for economy and cost, but there
was no 25mm soft formwork spacer made at that time. One was therefore quickly designed in a
collaboration between the manufacturer of Ho®-slab, the manufacturer of the existing 40mm

and 50mm cover soft formwork spacers, and the author, who has many years experience in the
design and performance of spacers and chairs for concrete. The design wasnbtsed o
previous experience with the first soft formwork spacers which were designed in 2007. Once
the requirement was identified it took just 25 working days to achieve approval, having
completed the design, prototyping and testing. Immediately upon receipt of approval the
contractor ordered the spacers and production staftee first delivery ospacers, sufficient for

the first few floor slabs, was matiethe site within days.
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The 25mm soft formwork spacer was testedctmfirm compliance with British Standard
7973:2001 Part 1, [9], and the design drawifagsthe reinforcement included the requirement
for them to be fixed in accordance with the requirements of British Standard 7973:2001
Part 2, [10].

FLEXIBLY DETAILED REINFORCEMENT

When reinforcement extends through a concrete member to each end the end cover becomes a
critical factor in achieving dability. This situation is known as ‘reinforcement between fixed
faces (of the concrete)’. If the distance between the faces of the formwork is less than the
designed dimension and the reinforcement is in one continuous length the specifiediltover

not be achieved and the durability of the reinforcedcrete will be decreased. To overcome

this problem it was decided many years ago fileatbly detailed reinfocement was the answer.

For a slab this can be achieved by stopping alternate bars of the main reinforcement before the
end bearing at one end. One of the problems thighreinforcement in slabs is that if straight

bars (shape code 00 in British Standard 8666:2005 [11]) are used the permitted tolerance in
Table 5 of British Standard 8666_is + 25mm. If the bar is 25mm longer than the length specified
in the bending schedule the end cover can be significantly reduced. If the speegtadlethe

bar is reduced by 25mm to avoid this problem then the overlap at the bearing mayced ted

a minimal amount. There is also the ongoing problem of locating the bar with the correct end
cover within the fixed faces of the formwork. This was solved by including the requirement of
Clause 5.2 of British Standard 7973- 2:2001 [10] which specifies that the bar shall bleyfixed
locating it with the correct end cover and tying it from that end inward. The requirement for
flexibly detailed reinforcement was also specifically included in The Standard Method of
Detailing Reinforcement [12].

In this project four of the house types had simply supported floor slabs spanningrbétee

side walls of the houses. The width of the slabs varied from 5,493mm to 6,041mm, and
averaged 5,767.5mm. The slabs had 100mm bearing on the blockwork of the wesofethe
external walls of the houses. The end cover to the reinforcement was specified as 40mm. The
cover value therefore represented only 0.69% of the width of the slab. If a straight reinforcing
bar had been used, without flexible detailing, then the end cover could have beexd teduce
15mm by the +25mm tolerance on the length of the bar, a reduction in the cover to les&than 38
of the specified value. In aadance with the flexible detailiprequirement the main reinforcing

bars were scheduled as shape code 11 to British Standard 8666:2005 [11], with a standard bend
to Table 2 of British Standard 8666:2005 at one end, and the ‘B’ length reduced to give a greater
end cover at the other (straight) end.

This flexible detailing of the meforcing bars meant that tolerances in the setting out of the
houses, the positions of the internal leaf of the walls, the formwork, and any out of squar
tolerances could all be accommodated within tiyed&of the reinforcement by locating the bent

end of the bars with the correct cover and tying them from the bent ends inwards. The bent ends
of the reinforcing bars were f&tl with 40mm soft formwork spacers because the edge formwork
was formed with rigid polyisocyanue{PIR) foam insulation strips.
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HYBRID REINFORCEMENT

Bar reinforcement was used for the main reinforcement because the span of the floor slabs was
greater than the 4.8m length of standard sheets of welded steel fabric to British dStandar
4483:2005 [13]. However, bar reinforcement takes longer to fix than sheets of fabric. The main
bar reinforcement was therefore overlaid with a sheet of welded steel fabric with its main wires
on the lower face and located between the main bar reinforcement. The area of main tensile
reinforcement comprised the area of the bar reinforcement plus the area of the main wires of the
fabric reinforcement, giving an economical solution. The combining of bar and fabric
reinforcement in this way is called hybrid reirdement. The distributioreinforcement for the

slab was provided by the cross wires of the welded steel fabric. The reinforcement for the
perimeter around the sheets of welded steel fabric was constructed with flexibly detailed
individual reinforcing bars.

When using welded steel fabric there has been a problem where adjacent sheets are lapped
together, and where the corners of four sheets are lapped there can be up to eight thicknesses of
wires. This can move the wires up to, or sometimes above, the neutral axis of the slab. This
problem is solved by butting the edges of the shigether and using loose splice bars, tied to

the wires of the fabric. In this way the wirestloé fabric all remain in their correct planes.

Four types of house used a simply supported single span for the floor slabs, requiring only
bottom reinforcement. The fifth type of housdiich was the largest, required a partly two and
partly three span slab which spanned from the front to the back of the house. This stall requi
both top and bottom reinforcement, and sheets of welded steel fabric were used for the top
reinforcement. Normally the top reinforcem would have been supported from the bottom
reinforcement by means of continuous steel wire chairs to British Standard 7973:2001
Parts 1 and 2.

However, in this project the central heatinggs were wired to the distribution reinforcement

and there were no standard height continuoud skedérs available to give the correct cover to

the top reinforcement. This was solved by using a hybrid comprising 500mm lengths of
continuous cementitious spacers fixed to the distribution reinforcement of the slab at right angl

to the main reinforcement, with lengths of goatggpe continuous steel wire chairs wired to the
spacers at right angles. The top wires of the chairs supported the main wires of the top sheets of
the welded steel fabric, giving the correct top cover.

All of the reinforcement was tied together @amcordance with the requirements of British
Standard 7973-2:2001, Clause 5. A combination of traditional 16 gauge black annealed soft
iron tying wire and proprietary wire loop ties warsed for the tying. Slash ties were used for
tying both the reinforcement and the sheetsvelded steel fabric together. Figure 2 shows a
typical example of the reinforcement and heating pipe layout.
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UNDERFLOOR HEATING

The underfloor heating was originally proposed to comprise a flexible pipework system placed in
pre-formed grooves in 50mm thick insulation, with a 50mm thick self levelling screed laid on top
of it. In the improved design the heating pipes were cast into the structural cdlocnetab.

This is an established practice in mainland aeréor floors above ground level, but relatively
new in the UK. Ground floors in Europe are often formed of ground bearing slabs with the
heating pipes cast in the top part of the slab. The combination of all of the elementdaf this
carbon ground floor design is unique, and this site is the first to be constructed in this manner.
The layout of the heating pipes was specially designed to ensure the integrity of the structural
concrete floor slab.

The pipes were 16mm overall diameter and made principally from polybutylene (PB) which is
more flexible than other materials commonly used for underfloor heating. The pipes have a 75
year design life and guarantee, and so they can be expected to last for at leasgthidedesi

the house. Each room on the ground fload haseparate heating circuit and the pipes were
terminated at a manifold. Heat was provided from a gas boiler. The pipework acbmijthe

British Standard BS EN ISO 15876 Parts 1,2, 3 and 5 [14,15,16,17], and the system was
designed to British Standard BS EN 1264t®dl — 5, [18,19,2@1,22], under a Quality
Management System to BS EN 1SO 9001:2008 [2].
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The pipes were fixed to the reinforcement ie thottom of the slabs with plastic cable ties.
When complete, the pipes were pressurised to 2 bar and the pressure maintained and monitored
until after the concreting had been completed.

CONCRETE AND FINISHING

The concrete mix was a standard RC25/30 Nfmix with Ordinary Portland Cement (CEM1),

250 kg/m3 minimum cement content, 0.65 water cement ratio, 70mm consisternee targ
(previously known as the slump), and a 20mm maximum aggregate size, sourced locally to the
site and delivered by ready mixed concrete lorry. The underfloor heating pipes were kept
pressurised during the placing of the concrete and checked to ensure the pressurenasthem
being maintained. The concrete was vibrated with a vibrating poker, levelled off and then
finished with a power float and cured with a sprayed curing membrane. The use of locally
sourced concrete saved the carbon cost of producing and transporting pre-castged-sgams

and blocks from the factory to the site. In the United Kingdom (UK) the pre-cast pre-stressed
beams and blocks would be delivered from the factory which typically incurs adistagice of

93 road miles (150 road kilometres) for a Heavy Goods Vehicle (HGV). In contrasathe re
mixed concrete would typically be delivered from a local depot involving a distance of just 5
road miles (8 road kilometres) for the lorry to travel [23]. The pre-cast pre-stressed beams would
normally require some form of mechanical hiamgito unload from the delivery lorry and place

in position on the foundation walls. In contra$te ready mixed concrete could be discharged
directly into its final position in the slab,\8ag the cost of the mechanical handling.

COST COMPARISON

The five types of slab are each different du¢hi design of the various house types, and their
resultant size, shape and thickness. The cost per square metre of floor slab therefore varies
accordingly. The cost of slabs built using this system would also vary depemmingsuch

factors as the number to be built on a site, and the site location within the UK or elsewhere. A
cost comparison for the thickest slab, which was 225mm deep, was carriechguhasiational

rates published in Spon’s Architects and BuidBrice Book [24]. The beam and block floor
design cost £75.61/mand the low cost floor slab design was £49.334iving a considerable
financial saving as well as a more sustainable and easily built floor. The savings in the energy
used for space heating over the life of the house would be significantly more than the cost
of the slab.

FURTHER DEVELOPMENTS

These houses were the first in the world tdob#t using this integrated low carbon system for
the ground floor slabs. The slabs were designed and constructed to a very shortetiméscal
the first floor slabs were being constructed and their construction monitoredcame
clear that:-
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The system worked in practice;

Now that it had been proven in practice there was considerable scope to develmpetime sy
further through the use of, for example, the partial replacement of primary aggregates with
recycled aggregates, the use of pumped concrete, and the possible use of self levelling
concrete.

N

There has now been time to consider these further enhancements to this system for low cost low
carbon floor slabs on subsequent projects.

SUMMARY

The design and construction of this development project has shown that it is ppsaitileal

and economical to construct low cost low @arbsuper insulated ground floors for houses.
Savings in the carbon cost of the development have been made at many stages during both the
design and construction phases, and these have produced an incremental sheifigpancial

cost and the carbon cost of the floors. In addition the better insulation provided by this design
over the originally proposed design will give siipant savings in the energy cost for heating

the houses over their lifetime. At the end of their lives almost all of the components of the floors
can be easily recycled with currently available technology.

CONCLUSIONS

The development and use of this integrated hybrid system for low cost low carbod foaus

is a major step forward in reducing the enviremtal impact of this element of construction.
The savings accrue both from the energy saved in the actual construction paocesise
thermal efficiency energy savings during the life of the houses.

The system has been proved to work in practice and should be adopted for new housing
construction. There is potential to develop the system further, and to use it for otlseoftype
building applications.
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Design of Concrete Bridges for Sustainability and Durability

J M Macia, S Mirza
McGill University, Canada

Sustainable and durable infrastructure facilities, including bridges, require optimum use of all resources during all
phases of the project with savings in energy and water consumption. These involve planning, design, construction,
maintenance, operations, repair and rehabilitation, and finally decommissioning and disposal of the debris at the
end of its service life. Design of a sustainable and durable bridge structure requires consideration of a few feasible
alternatives to develop an optimum option to fulfill all of the relevant limit states, with the most optimum life-cycle
performance and the lowest life-cycle costs. The current national standards do not account for the anticipated
increases in operating loads and the increasing deterioration of bridge structures over their service life. While
these standards emphasize quality control in the choice of materials, design and construction, they do not provide
guidance and scientific tools to design and maintain a bridge structure for durability over its service life, and
include only prescriptive tools for preventing or minimizing some deterioration modes. This research program
integrates sustainability and durability requirements in the design of a conventional bridge structure in a cold
climate country, subjected to the various mechanical, natural and man-made loads and an aggressive environment,
and considers the performance of the various materials and structural components over the design service life. The
latest available models of the relevant deterioration modes have been incorporated in the life-cycle performance
and design considerations. The basic procedure adopts a multiple protection strategy for all deterioration modes,
resulting from the related aggressive actions, and integrates durability considerations with structural calculations
for the final design and defines maintenance strategies and any needed supplementary protection techniques. The
procedure is illustrated in a worked out design example, summarized in the paper.
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INTRODUCTION

Durability design aims to establish the penfiance of construction rexials and the various
bridge components and the overall bridge ctrre over its service life under all prevailing
load and environmental conditions. The desmwcedure integratedifferent fields of
engineering that concern the durability of a reinforced concrete structure, including
construction materials, structurdésign, construction practicedyrability andsustainability
considerations, life-cycle costing, bridge mg&@ent and maintenance strategies. It should
be noted that durability can only beh&ved through a holistic design approach.

Durability design of a structure incorporates multiple protection strategies against the
different actions that may cause its detetion over the servicefdé. The key steps in
designing for durability include: ¢ermination of the service life dhe structure, analysis of

the environmental effects, identification ofettmechanisms of deterioration affecting the
structure, selection of adequate models and evaluation of durability parameters, design and
selection of good-quality construction materiatgegration between durability parameters
and structural calculations to define the final design, identification of supplementary
protection measures, and definition of the regplimaintenance strategies. It is generally
accepted that higher initial investments during design and constructigghases of a bridge
project would normally requirdower maintenance, repaand renovation costs over its
service life.

THE DESIGN EXAMPLE

The proposed bridge structuresses a river and corute an intermediate town with a major
highway system. The town is located nélae metropolitan region of Montreal, Quebec,
Canada. This bridge is lifeline structure and jph an emergency system which must remain
operational during and after a major catastrophe. dritdge will sustain &ffic equivalent to
1000 daily trucks per lane. Figure 1 slsotlve elevation view of the bridge.
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Figure 1 Bridge elevation

The total width of the bridge is 15.07m inding four traffic lanes, two lanes in each
direction, two shoulders of 1each, and a concrete barrier placed on either side. The bridge
has three equal spans of 26m each, with irgdrate semi-continuous supports configured by
the pier and bridge deck arrangements. Tingesstructure consists of two sets of seven
simply-supported girders, arranged in threansp The foundations ebasically defined by

two intermediate rigid-frame piers, and two cantilever abutments. These elements are
supported by a series of circular caissibrag transfer the loads to the bedrock.
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DESIGN FOR SUSTAINABILITY AND DURABILITY
Sustainable Development

The concept of sustainability can be related to responsible anohaddes use of natural
resources to provide important benefits te society without compromising their supply for
future generations. Sustainability inidge design can be achieved by emphasizing
conservation measures, use of renewableuress, waste reduction, recycling of used
materials and structural elements, and cotepdavironmental and economic assessments of
the applied loads and the various macro- ancrartlimates on the bridge structure, using
valuable tools, such as life-cycle costs analysis and value enginddria@nalysis involves
not only the initial costs of design and constretibut also the futureosts of maintenance,
repair, rehabilitation, and decommissioning of streicture at the end of its service life. The
design of a durable structufer sustainability requiresdvanced planning, thinking and
rethinking and optimizatin of the design alternatives to identify the option with the most
optimum performance and thenest life-cycle costs [1].

The design for durability require®nsideration of different meahisms of deterioration that

may be initiated by the environmental condiBo(macroclimate and microclimates) present

at the bridge. Bridge design for durability necessitates proper selection and design of the
construction materials, the use of high quatipnstruction practiceshe identification and
detailing of critical parts, the definitionnd implementation of an effective maintenance
program and the monitoring of the performance of the structural components [2].

The different aspects related to sustainability darability are not explained or introduced in
the current national bridge design codes withearckcientific and rational approach as used
for structural analysis and design. The deal with theseubjects by providing some
prescriptive measures for duil#ly of construction materialsncluding a minimum concrete
cover thickness, type of reinforcement, chderion content, sulphatdtack, and freezing and
thawing cycles, among others. The current ddiaths emphasize the need to employ high-
quality concrete and steel.dditionally, a minimum servicdife of 75 years is normally
required for bridge structures. Howevere ttodes do not provide detailed guidance on how
to attain this service life by ensuring adequateability of a properly designed, constructed
and maintained structure [3].

Durability Design Approach

The design procedure for bridge struetur must established adequate durability,
serviceability, safety, and general sociofemmic and environmental benefits for the
surrounding communities throughout its specified service life. During analysis and design
stages, it is essential to consider the diffeteatl cases that may affect the structure during
its service life, including not only the conveartal mechanical actions, but also all possible
environmental effects that may be develoggabally and locally on the structure. Bridge
design for durability can be implemented by integrating the results of traditional design for
mechanical loads, and durability design paramelédre key steps that need to be considered

in designing for durability of a refarced concrete bridge are [3]:

1. Description and location of the bridge.
2. Definition of the service life of the structure.
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Analysis of macroclimate and microclimates.

Identification of the contralhg deterioration mechanisms.

Primary design and selection of materials.

Structural design integrated with durability considerations.

Analysis of the structural performasmover service life ofhe structure.
Adjustment of the bridge characteristito ensure the required service life.

© 0 N o 0 b~ oW

Final design and detailing.
10.Description of supplementaprotection measures.
11.Definition of maintenance strategies.

SERVICE LIFE OF THE STRUCTURE
Required ServiceLife

According to the Canadian Highway Brid@esign Code (CHBDC — May 2010) [4], the
required target service life of a new struetunust be 75 years. This minimum overall
service life of the bridge of 75 years implies ttfa most critical elements of the structure,
such as foundations (abutments and piers)garers must perform satisfactorily over this
time period and must fulfill all of the requiredniit states for the structure. Other components
less critical to the integrity of the structure ntegve a shorter service life, with the need to
replace them as part of the maintenancatejy. Some of these components may be the
asphalt concrete pavement, waterproofing nramds, protective coatings for concrete and
steel elements, expansion joints, bearinbayriers, drains, slope protection systems
and others.

Durability Design Formulation

The service life of a structure is affectedthg macro- and micro-environmental conditions
that determine the type and severity of tegradation mechanisntd the materials that
compose the different structural memberstlué bridge. Additionally, the quality of the
construction materials and the degree of exmosiithe different members to the aggressive
conditions may vary significantly. Therefore, the performance and service life of this kind of
structure should preferably be treated stocbabt; this stochastic procedure takes into
account the real nature of sttural performance to produceeiable structural design.

The various equations for load, resistance s@ice life are quite intricate, complicated
further by the existence of the various detetion modes. There is a need to define a
lifetime safety factor for the bridge. The design service life is determined by multiplying the
target service life by a lifetime safety factor [5].

ty = 1y @)
wherety = design service lifég = target service life, and = lifetime safety factor.
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Deter mination of lifetime safety factor

The lifetime safety factor is the relationshiptween the mean sexei life obtained from a
distribution of probable service difvalues of a structure, andetkarget service life that is
required for the design of the project. Theetiihe safety factor can be determined by a
stochastic method, assuming a normally distadulegradation around a mean value, and a
standard deviation of this degradation bgangportional to the mean degradation. Following
these assumptions, it is possible to obtam fibllowing expression for the lifetime safety
factor [5]:

v =(Bvo +1" @

where n = lifetime safety factor,
£ = reliability index,
W = coefficient of variatn of degradation, and
n = degradation rate exponent.

The CHBDC establishes that for the desigmetv bridges, its components must not fail
suddenly, and abrupt collapse of the struetonmust be avoided. Accordingly, the lifetime
target of the reliability indey? can be defined as 3.75 for most bridge structures for the
ultimate limit state (ULS). The Eurocode ddishes for ULS two reliability indices of 3.8
and 3.1, which are associataith the probabilitiesof failure of 7.2 x 18 and 9.7 x 10,
respectively. Similarly, for the serviceabilitymit state (SLS), the Eurocode defines two
reliability indices of 2.5 and 1.5, associateith the probabilities of failure of 6.2 x Taand

6.7 x 107, respectively. The degradation rate expomewill affect the determination of the
lifetime safety factor (Equation 2) in the following waw= 1 represents a linear degradation,
n = 0.5 represents a retarding degradation,ren@ represents an @lerating degradation.

Chloride-induced corrosion is perhaps the mugical deterioration mechanisms in most
bridge structures in North-America where-ideg salts are usuallgmployed for traction
during the winters. Accordinglythe use of a degradation raggponent of the order of 2
could closely represent the belmur of a reinforced concrete element subjected to such
aggressive environmentSonsidering that the various mieclimates can be developed in
different bridge members, depending on thgrde of exposure to certain environmental
conditions, the extent of the detration mechanisms can be considered to be elevated. For

this reason, high values of, can be adopted for the determination of the lifetime
safety factor [3].

A reliability index of § = 3.8 is adopted for ULS, considey that any premature failure of
the structure would represent serious cqasaces on the surrounding environment and to
the local society. Accordingly, the ULS lifetime sgféactor for this structure is selected as
n = 2. Consequently, the design senviée for the ultimate limit state i s = 2x75 =150
years. For the SLS, a reliability index 8f= 2.5 is adopted, considering that any premature
serviceability failure of the structure would repent serious consequences in the use of the
structure. Accordingly, the lifetime safety factor results toybe 1.73. Consequently, the
design service life for the saceability limit state ig4qs= 1.73x75 =130 years [3].
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DURABILITY PARAMETERS

| dentification of M acro-climatic Conditions

The bridge project is situated in the southweshe province of Quebec (Canada), near the
city of Montreal, with a longitude of 73° 3%iest of the Greenwich meridian, and a latitude
of 45° 30’ north of the Equator. The lbcanvironment is greatly influenced by the
confluence of several climaticg®ns, generating a climate classified as humid continental,
or hemiboreal. The range of monthly temperasuvaries from -40°C to 37°C. This region
receives an average of 10vih of precipitation per yeaaround 87mm per month. There is
an average annual pipttation of 218cm of snowfall, whitoccurs from November through
March. The average annual relative humidgy77.4%, and the average monthly relative
humidity varies from 71% iMay to 83% in September.

There exists an extreme possibility of accurtiataof ice, generating important mechanical
and environmental loads that must be cosrgd. Additionally, due to the extreme cold
temperatures during this periodtbe year, saturated soil can be subjected to freezing, up to a
depth of about 2m. This factor must be d¢dased in the design of the foundations, placing
the foundation elements at anegdate depth to protect theotings, shafts, piles and pile-
caps against the effects of freezing and thawing cycles [6, 7]. According to the CHBDC, an
hourly mean wind pressure of 461Pa is calted for analysis oWwind loads on bridge
structures located in the metropolitan area of veaitwith a return period of 150 years [4].
The bridge crosses a river, 75m in width andiémepth at its deepepbint. During winters,

the river does not freeze; however, it carriesdacg blocks that can affect the foundations.

| dentification of Micro-climatic Conditions

The macroclimate surrounding the bridge caeat¥ certain micro-climatic, or local
conditions at different locations on the struetuitepending on the degree of exposure to the
specific environmental conditions. The differ@nicro-climate zones that are identified for
the bridge structure, as shown in FigurelTBe microclimates, expogel conditions and the
mechanisms of deterioration that can occeo the different structural members are
summarized in Table 1.

HIGH WATER LEVEL
MEAN WATER LEVEL |
LOW WATER LEVEL

RIVER BED <grosssesssr T — IS

BEDROCK R —

Figure 2 Microclimates at the bridge intermediate pier [3]
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Table 1 Microclimates, exposure conditiond amechanisms of deterioration in different
structural members of the bridge [3]
MICRO- BRIDGE DETERIORATION
EXPOSURE CONDITIONS
CLIMATE ELEMENT MECHANISMS
Rain and wind exposure; accumulation of de-icingFrost attack; surface
Upper side of the salts; abrasive deterioration due to traffic; freezingdeterioration;

A ppdeck Slab and thawing cycles; exposure to £@etting and  carbonation and
drying cycles; exposure to sunshine and daily chloride-induced
temperature changes. corrosion.

Rain and wind exposure; accumulation of de-icingFrost attack; surface
Interior face of the salts; splashing of chloride solutions and water  deterioration;

B barrier from traffic; freezing and thawing cycles; exposurecarbonation and
to CO,; wetting and drying cycles; exposure to  chloride-induced
sunshine and daily temperature changes. corrosion.

Exposure to rain; wind abrasion; accumulation of Frost attack: surface
Exterior face of the de-icing salts; wetting and drying cycles; freezing deterioratior,r
C barrier; exterior ~ and thawing cycles; exposure to £L@ndown of carbonation é\nd
girders; external  water, or snowmelt carrying aggressive agents, hloride-induced
faces of the piercap. especially de-icing salts; exposure to sunshine an@orrosion
daily temperature changes. )
. . . Frost attack; surface
Possible cracking and leakage of water carrying e
Lower face of the . : . > deterioration and

D deck slab aggressive agents causing efflorescence; wetting chloride-induced

and drying cycles; freezing and thawing cycles. .
corrosion.
Frost attack; surface

E Interior girders Exposure to wind; wetting and drying cycles; deterioration and

9 freezing and thawing cycles. reinforcing steel
corrosion.
Uoper parts of the Frost attack; surface
= FeF; coFI)umns and Exposure to rain and wind; wetting and drying deterioration and
P abutments cycles; freezing and thawing cycles. reinforcing steel
) corrosion.
Internal parts of the Frost attack; surface
G piercap; zone Exposure to wind; wetting and drying cycles; deterioration and
between the freezing and thawing cycles. reinforcing steel
columns. corrosion.
Middle part of the  Exposure to rain and wind; exposure to spray frorrg;?g:ig:i%kr; ztrjlréace

H pier columns (spray the river; exposure to cyclical splashing; wetting . .

. reinforcing steel
zone). and drying cycles. .
corrosion.
Lower part of the Frost attack; surface
pier columns at the Frequent wetting - drying and freezing - thawing deterioration and
| transition zone cycles; exposure to rain and wind; ice abrasion ancinforcing steel
between high tide ice impact. corrosion; abrasion of
and low tide. concrete by ice.
Lower part of the W . S . . Surface deterioration;
. . ater and ice abrasion; ice impact; absence of air, .
J pier columns in the abrasion of concrete by
submerged zone. and free oxygen. ice.
founF()jIg:igr?LutrErnou h Embedded zones into the sedimentary stratum;
K the sedimentar 9" absence of air; no significant potential for chemicdo major deterioration is
deposits of the ri\>//er attack due to the interaction with aggressive soil expected.
P b deposits.
ed.
Embedded zone of Embedded zones into the bedrock; absence of air'No maior deterioration is
L the pier columns into no significant potential for chemical attack due to y

the bedrock.

the interaction with aggressive soil deposits. expected.
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Environmentally-induced mechanisms of deterioration

It is possible to identify the principal mechans of deterioration from the different possible
modes of deterioration in a component, thay affect the integrityof the construction
materials and hence, the loaaitying capacity of t& structural member. These mechanisms
of deterioration have to be @yzed with appropriate analyéitdeterioratiortime models to
evaluate the damage. While coresible research is in progeeto develop #se models, the
models presented by Sarja and Vesikari (1998)and by The International Federation for
Structural Concrete (2010) [8] have been addph this research work; these can be updated
using more accurate and up-to-date modelshag become available. The mechanisms
which were considered during the designdurability of the bridge are [3]:

Frost Attack: Caused by freezing and thawing cycles.

Abrasion of Concrete by Ice: From the parmant exposure to tlilow of the river.
Abrasion of Concrete by Ice: From the pamant exposure to the flow of the river.
Surface Deteriorationweathering caused by temperatared moisture fluctuations,
leaching, accumulation of salts and efflorescence.

5. Corrosion of Reinforcement: Chloridend carbonation-induced corrosion.

rwnE

Minimum Requirementsfor Construction Materials

After an iterative process of analysis for tifferent modes of the deterioration [3], it is

possible to identify the various rates of degraafadf the different bridge elements, and then
improve and adjust the design for the durabiléguirements for the construction materials,
such as concrete cover, typkesteel, concrete mixture dgsi, and supplementary protective
measures, with the purpose atfaining an appropriate optimuperformance of the bridge

during its required service lifd.able 2 shows the different ratef the various mechanisms
of deterioration of ta bridge elements.

Table 2 Rates of deterioration, initiatitme for corrosion and carbonation coefficients [3]

RATES OF DETERIORATION, mm/year

Mechanisms , Pier , Girders
Slab Barriers Columns Abutments Caissons -
caps Edge Interior
Frost attack 0.1953 0.2139 0.1307 0.1024 0.1500 0.0341 0.1193 0.0540
Without
Abrasion loosening - - - 2.3835 - 2.1792 - -
of aggregates
concrete With
by ice loosening - - - 22.3601 - 24.4564 - -
aggregates
Surface deterioration 0198 0.2884  0.0940 0.0476 2378 0.0048 0.1737 0.0135
0.031 0.024 0.019 0.002 0.021 0.002 0.024 0.002
Chloride-induced - . -
corrosion Corrosion initiation timety (years)
18 20 25 28 25 74 6 6
Carbonation-induced Carbonation coefficienc

corrosion 0.92 1.01 1.17 2.36 1.18 1.18 090 201
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Table 3 shows the minimum required concreteer thicknesses for the various bridge
elements that were calculated using the iterative improvement of the durability design
parameters for the bridge. These values wdferdnt from the different prescriptive values

of minimum concrete cover thkoess described in the various codes used in Canada for the
design of concrete structures. In one of thesathe prescriptive value of concrete cover for
the slab was lower than the minimum concreteecthickness required ensure an adequate
durability and performance of this elemefhe manipulation of theonstruction materials
during construction plays an important role oe tmal durability provisions of a concrete
bridge. It is crucial to imlement careful procedures ¢hyg mixing, transporting, placing,
finishing and curing the concret8imilar care must also be exxised in handling the steel
reinforcement, especially when galvanieator epoxy coatings are planned to be used.

Table 3 Concrete cover thicknessestiie analyzed members of the bridge

MINIMUM CONCRETE COVER THICKNESS, mm

C(C)Q\f;?te Reinforced Concrete Prgsgg;sssed
requirement  Slab Barriers Piercap  Columns  Abutment Caissons Edge Interior
CSA-S6-06 70 70 70 70 70 100 45 40
CSA A23.1 60 60 60 40 75 75 60 60

MTQ* 60 75 75 75 75 60 40 40

Required 73 56 34 44 50 20 37 33

Adopted 75 75 75 75 75 75 45 45

e Ministére de transport du Québec

STRUCTURAL DESIGN FOR DURABILITY

The structural design of thdifferent bridge members waserformed according to the
guidelines and specifations provided by the CHBDC. €hintegration of the durability
parameters with traditional structural desgocedures necessitatédte implementation of
different models of analysis and design of diféerent bridge elements, based on their nature
and design assumptions. Basically, these madetsrporated the progress of a controlling
degradation front towardselcenter of the section of the bridge element [9].

Prestressed Concrete Girder Design

The integration of the rates of deterioration thif¢ct the girders cannot be made directly in

the structural design formulat for these elements due to the complexity of the various
parameters involved in the desigha prestressed concretedge girder. However, the input
information for these parameters is influencedthry rates of deterioiah at different time
intervals, which enables establishing an iterative process that simulates the progressive
deterioration of the bridge girder and the corresponding loss of load-carrying capacity and
serviceability.

Figure 3 shows the progress of deterioratiothefcomposite slab-girder section, represented
as a grey-coloured zone that penetrates ghydido the girder and the slab with time,
according to the rate of deter@dion acting on the bridge deck.
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The performance of the bridgedgrs during the desigservice life is summarized in Figures
4 to 6, for the different limit states considered for the design of these elements, such as ULS,
SLS, and fatigue limit state (FLS).

t = 0 years t = 75 years t = 150 years

Figure 3 Degradation of the composite slab-girder section with time [3]

With time, the compressive and tensile stresdethe girder extreme fibres increase as a
result of the loss of cross-semal area of the composite slab-girder section. The tensile
stresses increase at a higher rate thanctimpressive stresses during the service life.
However, none of these internal stresses exak#dte maximum allowable levels, even after

150 years.
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Figure 4 Internal stress levalsthe composite section (ULS) [3]
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Figure 5 Flexural resistance and shearisgstance of the composite section (ULS) [3]

The loss of shearing resistance was more pronounced than the loss of flexural capacity
(Figure 5). However, none of these ultimditait states were attained by the composite
section, even after 150 years. The increase of static deflection is represented by a second-
degree curve, similar to the increments ofititernal stresses in the composite section. The
serviceability limit state of deflection is fulfilled throughout the seeviife of the bridge

(Figure 6). The stress variation was withihe maximum allowable strand stress range of
125MPa for fatigue considerations.
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Figure 6 Static deflections (SLS) and pressing steel stress varats (FLS) of the
composite section [3]

As a general conclusion, the esgtion of the type of girder, agell as the careful design and
selection of the construction materials ftre deck elements produce a satisfactory
performance of the composistab-girder section during the design seeviife and beyond
(150 years) for the different limgttates considered in the desmfithe bridge superstructure
for durability.

Deck Slab Design

Reinforced concrete elements, such as the budg& slabs, allow a more direct integration
of the durability parameters into the stuwet design equations. Figure 7 presents the
definition of a model that integrates all of taggmrameters, where b = width of the reinforced
concrete section,gh= initial height of the sectiondk initial effective height of the section,
Co1 = Initial concrete cover at thieternal face of the sectiony,G= initial concrete cover at the
external face of the sectiony = depth of deterioration ofoacrete that takes place at the
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internal face of the section,,r= depth of deterioration ofoacrete that takes place at the
external face of the section; B height of the section bw affected by the rates of
deterioration & and ¢, d; = effective height of the section being affected by the rate of
deterioration #1, do = effective height of the seoti being affected by the rate of
deterioration &, G1 = concrete cover of the sectioneaffed by the rate of deterioration, 1G,

= concrete cover of the sectionexdted by the rate of deterioratiaf, 1, = initial diameter

of the reinforcing bars near the internal face of the sectign= dnitial diameter of the
reinforcing bars near the external face of the sectign=ddiameter of the reinforcing bars
affected by the rate of corrosiog,r dy» = diameter of the reinforcing bars affected by the
rate of corrosiongp, rs1 = depth of corrosion of the reinfang steel at the internal layer of
reinforcement, andsy = depth of corrosion of the reinforcing steel at the external layer of
reinforcement.

Figure 7(a) presents a reinforced concretei@@td be analyzed per unit width (deck slab,
barrier, beam, etc.), where the concreteer on both sides areulgected to different
mechanisms of deterioration. This will be the cafsa bridge deck slab which is subjected to

two microclimates with different rates of deteation taking place on the two sides of the
element. Figure 7(b) represents the situation where the concrete cover is completely
deteriorated and then the reinforcing steel begins to corrode. The active corrosion process
starts once the initiation period for corrosionoiger, and then it continues according to
relevant the rate of corrosioand other durability paramese Figure 7(c) shows that
corrosion first starts at the outermost exposed point of the reinforcing bar, and then it
continues around the perimeter of the'.bRigure 7 (d) shows that once corrosion on the
rebar has occurred over the enpeximeter, corrosion will contue towards the inside of the
rebar, reducing the cross deatof the bar in proportioto the rate of corrosion.
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Figure 7 Reinforced concrete section parameters for the structural and durability design [3]
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Figure 8 Positive and negative bending moments on the deck slab (ULS) [3]

Figure 8 shows the load-carrying capacity perforoeaof the deck slab in terms of flexural
capacity for positive and negative bending moments resulting from the loads applied to the
different panels of the slabBigure 9 shows the permance of the cditever overhang of

the deck slab, showing the loss of flexural resistance in negative bending and an increase in
the deflections at that portion of the slab.

It is evident that with proper reinforcement distition, adequate seléen of materials, and

careful design of the concrete mixture, the slab presents an adequate performance throughout
the service life of the bridge. For the ULBJaSLS, both design service lives of 150 and 130
years were attained.
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Figure 9 Flexural resistan¢gdLS) and deflections (SLS) d@iie cantilever overhang of the
deck slab [3]

Pier Colum Design

The structural design for durability of pier columns was performed using an iterative analysis
of the different column sections that arettigg deteriorated bythe various degradation
mechanisms, and identifying their bearing a@fy against the applied loads by using the
interaction diagrams for flexural and axi@ads for the different column sections.
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Figure 10 Interaction curves of the pietumns considering deterioration caused by
abrasion by ice and frost attack [3]

The performance of the pier columns undlee condition of flexural compression and
deterioration mechanisms is analyzed initially for abrasion by ice as the controlling
mechanism of deterioration. Figure 10 (a) shawat the abrasion by ice on the pier columns
produces a significant deteriorati@f the reinforced concretgection, up to the point of
inducing failure of the column at th#l_S after 145 years of service life.

The piers of a bridge play a ac#l role in the integrity of the bridge structure, and at the
same time they are extremely difficult and costly to replace. Therefore, it is very important
that these elements attain thguiged design service life of thwidge. For this reason, it is
required to limit the aggressive action o€ iabrasion on the pier column by implementing
additional protective measures represented byirtbtallation and construction of protective
islands around the piers, made of protectivek fayers placed and arranged to decrease the
flow around the pier columns. Once these pitotecislands are inslied, the controlling
mechanism of deterioration acting on the piducms is frost attack. Figure 10 (b) shows the
performance of the pier column over the desgrvice life, considering the effect of frost
attack. It is evident that the fermance of the pier column gatisfactory. At the end of the
service life, there inough column resistan@gainst the ultimate flexural compression
conditions developed in both pripeil directions of the columns.

SUPPLEMENTARY PROTECTION MEASURES

Following a multi-stage protection strategy, additional protective measures are implemented
to reduce the impact of the deterioratioeamanisms on the most vulnerable parts of the
bridge, thereby extendinits service life. There are sorsepplementary protection measures
that are applicable to all reinfied concrete elements of thedge. They are related to the

high quality control standards diog the production, handlinglacing of the concrete, and
adequate procedures for placing, compactiigrating and curing # concrete. However,
there are some others which are more spegifibe different bridge elements. These are:

1. Prestressed girders: The use of coatisgaling treatments and/or membranes on the
girder surfaces to prevent chloride peagtm during the design service life, the use
of regular steel for the passive reinforarnto reduce the electrochemical potential
for corrosion of the prestressing strandad the installation of parapet walls (tall
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barriers) and cornices to minimize thdaging and rundown ofater with de-icing
salts to the external face§the edge girders.

2. Bridge deck slab: The use of galvanized steel for the slab reinforcement, the
installation of waterproofingoatings and membranes on tighe concrete slab, and
the use of microfilament polypropylene #sr in the concrete mixture to control
cracking, improve impact, shat and abrasion resistance.

3. Pier columns: The use of galvanized bt the column reinforcement, and the
construction of protective ighals around the piers to diminigihe effects of abrasion
by ice and to reduce the riskk any vessel collision.

MAINTENANCE STRATEGIES

The maintenance procedures must be addressatstowe the attainment of the design service
life for each bridge elemenfrom the foundation to the supgructure. The maintenance
strategies must consider diféat kinds of maintenance medures to be performed on the
bridge during its service lifeincluding its maintainabilityand the needed preventive and
corrective maintenance. Figure 11 shows a schbatebrings the key asgis that need to be
considered to define the mains:ce strategies for the bridge.

PREVENTIVE MAINTENANCE DESIGN FOR MANTAINABILITY

= All necessary actions to preserve the = Ensure easy maintenance operations.

original conditions of the bridge. = Simple geometry.

= Cleaning, washing, restoration of
membrane and coatings.

= Retrofitting of supplementary protection
measures.

CORRECTIVE MAINTENANCE

= Easyaccess.
= Installation of monitoring devices .

= Repair, rehabilitation and strengthening,

according to an established framewark.
= Restoration of serviceability, safety and
resistance levels for the structure.

= Provision of added service life for the
structure.

l

_A_

- ™
Performed periodically, based on:

= Routine inspections.
= Detailed inspections.
= Special inspections.

Figure 11 Key aspects ofaghmaintenance strategies [3]

CONCLUSIONS

The following basic conclusions can é&wn from this research work:

- A complete structural design for durability is essential to ensure the attainment of the

required service life.

- A holistic design approach is necessargéfine an adequate design for durability.
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Different interdisciplinary studies need to be integrated within the holistic design
approach.

The feasibility of a bridge project mube based on its life-cycle performance and
cost analysis, converting all future opesatiand maintenance cesnto the present
value.

A thorough understanding of the macroclimatic and microclimatic conditions that
surround the bridge is necessary to simulbéedecline of théoad-carrying capacity
of the bridge, and to formulate the necessary supplementary protective measures.

The integration between structural design arvaderials engineering is basic to define
the time-dependant perforn@nof the bridge structure.

The structural design must be accompanied by a maintenance strategy for the owner
and the operator to ensure satisfactpgrformance of the bridge throughout its
service life and beyond.
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Rheological Measurement of Fresh Portland Cement Concrete Using Direct Shear Box
Tests
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Generally the rheological properties of fresh concrete are described by the Bingham’s parameters, namely yield
stress and plastic viscosity. But, there is no concurrence in the measurement of rheological properties by various
rheometers, besides, the stimulus provided to concrete during testing is dynamic. Systematic study of rheological
properties using specially fabricated customised direct shear box is used for fresh Portland cement concrete in this
study. The uniqueness of the procedure is that after finding the peak shear stress, the shear stress at zero normal
stress and at zero displacement rate was found before finally finding the rheological properties. The important
characteristics of the test are the very low shear rate applied on the specimen during testing which is similar to
the condition experienced by the concrete in the field and also the static condition of the test. The water was
varied from 160 to 190 /m? and cement content from 300 to 450 kg/m3. Different displacement rates (5 to 25
mm/min) and normal stresses (0.015 to 0.035 N/mm?) were used. Total numbers of trials considered were 162.
The rheological properties were obtained immediately after mixing and for few mixes after a lapse of 40 minutes
and 60 minutes after through mixing. The results show that fabricated customised medium size direct shear box
can be used as a new tool to find the relative values of yield stress and plastic viscosity of fresh concrete effectively
as a static test with low shear rate and can be an alternative in place of rheometers with high shear rate. The values
are higher as compared to the values obtained by other rheometers. However the trends are very similar to the
studies using rheometers i.e., significant decrease in rheological properties as the paste content increases. Also
thixotropic behaviour is clearly observer with elapsed of time.
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INTRODUCTION

Concrete is a complex material and its properties in the fresh state can have a large effect on
hardened properties. Unfortunately, the technology to measure the properties of fresh
concrete has not changed significantly in the last century. Fresh concrete property i.e.
Workability is still measured using the slump test. In fact, concretes with the same slump
may flow differently and have different workability. The reason two concretes with the same
slump behave differently during placement is that, concrete flow cannot be defined by a
single parameter [1]. Rheology is a study of deformation and flow of materials under loads.
Workability of concrete mixture is closely related to the flow properties of the concrete and
there is a need to develop methods based on a material science approach. Fluid rheology is a
well established, widely used science that can be applied to the properties of fresh concrete. It
can be said that fresh concrete is a concentrated suspension of aggregates in cement paste and
the cement paste itself is a concentrated suspension of cement grains in water. To
characterize and understand the fresh properties of concrete at least two physical properties,
namely yield stress and plastic viscosity, need to be measured. Yield stress commonly occurs
in multi phase fluids such as concentrated suspensions. The solid particles interact to form a
flocculated, three-dimensional network structure that resists flow at sufficiently low stresses.

The yield stress is related to the force required to break down this structure and initiate flow.
The concept of yield stress is readily seen in concrete slump test. Even though fresh concrete
can be considered as a fluid, the characterization of its rheology is complicated by the fact
that concrete is a complex heterogeneous material with time-dependent properties and wide
range of particle sizes. Due to this complexity, no definite method for predicting the flow of
concrete exists and measurements of the rheological parameters are not easily made.
Therefore, the flow of a given concrete is usually measured at sites using one of the many
empirical tests like slump test [2].

Flocculated systems such as cement pastes typically are thixotropic and exhibit a yield stress.
Most researchers agree that the flow of concrete can be described reasonably well using a
Bingham equation. This equation is a linear function of the shear stress (the concrete
response) versus shear rate. Two parameters provided by the Bingham equation are the yield
stress and the plastic viscosity. It describes a linear relationship between the stress acting to
shear concrete (shear stress = t) and the rate at which it is sheared (shear rate = y) with
viscosity (p) being the slope in this relationship and the y intercept being the yield stress (o)
and the relation is as follows:

T=To+ py

The term yield stress and viscosity provides a more comprehensive description of fresh
concrete than the conventional workability tools. Static measurement of yield stress measured
when the material is initially at rest are typically higher than the measurements of yield stress
obtained from dynamic measurements of the flow curves. Bingham flow model commonly
assumes that if lower shear rates could be measured the flow curves would continue back and
intercept shear stress axis [2]. Accurate data at low shear rates are needed to confirm that
flow curves can truly be extrapolated to a zero shear rate. The accuracy of such low shear
measurements is reduced by slip, fracture and expulsion of sample. The advent of modern
controlled stress rheometers have allowed measurements to be made at significantly lower
shear rates than previously possible. These rheometers show that at low shear rates viscosity
is very high.
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When the shearing is increased beyond a certain point, viscosity begins to decrease rapidly. It
has been debated widely if a yield stress really exists or not, since in a given time all fluids
will exhibit flow. But it is a term with practical significance. Static measurement of yield
stress measured when the material is initially at rest are typically higher than the
measurements of yield stress obtained from dynamic measurements of the flow curves.

Nguyen and Boger [3] state that yield stress is a model parameter but not a true material
property. If it is assumed that yield stress is a relevant parameter to be measured, the actual
measured value can vary significantly depending upon the test method used.

RHEOMETERS

Rheological properties can be measured in capillary tube viscometers or rotational
rheometers. In concrete, rotational rheometers are used predominately in cases where the
rheological parameters are to be determined in fundamental units while variations on
capillary tube viscometers are used in limited cases. According to Hackley and Ferraris [4],
rotational methods are generally better for concentrated suspensions, gels, and pastes despite
the fact that capillary tube methods tend to be more precise in measuring viscosity. Rotational
methods offer the advantage of being able to shear a sample continuously in order to achieve
equilibrium and to monitor changes over time. Rheometers usually measure shear stress at
varying shear rates. They are basically dynamic tests. By measuring a series of combinations
of shear stress and shear rate, a flow curve can be determined.

Some of the concrete rheometers used are BML, BTRHEOM, CEMAGREF-IMG coaxial
rheometer and IBB. While traditionally rheometers have been successfully used for fine
particle suspensions, concrete presents unique challenges. Unlike traditional rheometers,
concrete rheometers must deal with the large size of coarse aggregates, concrete segregation,
and time dependence of flow properties. For instance, in order to achieve a linear flow
gradient with coaxial cylinders rheometers, the difference between the inner and outer
cylinder radii should be at least five times the maximum aggregate size. Rheometers
constructed based on these particular requirements are generally too large to be practical.
Indeed, many of the problems with rotational rheometers have yet to be overcome. Rotational
rheometers are most typically used exclusively in the laboratory. Although some rotational
rheometers have been designed to be sufficiently small and rugged for use on jobsites, the
limited availability and high cost of these devices make them impractical for regular field
use. There is also a problem of dead zone in co-axial cylinder rheometers. Dead zones are
those where the material is static and does not flow.

The problem cannot be fully eliminated when the rotational speeds are low, particularly for
concrete which exhibit significant yield stress. Methods to improve the accuracy of such
rheometers are not always successful. In concrete, the presence of aggregates also influences
the actual radius at which flow ceases and dead zones come into effect. Also, the range of
shear rates applied in a rheometer for a given fluid should be similar to the shear rates present
in an actual field conditions, but this does not happen in most rheometers. Not many studies
seem to have been done to determine the actual shear rates in the field for different
construction processes. A number of papers in the literature indicate that thixotropic and time
dependent properties alter the values of yield stress and plastic viscosity and hence it is
almost impossible to determine these parameters accurately in any dynamic rheometer. It is
also known that it is inappropriate to test low slump concretes in concrete rotational



290 Rheological Measurement of Fresh

rheometers due to the high deborah number that indicates that the material is less of a fluid
but nearer to a solid. The values of yield stress and plastic viscosity compiled by Ferraris et
al. [5] from different rheometers, but measured on identical specimens, show that there is no
agreement of the measured values among the different types of rheometers.

DIRECT SHEAR BOX

As reported by Newman [6], Herschel and Pisapia [7] and later L’Hermite and Tournon [8]
studied the resistance of freshly mixed concrete in terms of shear stress. L’Hermite and his
co-workers used direct shearing apparatus of the kind used for testing the strength of soils.
The method chosen to follow indicates that they considered shearing stress in a freshly mixed
concrete to be due to internal friction analogous to the friction between a solid body and a
plane solid surface when that body is resting on the surface.

When they plotted the graphs between shear stress versus shear strain for various normal
stresses, keeping the displacement rate constant, interestingly they found that shear stress
increases linearly with the degree of distortion up to a maximum value, then decreases and
finally levelling off. This was called as ‘dilatancy’ and the reason for this decrease in shear
resistance was that after this stage, further distortion resulted in the formation of a sliding
plane and the coarse particles originally interlocked take up positions with less resistance to
movement. So, in a direct shear test apparatus, the shearing stress is created by imposing a
movement of the lower half of the shear box while applying a static load to the load plunger
and can be used to assess the cohesive strength of a fresh concrete mixture.

EXPERIMENTAL PROGRAMME
Materials

Ordinary Portland cement (C 53 grade), conforming to the requirements of Indian standard IS
12269-1987 (ASTM C 150-85A) was used. The specific gravity value and Blaine fineness
were 3.15 and 265 m?/kg. Natural river sand was used as fine aggregate and crushed angular
granite stone as coarse aggregate. The bulk specific gravities of the coarse aggregate and fine
aggregate were 2.68 and 2.67 g/cm? respectively and their absorption values were 0.35 and
2% respectively. The maximum size of the aggregate used was 20 mm.

M ethodology

In this study, the cement content was varied from 300 to 450 kg/m? and water content from
160 to 190 1/m?® covering practically the range used in the field covering a wide range of w/c
ratio from 0.35 to 0.63. The mixture proportioning of concrete was based on absolute volume
concept. Total of 162 trials consisting of three different strain rates of 5, 15, 25 mm/min, in
combination with three different normal stresses of 0.015, 0.025, 0.035 N/mm?, were used.
The use of chemical admixture was avoided as it will influence and interfere in the test
values. After through mixing of the fresh concrete in a pan mixer the rheological properties
were determined and for few mixes after a lapse of 40 minutes and 60 minutes after mixing.
The results immediately after mixing were considered as results at zero minutes. For each
trial after through mixing the concrete was kept undisturbed till the required time of testing.
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Medium Size Direct Shear Box

Based on the experience from the previous test results [9] obtained from using the smaller
size direct shear box (60 mm x 60 mm x 25 mm) and the unique procedure adopted for
obtaining rheological parameters for static loading condition, fabricated customized medium
size direct shear box was used for testing fresh concrete in this study. The size of the sample
was 150 mm cube and can be tested for coarse aggregate of maximum size 25 mm. The strain
rate for shear load ranges from Imm/min to 100 mm/min. The shear stress developed at such
a faster rates is captured using servo-controlled data acquisition system. The loading unit has
different normal stresses up to maximum of 30 N/mm?. The normal loads are applied on the
specimen through a pneumatic actuator and a stress regulator. Electronic data acquisition
system comprises of micro controlled based signal conditional unit and a processing unit
along with a Load cell of high sensitivity of 0.1 kN with a load measuring capacity of 50 kN.
Data acquiring system can acquire and store the data at the rate of four consecutive readings
per seconds. There are two specifically programmed softwares, namely, Tango and Direct
Shear Multi cohesion version 1.0.1. Tango is used for acquiring the data and storing it to
computer and the other is used to analyse the stored data (simple excel sheet can also do the
job). Figure 1 shows the newly fabricated customized medium size direct shear box. The
important characteristics of this test are the static condition of the test and very low shear rate
applied on the specimen during testing which is similar to the condition experienced by the
concrete in the field.

= T ' B

Figure 1 Medium size direct shear box
Procedurefor the Determination of Rheological Properties

Extending the study of L’Hermite, the detailed procedure to determine the Bingham
parameters at zero normal stress and zero displacement rate using fabricated customized
medium sized Direct Shear Box was published for the first time by the authors elsewhere
[10]. This section briefly illustrates the procedure once again for the benefit of the readers.
The freshly mixed concrete (say Mix G) was placed in the direct shear box and a particular
displacement rate (y) and a normal stress was applied on the sample. The test was stopped
when the shear load started to decrease (point of dilatancy) or when it became almost
constant. The test was repeated for different normal stresses. One such plot for the mix (G) is
shown in Figure 2. The plot of shear stress versus shear strain for displacement rate of
5 mm/min for normal stress of 0.015 N/mm? is shown in Figure 2 (a). From this relation the
maximum shear stress ({’) for the normal stress 0.015 N/mm? was found.
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For the same normal stress, similar procedure was followed for the mix for finding the
maximum shear stress with the displacement rates of 15 and 25 mm/min and the plots are
shown in Figure 2 (b) and 2 (c). Similar plots of shear stress versus shear strain for the
displacement rates of 5, 15 and 25 mm/min were obtained for other normal stresses 0.025 and
0.035 N/mm?.

These plots are shown in Figures 2 (d) to 2 (i) and maximum shear stresses were obtained.
Further, with the values of maximum shear stress for each displacement rate and the
corresponding normal stresses, graphs are plotted and straight line fits were made (Figure 3).
The line intersecting the y-axis (shear stress axis) gives the yield stress ({’¢) of concrete at
zero normal stress for a particular displacement rate, as the direct shear box test cannot be
carried out at a zero normal stress. Similar straight line fits were made for all displacement
rates and yield stress at zero normal stresses were obtained.
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Figure 2(a, b, ¢) Shear stress versus shear strain curves for mix G at normal stress of
0.015 N/mm? and displacement rates of (a) 5 mm/min, (b) 15 mm/min and (¢) 25 mm/min
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d)

Figure 2(d, e, f) Shear stress versus shear strain curves for mix G at normal stress of
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0.025 N/mm? and displacement rates of (d) 5 mm/min, (¢) 15 mm/min and (f) 25 mm/min
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Figure 2(g, h, 1) Shear stress versus shear strain curves for mix G at normal stress of
0.035 N/mm? and displacement rates of (g) 5 mm/min, (h) 15 mm/min and (i) 25 mm/min
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Figure 3 Peak shear stress versus normal stress for mix G at displacement rates of
(a) 5 mm/min, (b) 15 mm/min and (¢) 25 mm/min

Further, graph was plotted between displacement rates and the yield stress at zero normal
stress obtained for different displacement rates (Figure 4). The intercept of the line on the
y-axis (o, shear stress axis) can be regarded as the relative yield stress ({y) and the slope of
this line as the relative plastic viscosity () similar to Bingham parameters [11].
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The uniqueness of this test method is that, the shear stress at zero normal stress and zero
displacement was found before finally finding both the relative yield stress and the relative
plastic viscosity. Other important characteristics of this test are the very low shear rate
applied on the specimen during testing which is similar to the condition experienced by the
concrete in the field and also the static condition of the test.

BINGHAM PARAMETERS (MIX-G) y= %20916{;9[‘)5.041
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DISPLACEMENT RATE. mm/min

Figure 4 Shear stress at zero normal stress versus displacement rate for mix G

Rheological Propertieswith Elapsed Time

For the mixes with water content 175 I/m? and for three different cement contents further tests
were conducted at elapsed time of 40 minutes and at 60 minutes after thorough mixing, in
addition to the tests conducted immediately after mixing of concrete. For each trial the
concrete was kept without remixing till the required time of testing. The plots of shear stress
versus shear strain for different elapsed time are shown in Figure 5 for the mix D. The same
procedure enumerated in the previous section was followed for finding the rheological
properties namely yield stress and plastic viscosity for elapsed time.

Figures 5 (a) to 5 (i) shows the plots of shear stress versus shear strain for different
displacement rates and normal stresses. The plots are shown for the mix with cement content
300 kg/m? and water 175 I/m>.
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RESULTSAND DISCUSSION

Table 1 shows the relative yield stress and relative plastic viscosity at zero minutes along
with the mixture proportions of the mixes. From Table 1 it can be observed that in a given
mix for the same water content as the cement content increased the relative yield stress of
concrete decreased. For example for water content 175 1/m? the relative yield stress decreased
from 50995 Pa to 25497 Pa as the cement content increased from 300 to 450 kg/m?. This
phenomenon is attributed to higher paste content (cement + water). As the cement content is
increased for the same water content it results in higher volume of paste and better lubrication
of the aggregate particles thereby reducing the inter-particle friction and also probably due to
better coating of the paste on the aggregates. Also higher paste content means lower
aggregate content and lower volume fraction of aggregates result in increased spacing
between aggregates and thus lesser resistance to flow.

This is also true when the water content is increased for the same cement content. As such at
lower paste content the interparticle friction dominates resulting in higher relative yield stress
which is clearly brought out by the direct shear box test. Similarly, the relative plastic
viscosity values are higher for the same water content with higher cement content as the mix
becomes more cohesive.

An increase in the cement content at a constant water to cement ratio provides more paste to
coat aggregates and to fill the spaces between the aggregates. Relative yield stress and
relative plastic viscosity obtained in this study are higher than those reported in the literature
using rheometers. This could be possibly due to particle interference or friction during
shearing at low rates. In most rheometer experiments, initially the fresh concrete is sheared at
high rate before the rheological tests and then the shear rate is reduced gradually in order to
obtain the Bingham curve [2]. Such high shear rates are normally not encountered while
placing of concrete. But the trends reported are similar to the results obtained using
rheometers i.e. higher the paste content the lower the yield stress [5].

Table 1 Relative yield stress and relative plastic viscosity at zero minutes

s RELATIVE RELATIVE
v CEMENT. WATER, AGGREGATE ke iy prasmic
fine coarse STRESS, Pa  VISCOSITY, MPa:s
A 300 795 1184 80800 2.75
B 390 160 765 1139 75400 3.15
C 450 745 1108 44900 4.07
D 300 780 1160 50995 4.68
E 390 175 749 1115 30401 6.48
F 450 729 1085 25497 13.68
G 300 764 1136 40800 12.31
H 390 190 733 1091 26459 27.72
| 450 713 1060 23323 25.27




S Girish et al 301

Table 2 Relative yield stress and relative plastic viscosity
for elapsed time for mixes with water content 175 I/m?

CEMENT, WATER, RELATIVE YIELD RELATIVE PLASTIC
MIX o3 v WC TIME IR ESS, Pa VISCOSITY, MPa-s
0 min 50995 4.68
D 300 0.58 40 min 54917 20.16
60 min 56192 2401
0 min 30401 6.48
E 390 175 044 40 min 34323 18.72
60 min 50995 2376
0 min 25497 13.68
F 450 038 40 min 27459 2052
60 min 58840 21.96

Table 2 shows the relative yield stress and relative plastic viscosity at elapsed time of
40 minutes and at 60 minutes after thorough mixing, in addition to the tests conducted
immediately after mixing of concrete for the mixes with 175 I/m?. As can be seen from the
Figure 5 the peak shear stress values are higher as the elapsed time is more, clearly bringing
out the effect of structural built up. This clearly brings out the thixotropic and time dependent
property of concrete and the degree of structural build up during the rest period as can be
seen in the values of relative yield stress in Table 2. Similar behaviour was corroborated in
case of relative plastic viscosity i.e. the plastic viscosity simply increases as the elapsed time
increases.

CONCLUDING REMARKS

This experimental study has shown that specially fabricated customized medium size direct
shear box can be used as a new tool for determining the rheological properties of fresh
concrete. The uniqueness of the test is that the values arrived at, are by considering both the
normal stress and displacement rate at zero values and the stimulus provided to the concrete
is similar to the field practice. The procedure is simple and it follows the determination of
intrinsic shear stress initially and then further relating this intrinsic shear stress at zero normal
stress through interpolation to shear rate and finally through interpolation at zero
displacement rate. The yield stress and plastic viscosity are named as relative values partly
because the values so obtained are higher than those reported in literature as determined by
high shear rate rheometers. For the same mix, as cement content increased there is a
significant reduction in relative yield stress or plastic viscosity. This aspect may be useful in
identifying the intrinsic changes in the mixes. The relative yield stress and plastic viscosity
increases as the elapsed time increases and thixotropic behaviour is observed. The specially
fabricated customized medium sized direct shear box can be used as a new tool to determine
rheological properties effectively as a static test and can be an alternative in place of
rheometers which use high shear rate.
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Durability Performance: Models & Test Methods

C A Clear
Mineral Products Association, UK

For reinforced concrete the environmental conditions that lead to corrosion of reinforcement, such as carbonation
or chloride ingress, are recognized as well as those environmental conditions such as aggressive soil or freezing and
thawing that lead to the deterioration of concrete itself. Although a complete understanding of all the deterioration
mechanisms that affect concrete is some way off there are simplified models for some aspects of deterioration.
The simplified models will only be useful where they can incorporate materials performance coefficients that can
be obtained in a robust, repeatable and reproducible manner. For this reason it is important to continue to develop
and standardize performance tests and models such that the results are both reliable and meaningful. At this time
tests for chloride diffusivity, carbonation resistance and freeze thaw parameters have yet to be fully standardized
at the European level, although European Technical Specifications are available and are being assessed. In some
European Countries an equivalent performance concept has been adopted, a concept that formalizes testing of a
proposed concrete to demonstrate performance of not less than a reference concrete of established durability. For-
malised guidance for this concept at the European level is likely to be the most practical move towards performance
based specification prior to the establishment of indicative performance criteria.

Chris A Clear BSc PhD CEng MICE FIMMM FICT is the Technical Director of the Mineral Products Association,
UK and is a member of British and European Standardisation Committees concerned with concrete. Main subject
areas of interest are concrete production, technology and all aspects of durability and performance.
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INTRODUCTION

As stated in the Standard itself consideration is being given to detailing a performance -
related approach to the specification of durability in the European Standard for Concrete
EN 206-1 [1]. Although some European member states have developed tests and criteria in
which they are confident for use in their own country, the necessary Europe-wide consensus
for the detailed requirements of performance based specifications is unlikely to be developed
in the near future. This is unfortunate as 'sustainable development' is becoming a primary
design consideration and the level of green-house gas emissions embodied in construction
materials as well as during the in-use phase is already a requirement of an increasing number
of buildings and infrastructure projects. Sustainable development should mean that all
buildings and structures remain serviceable for their intended working life, preferably with a
minimum level of maintenance or refurbishment. For this reason it is very important to have
a comprehensive understanding of the likely deterioration processes and how the appropriate
quality of material may be specified to provide the required durability.

Currently the UK has comprehensive guidance within the British Standard for Concrete
BS 8500-1 [2] in terms of limiting values for intended working life of up to at least 50 or 100
years for concrete exposed to corrosion of reinforcement induced by carbonation or chloride
ingress. The problem with the limiting value approach is that the values adopted may be
accepted as safe, but there is no way of verifying if they are safe or overly-conservative. In
previous years an overly-conservative specification for durable concrete may not have been
of great concern as the cost of reinforced concrete construction was relatively inexpensive.
The cost of concrete construction is increasing but there is also the added consideration of
environmental impacts and social considerations. Environmental impacts and other
sustainability aspects are of increasing significance, accepting it is currently difficult to make
a technically sound comparison for either buildings [3], or structures such as bridges [4], as
the metrics required have yet to be adequately defined.

To ensure that building and structures are not over-designed with respect to durability then it
is necessary to develop a performance based specification, where the essential aspect is that
the performance can be modelled and that the necessary materials coefficients can be
identified and measured.

MODELLING DURABILITY
Exposur e classes

There can be no single concrete durability model as the significant deterioration mechanisms
will depend on the environment to which the concrete element or structure is exposed.
According to European and British Concrete Standards there are five main classes of
exposure, these are set out in Table 1.

Test methods

A requirement of any modelling process is the identification of relevant materials coefficients
and the ability to measure them, preferably with a standard test method. Around the world
there are many test methods pertaining to carbonation, chloride ingress, freeze-thaw and
chemical attack. Unfortunately none of these have been developed into a European EN
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standard but there are three test methods set out as CEN Technical Specifications. These are
CEN/TS 12390-9 for freeze-thaw resistance - scaling [5], CEN/TS 12390-10 for relative
carbonation resistance [6] and CEN/TS 12390-11 for the chloride resistance of concrete by
unidirectional diffusion [7]. There is no European Technical Specification for testing concrete
to measure its resistance to chemical attack. This is not because of a lack of interest rather
than procedures have been established at National level where it would be near impossible to
agree a test at European level that may result in significantly different guidance. For
example, in the UK BRE Special Digest 1 [8] sets out comprehensive guidance on concrete in
aggressive ground, but this is almost entirely based on BRE test procedures, experience
largely from the UK, and for UK ground conditions. As this paper is limited to Europe wide
developments it is only freeze-thaw, carbonation and chloride ingress that will be considered
in greater detail.

Table 1 European concrete standard exposure classes

BROAD CLASS DESIGNATION AND CLASS DESIGNATION AND
DESCRIPTION DESCRIPTION
Corrosion induced by carbonation, XCIl Dry or permanently wet
XC where concrete containing XC2 Wet, rarely dry
reinforcement or embedded metal is XC3 Moderate humidity
exposed to air and moisture XC4 Cyclic wet and dry

Corrosion induced by chlorides other
than from sea water, where concrete XD1 Moderate humidity
containing reinforcement or other
XD  embedded metal is subject to contact XD2 Wet, rarely dry
with water containing chlorides,
including de-icing salts, from sources XD3 Cyclic wet and dry
other than sea water
Corrosion induced by chlorides from
sea water, where concrete containing XSI1  Exposed to airborne salt but not in
reinforcement or other embedded direct contact to sea water
XS  metal is subject to contact with water XS2 Permanently submerged
containing chlorides from sea water or
air containing salt originating from sea XS3  Tidal, splash and spray zones
water

XF1 Moderate water saturation without
de-icing agent

XF2 Moderate water saturation with de-
icing agent

XF3 High water saturation without de-
icing agent

XF4 High water saturation with de-
icing agent

XAl Slightly aggressive  chemical

Freeze-thaw attack, where concrete is
XF  exposed to significant attack from
freeze-thaw cycles whilst wet

environment
XA Chemical attack, where concrete is XA2 Moderately aggressive chemical
exposed to chemical attack environment

XA3 Highly  aggressive  chemical
environment
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Freeze-thaw resistance

For freeze-thaw resistance CEN/TS 12390-9 sets out one reference test method, the slab test,
as well as a cube test and a capillary suction frost (CF/CDF) test. In all cases the sample
preparation is the same with curing under polythene for the first day and then six days under
water at 20 + 2°C. Thereafter the test specimens are cured in a climate controlled room or
chamber at 20 + 2°C and an evaporation of 45 + 14 g/(m? h) for 28, 20 or 21 days depending
on the particular test. The evaporation rate is normally achieved with a wind velocity of
<0.1 m/s and a relative humidity (RH) of 65 + 5%. After this the specimens are either
ponded or immersed with the fluid and left to stabilise for 3, 1 or 7 days prior to the freeze-
thaw regime. For each test the freeze-thaw cycle is from -20°C to + 20°C, where the duration
of one cycle is 24 hours for the slab and cube tests but only 12 hours for the CF/CDF test.
The significant variations in test regime are summarized in Table 2 together with
recommendations for limit values as discussed by Boos and Giergiczny [9] who tested a
range of concretes containing various cement types using the CEN/TS 12390-9 suite of tests.

Table 2 CEN/TS 12390-9 Freeze thaw test methods

TEST, SPECIMENS SIZE FT
AND SATURATION TEST AGE FLUID CYCLES CRITERIA  CLASS
TECHNIQUE

Slab test: 150 x 150 x 50 3! dag min. W
sawn surface exposed to 3 28 65%RH,

mm deep pond of liquid 3 ponded S 6 (24h) <10 kg/m?

. 28 day min. W 100 (24h) <10% XF1
Cube method: 2 x 100 mm 20 65%RH, 100 (24h)  <5% XE3
cubes, formed surfaces | immersed S 56 (041 =50,
fully immersed in liquid (24 h) 0
Capillary suction frost test 35 day min. W 28 (12 h) <1.0 kg/m?

(CF/CDF Test): 150 x 150 21 65%RH, (CF)
x 70 mm PTFE formed 7 immersed

surface immersed 5 mm S 28 (12 h) <L.5 kg/m?
deep in 10 mm reservoir of (CDF)

liquid

Notes:

W = De-ionised water
S = 97% tap water and 3% NaCl by mass

Boos and Giergiczny note that the loss of up to 10% by mass of the cubes after 100 cycles of
the cube test with de-ionised water is a concrete suitable for XF1 exposure, and at up to 5%
by mass then XF3 exposure. This closes the circle in that there is a model, there is a test and
there are limits that may directly pertain to an exposure class. Figure 1 show results from
Romero et al [10] where two types of concrete were tested using the CEN/TS 12360-9 CDF
test. The authors indicated that a scaling of less than 1.5 kg/m? after 28 (12 hour) freeze-thaw
cycles is indicative of acceptable performance. As the density of concrete will be no more
than 2500 kg/m?* then a material loss of 1.5 kg/m? is equivalent to an average erosion of
0.6 mm, which is the loss of some cement matrix and finer particles of sand.
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Figure 1 EN 12390-9 CDF performance of non- air entrained and air-entrained concrete

It is important to note that the CEN/TS 12390-9 tests are accelerated tests and that 28 freeze-
thaw cycles in the test do not equate to real freeze-thaw cycles. In particular the test samples
although cured for one week under water they are then exposed to three weeks curing at 65%
RH. An exposure at 65% RH is about the optimum for carbonation and this may mean that
concretes incorporating higher levels of ggbs or fly ash as part of the cement may not give
test results that reflect their performance in real external environment where the ambient RH
may be considerably higher. In addition for the CD/CDF test the samples are immersed in
the fluid for seven days so they may be saturated before freezing, and then the temperature
cycle goes from +20 to -20°C and back to +20°C in less than 12 hours.

Dransfield [11] summarized a record of freeze-thaw cycles over a six year period from
covering the winters from 2006 to 2010 for a location close to a concrete specimen exposure
site. This site is at an altitude of ~400 m and registered 182 freeze-thaw cycles defined as an
air temperature drop to less than -1°C and then a rise to more than +1°C. The maximum
recorded temperature drop over the five years was to -10°C, where it is important to note that
the temperature of the test specimens would not have fallen as low as the air temperature.
Dransfield did not quantitatively assess the level of attack on the exposure site specimens but
did set out a visual ranking assessment after the specimens had been exposed to around 1100
air temperature freeze thaw cycles over nearly 12 years.

Figure 2 shows the NW corner of a nominal 30 MPa, non-air entrained, Portland cement
concrete where the comparative assessment stated that this was one of the most severely
attacked. Other specimens were either at a higher compressive strength or air-entrained.
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Figure 2 Non air-entrained 30 MPa Portland cement concrete exposed for 12 years and
around 1100 freeze thaw cycles as measured by air temperature

Interestingly it is a vertical face that exhibits more freeze thaw damage than the near-
horizontal surface in the foreground. Current understanding of the freeze thaw mechanism is
that a horizontal surface is more likely to become highly saturated and therefore more at risk
of damage. It may be that at the particular location the combinations of air-frost and
prevailing winds are more severe than ground-frost on a well drained albeit near horizontal
surface.

Accepting that there is only a nominal similarity between the non-air entrained Portland
cement concrete reported by Romero et al [10] and the field specimen shown in Figure 2 it is
interesting to compare performance. The Romero et al concrete lost around 3 kg/m? of
surface in 28 freeze-thaw cycles, equivalent to an average depth of 1.2 mm. The Figure 2
field specimen has probably not lost as much depth as this over most of the exposed surfaces,
except as shown in the top corner closest to the viewer where damage is deeper as some of
the coarse aggregate particle are partially exposed.

A conclusion of the comparison between the accelerated CEN/TS 12390-9 freeze thaw
scaling test and the single field specimen is that there is no clear relationship. This does not
mean that freeze-thaw testing is not useful because it is, for example the test and the
performance limit of 1.5 kg/m? can differentiate between an air-entrained and non air-
entrained concrete with respect to resisting damage by freezing and thawing.

Carbonation resistance

Carbonation is important with respect to durability as it reduces the alkaline environment of
concrete from around a pH of 12 to below 9 where ferrous reinforcement is susceptible to
corrosion provided there is sufficient moisture and air.

For the determination of the relative carbonation resistance of concrete CEN/TS 12390-10
sets out a method for comparing the carbonation resistance of one concrete with another
concrete of the same 28 day reference strength, and where both concretes are cured in sealed
polythene bags to an age where 50% of the reference strength is achieved. Once the 50% of
the reference strength is achieved the specimens are exposed to one of two environmental
conditions, A or B.  Exposure A is a climate controlled chamber where temperature is
maintained at 20+2°C, relative humidity 65+5% and carbon dioxide 0.035+0.005%. This
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level of carbon dioxide is about the same as the natural atmospheric level but maintaining RH
at around 65% means that carbonation is maximised. Exposure B is where the specimens are
exposed to an external atmosphere but are protected from any precipitation. This container
has an impermeable lid and Stevenson screen slats at the side to protect from driving rain but
allow the free circulation of air. As the samples are kept dry the rate of carbonation under
exposure B will be greater than most concrete exposed to the natural environment. As this
test is reliant on curing each concrete until 50% of its reference strength is achieved then it is
representative of very good curing. Using the data presented by Clear [11] a CEM I or
CEM II/A type cements takes around 2 days moist curing at 20°C is required to attain 50% of
the 28 day strength. Similarly for combinations of CEM I with 50 to 70% ggbs then around 4
days moist curing, and with 50% fly ash 5-6 days moist curing, are required. Carbonation
depths are measured at 182, 273, 365, 547 and 730 days (+2%) for type A exposure. For
exposure B measurements are at 365 and 730, and then as specified thereafter in days (+2%)
Carbonation measurements are made by splitting the specimens and spraying with an
indicator liquid that does not produce a colour change where the concrete is carbonated to a
pH below around 9.

From the above summary of the CEN/TS 12390-10 test procedure it is evident that as the
early curing is controlled to match the type of cement, and the exposure conditions are not
representative of actual structures, then the results cannot be directly related to a service life
performance. This is accepted as the declared aim of the full test is to show that one concrete
may perform as well as another rather than for modelling quantitative performance.

With respect to the service life of a structure the depth of carbonation with time is only part
of the information required to assess durability, as can be clearly seen in the traditional
corrosion type model described by Somerville [12] and depicted in Figure 3. In this Figure
the time taken for the carbonation front to progress from the surface of the concrete to the
level of the reinforcement is called the initiation period. During this time there is no visible
deterioration and hence damage = 0. Once carbonation is at the level of the reinforcement
then it may start to corrode and a level of damage can be measured as the expansion caused
by the formation of rust. The period of increasing damage is know as the propagation period
as this is when crack will start to form above the reinforcement and may eventually lead to
spalling. At some point the damage will reach a level that is unacceptable and this is the end
of the service life, unless the damage is repaired.

Numerous studies have been carried on concrete carbonation where a recent study by Jones et
al [13] is valuable in that it includes results from long term outside exposure for a wide range
of materials. Figure 4 shows the carbonation depths of concrete for specimens externally
exposed but protected from wind and rain, so in accordance with the CEN/TS 12390-10 type
B requirements but the experiments were started prior to publication of the TS. The period of
curing prior to exposure was recorded as up to one month sealed cure as the specimens were
made around the UK and then transported to the various exposure sites. The two main
exposure sites are Dundee in Scotland and Ringwood in the Southern counties of England.
The range of materials include various aggregate and cementitious types where most mixes
were made as plain concrete, with a water reducing admixture and a high range water
reducing admixtures to achieve w/c ratios from 0.5 to 0.7. Figure 4 shows the relationship
between carbonation depth measured at 5-6 years, and the 28 day cube strength.
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Figure 4 Relationship between carbonation depth and 28 day strength, after Jones et al [12]

From Figure 4 it is evident that there is a relationship between 28 day strength and depth of
carbonation irrespective of cementitious material, accepting quite a high scatter of results.
Even for the lower strength 25 MPa concrete the depth of corrosion is not much over 15 mm
after five years. It is established that carbonation rate is not linear but decreases with time,
where it is often quoted a being proportional to the square root of time. Jones et al confirm a
similar relationship between the depth of carbonation and time as shown in equation:

x () = Kxt™

Where X, is the depth of carbonation at time t and where K is a constant.
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A typical concrete strength for building is a C25/30 and from Figure 4 a 30 MPa concrete

carbonates to a depth of 15 mm after more than 5 years. This indicates that K is 7.9 mm/t**
and so after 50 years a carbonation depth of 38 mm may be expected.

At 38 mm means that the carbonation could have progressed through 30 mm of cover and
almost enveloped a 10 mm diameter reinforcing bar.

However, carbonation is only the initiation part of corrosion, as shown in Figure 3 where it
takes some time for damage to propagate. As well as simple carbonation Jones et al [12] also
investigated the propagation period on pre-carbonated specimens containing reinforcing bars,
where the specimens were exposed to an external unsheltered environment to ensure there
was sufficient moisture for corrosion to progress at a measurable rate within a year or so.
Based on these results they conclude that a minimum propagation period of 15 years is
reasonable, and Mattila and Pentti [14] who considered a carbonation worse case of balcony
facade elements suggest anything from 5 to 50 years.

So, the important observation is that although the carbonation resistance of concrete is
important it is only part of the information required with respect to estimating the service life
of a structure exposed to the atmosphere, even in a comparatively simple model.

Chlorideingressresistance

Within the alkaline environment of concrete a passive layer forms around any embedded
ferrous reinforcement that protects it from corrosion. This passive layer breaks down if the
concrete matrix carbonates or broken down by the ingress of chloride ions. As highway and
marine structures will be exposed to the risk of chloride ingress then it is an important factor
affecting their durability.

A method for the measurement of the chloride resistance of concrete by unidirectional
diffusion is set out in CEN/TS 12390-11, where specimens are cured at 20+£2°C under water
for 28 days, conditioned and prepared for at least one day and then exposed for a minimum of
90 days to a chloride solution. The test is defined as non-steady state as the ingress of
chloride into the sample is progressive, and there is also a likely to be a significant amount of
continued cement hydration which will reduce the chloride diffusion coefficient over the 90
day test period. There are chloride diffusion tests where a thin sample of concrete is exposed
to the diffusion of chloride from a defined high chloride concentration on one side of the
sample to a low concentration on the other.

In this steady state test the diffusion coefficient is calculated once a stable diffusion rate is
established, and as this is usually within hours or days then the effects of continued hydration
can be regarded as insignificant. It is also important to note that in the standard non-steady
state test the formed or trowelled surface is discarded and it is a cut or ground surface
originally 10 mm within the specimen, which is exposed to chloride ingress.

Figure 5 shows a core or a cylindrical specimen but cube specimens are equally acceptable
where the chloride ingress would normally be from a side face of the cube.
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Figure 5 Specimen for determination of chloride diffusion coefficient

To determine the chloride diffusion coefficient at least 8 chloride content measurements are
made from successive layers of the profile sub-specimen, where the measurements are
expressed as percent chloride per mass of concrete. Guidance on the depth of each layer is
provided in term of the w/c ratio and cement type. This is necessary as for low w/c ratio
concrete, and/or concrete made with ggbs, fly ash or silica fume as part of the cement the
chloride may not penetrate more than 10 to 20 mm. A typical chloride profile is shown in
Figure 6 and the chloride diffusion coefficient is calculated by fitting a specified equation to
the relevant points by means a non-linear regression analysis by least squares. In the
example shown the actual measured surface chloride level, at an average 0.5 mm from the cut
surface, is 0.96% and the 'zero point' chloride level 0.015%.

1.2

i The first point excluded from curve-fitting
1.0 /

0.8 Points after the "zero-point"

excluded from curve-fitting

CHLORIDE CONTENT, mass%

0.6 \i
04 -
,
The "zero-point"
02 - N
00 =~ :
0 10 20 30
DEPTH, mm

Figure 6 Specimen for determination of chloride diffusion coefficient

The curve fitted surface chloride C is 0.8% and the calculated non-steady state diffusion

coefficient D, is 4.5 x 107 m?s. As can be seen the determination of non-steady state

diffusivity coefficient requires at least four months, and then preparation and analysis of
numerous sub-samples as well as quite sophisticated calculations. Despite this it appears to
be favoured for modelling the durability performance of reinforced concrete as described by
what is a state-of-the-art report by Bamforth [15].
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Measuring chloride diffusivity of concrete is essentially subjecting a specimen to XS2
exposure, which is permanently submerged, whereas in a real structure the most severe risk
of corrosion is where the concrete is exposed in a tidal zone or subject to spray. This is one
reason why chloride diffusivity can only be a partial indication as to the durability of
reinforced concrete exposed to sea water, or chlorides other than seawater. In a similar
manner to carbonation the progress of chloride to the reinforcement is only important for the
initiation stage, and it is not clear how quickly damage is likely to propagate after chloride
has reached the reinforcement. Bamforth points towards a minimum, or threshold, level of
chloride before the rate of corrosion is significant and this threshold level may depend on the
w/c ratio and type of cementitious material.

DISCUSSION AND CONCLUSIONS

The strength of the freeze-thaw scaling resistance test to CEN/TS 12390-9 is that the model
of deterioration, the surface damage caused by a number of freeze/thaw cycles, appears to be
similar to field conditions. Curing at 65% RH followed by saturation and then undergoing
freeze-thaw under saturated conditions is a more severe test than that experienced in the field.

Measuring carbonation on exposure to a protected external environment or a 65% RH climate
controlled environment to CEN/TS 12390-10 will also give a more severe degree of
carbonation than field exposure. Results indicate that to get a measurable carbonation depth
for 40 MPa concrete may take 5 years so this is a major drawback. Another weakness is that
the test only gives result pertaining to the initiation period of corrosion, and a significant part
of the useful service life may be during the propagation period where it may take some time
for significant damage to develop. It is also noticeable that the optimum RH for carbonation
is lower than the RH level at which corrosion of reinforcement is likely to occur at a
significant rate.

Like carbonation resistance measuring the resistance to chloride ingress using the CEN/TS
2390-11 test only gives an indication of the initiation period under simulated permanently
submerged conditions. In addition the test does not include the formed or trowelled surface
of concrete where it is known that the cementitious content is likely to be high and hence
enhance overall resistance to chloride ingress.

From this brief review of durability test methods it is noted that in each case the property
being measured is only a part of the information required to model the service life of a
concrete element or structure. It is also evident that the test conditions are generally more
severe than those experienced by real structures. Having stated this it should be noted that
useful and repeatable tests will always fall short of producing totally authentic materials
coefficients often needed to enumerate durability models. This should not mean that
durability testing is not carried out, just that when an Engineer or Designer requires a
particular durability performance then he or she should be aware of the tests available and the
limitations of the results produced.

Where an Engineer or Designer does not feel confident to specify a particular performance
directly, then there is the option of specifying that the performance should not be less than
that of a concrete where there is general acceptance of performance. This is the basis of
procedure being developed by Harrison [15] where a candidate concrete may be proposed on
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the basis that it can be demonstrated that it has a durability test performance of not less than
that of a reference concrete. It is not difficult to envisage that if this procedure is only
adopted for a minority of projects then it would not take long for the Engineer or Designer to
establish direct performance values for the range of concretes they specify for particular
applications.
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Performance of Self-compacting Concretes Under Acid Environments
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The objectives of the work described in this paper were to compare the performance of Self Compacting Con-
crete (SCC) and vibrated Normal Concrete (NC) of M20, M30 and M70 grades immersed in acidic solutions. Self
compacting concrete was developed using Nan-Su method of mix design and normal concrete was developed us-
ing IS method of mixed design. The cured self compacting concrete and normal concrete specimens of different
grades viz. M20, M30 and M70 concrete were kept exposed to 2% and 5% solutions of both sulfuric acid and hy-
drochloric acids respectively upto 28 days. The response of the specimens to the solutions was evaluated through
change in appearance, weight, compressive strength and solid diagonals. For determining the resistance of con-
crete specimens to aggressive environment such as acid attack, the durability factors such as Acid Strength Loss
Factor (ASLF), Acid Attacking Factor (AAF), Acid Weight Loss Factor (AWLF) and Acid Durability Loss Factor
(ADLF) were proposed in this investigation. In order to normalize the concentrations (normalities), Weighted Acid
Durability Loss Factor (WADLF) was evaluated. It was noted from the durability studies there is almost all the
cases the loss in durability is reduced with increase in grade of concrete. Further, a comparison of SCC and NC
mixes has shown a good performance of SCC specimens as against NC specimens.
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INTRODUCTION

Self-compacting concrete (SCC) is definedaaoncrete which candiv through and fill the

gap in between the reinforcement and cornerthefmoulds without any need for external
vibration. SCC compacts itself due to its seligi® and de-aerates almost completely while
flowing in the formwork. SCC can also beedsin situations where it is difficult or
impossible to use mechanical compaction forHfresncrete, such as underwater concreting,
cast in-situ pile foundations, machine lmsand columns or walls with congested
reinforcement. The high flowability of SCC &es it possible to fill the formwork without
vibration [1]. Since its inception, it has beemdely used in largeonstruction works or
projects in Japan [2]. Recently, this concrete has gained wide use for different applications
and structural configurations [3] across the world.

The functional requirements of a fresh SCC diféerent from those of a vibrated fresh
Normal Concrete (NC). Filling of formwork itthh a liquid suspension requires workability
performance like filling ability, passing ability and resistance against segregation [4]. Self
compacting concrete can be produced by ustagdard cementing materials and additives
[5]. It consists of mainly cement, coarsedaime aggregates, andldr, such as fly ash,
Ground Granulated Blast furnace Slag (GGBS) and Rice Husk Ash, water, super plasticizer
and viscosity modifying agent.

Although SCC is a very promising cementitious@nil, the actual application of SCC might

be somewhat riskful due to lack of kniedge concerning its actual durability [6[The
degradatioomechanisms of a cementitious material are greatly influenced by the permeability
of the material for potentially aggressive media and there is an important interaction between
‘pore structure’,’” transporimechanism ‘and ‘degradation’. Ake pore structure might be
different for SCC in comparison with the traditional concrete, due to difference in the
composition, some changes in durability behawght occur. Acidattack, resistance to
sulfate attack and resistancectdoride attack are some of the properties which determine the
transport mechanism and chemical deterioration of the concrete [7].

From the literature available, it was noted that there are limited studies covering the
durability issues on SCC though there is a lotitefature availableon Normal Concrete
(NC). Hence, it is felt that in the wakaf SCC becoming an important material with
numerous applications at present, there isezi e clearly bring ousome of the durability
based parameters which govern the mix glesift SCC and the influence on strength and
durability aspects of such a SCC. There soah need to quantify the durability aspects

of SCC.

EXPERIMENTAL PROGRAMME

The experimental programme consistedcakting and testing SCC specimens. Though
basically Nan Su method of mix design [8] svadopted, several trials were made in
producing SCC satisfying the EFNARC specificatior]s |4 total of three grades of concrete
are investigated viz. M20, M30 and M70 geadrepresenting ording standard and high
strength concrete respectively as per IS 2660 [9]. A total of 108 standard cubes of SCC,
and 135 standard cubes of NC for aaithck study were cast and tested.
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The properties of the constituent materials used in the present investigation are given in Table
1. The adequate dosage of Super Plasticizer\W&B)used in improving the flowability, self
compacting ability and segregation remmte of fresh SCC fomeeting the design
requirements. Water content of the SP can larded as part of the mixing water. In the
present work, SNF condensat8P 430) was used as a wateducing admixture (Super
Plasticizer). The dosage of SP was obtaineddbasdrial and error to suit the requirements

of EFNARC. Hydrochloric Acid of 35 — 38%R with Specific gavity = 1.18 kg/lit and
Sulphuric Acid of 98% LR — Merk. M = 98.08rg6l with Specific gravity = 1.84 kg/lit with
different concentrations viz. 2%nd 5% was adopted in this study.

Table 1 Material propertyf ingredients used for SCC

CEMENT — OPC 53 GRADE FLY ASH
Specific gravity 3.10 Fineness 335/ky
Normal consistency 29.5% Silicon Diaoxide (90 62.94%
Coarse Aggregate Lime reactivity 9.8 MPa
Specific gravity 2.65 Fine Aggregate
Bulk density (kg/m) 1442  Specific gravity 255
Fineness modulus 7.16  Bulk density (kdym 1713
Super Plasticizer — Conplast SP 430 Fineness modulus 2.19
Specific gravity 1.22

Mix proportioning

The mix design procedure adoptedas per Nan Su method [8]. The details of the mix
proportion are shown in Table ®hile the fresh and hardenedoperties of thehree grades
of concrete are shown in Table 3.

Table 2 Mix proportions of SCC and NC

QUANTITIES, kg/n?

MIX  MIX PROPORTION  wib - o

Cement Fly Fine Coarse SP  VMA Silica

Ash Aggregate Aggregate Fume

fﬂgg 1:1.42:449:3.80:0043 0455 210 3000 94400  800.00 912 - -
,\';'50 1:1.49:3.14 050 378  -- 56400  1188.00 -~ - -
fﬂgg 1:1.08: 3.47:2.83:0016 0435 285 3087 99113  807.30 4708 - -
,\';'??0 1:1.11: 2.51 042 456 -~  508.00  1146.00 -
fﬂ(;g 1:0.450:1.250:1.170:0.03 0.269 680 3055 850.30  795.65 15.85 175 34.0
NC

M70 1:0.2: 0.875:1.625:0.03 0.26 665 133.0 581.9 1080.7 19.95  --- 39.9
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Table 3 Fresh and hardened propsrtiEM20, M30 and M70 grade SCC and NC

28 DAYS
COMPRESSIVE
S.  GRADE OF SFIT_%W . V- V";L}””e' L-Box  STRENGTH
50 5
NO  CONCRETE \FrOW FUNNEL 872 HaH, MPa
scc NC
1. M20 660 mm ééoc 40Sec  5Sec 1.00 2767 28.25
2. M 30 695mm gézc 40Sec 7 Sec 098 4975 41.00
3. M70  720mm géoc 6.0Sec 6 Sec 1.00 7930 79.20

DURABILITY TESTSON SCC

In the present study acid attaok concrete under 2% ari®o hydrochloric and sulphuric
acids were conducted.

Testsfor Acid Attack on SCC

After 28 days of curing in watgeach cube was tested forigl# and compressive strength.
The cured self compacting concrete and normaktrete specimens of different grades viz.
M20, M30 and M70 concrete specimens were lkeqmosed to 2% and 5% solutions of both
sulfuric acid and hydrochloric acids respeely. Cubes were continuously immersed in
solution upto 28 days.

The response of the specimens to the soluticass evaluated through @hge in appearance,
weight, compressive strength and dimensiarfissolid diagonals. Before testing, each
specimen was removed from the baths, and bdusli a soft nylon brdsand rinsed in tap

water. This process removes loose surface material from the specimens. For determining the
resistance of concrete specimens to aggressivieonment such as acid attack, the durability
factors [10] are proposed inishinvestigation, in lines othe philosophy of ASTM C 666 —

1997 [11].

Acid Strength Loss Factor (ASLF) is an indication of relative performance of concrete in
strength, before and after immiers in a particular concentrati of Acid. This also depends
on the period of immersion of specimen.Ll&Ss mathematically calculated as:

ASLF = S x (N/ M) @

Where:

S = Relative strength at N days, (%)

N = Number of days at which the durability factor is needed.
M = Number of days at which ¢hexposure is to be terminated.
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Acid Attacking Factor (AAF) is meant to determine indirectly the disruption of concrete near
the corners of cube by way afeasuring the change in thendggh of diagonal (referred as
diagonal loss) in a typical conteecube after immersion in adior a certain period of time.

The extent of loss is determined by the formula:
AAF = (Loss of acid diagonal after immersionicadiagonal before immersion) x 100 (2)

Acid Weight Loss Factor (AWLF) is calculated the percentage loss of weight of specimen
immersing the cubes in various types and eot@tions of acids for different immersion
periods.

AWLF = (Loss of weight of the specimen afienmersion/ Original weight of the specimen
beforeimmersion)x 100 3)

DISCUSSION OF TEST RESULTS

The experimental studies on fresh and hardgmegerties of SCC were carried out. It was
noted that the fresh propertiesreesatisfied for all three grades$ concrete. In all the three
grades the compressiveesigth was satisfied.

From the detailed experimental studiesamid effect on SCC and NC specimens, it was
noted that in most of the cases SCC specirbehaved well compared to NC specimens. To
estimate the acid effect on SCC and NC, cerfaitors are determined as explained in the
following paragraphs.

Acid Durability Loss Factor (ADLF) for SCC and NC

When the specimens were dipped in aaimnment, the net loss in strength, physical
change in the dimensions of the cube an@yiatdoss were noted. All these can be summed
up to get a unique factor typibadepicting the various losses due to acid attack and is called
as Acid Durability Loss Facot (ADLF) [10]. The differentosses are individually quantified

in terms of different factors.

Acid Strength L oss Factor (ASLF)

Acid Strength Loss Factor @LF) highlights the variation ithe compressive strength of
SCC and NC when dipped in different acidic environment viz. He3Q4 and for different
concentrations. The ASLF is calculated as @guation (1). Figure&, 2 and 3 shows the
variation of ASLF in SCC and NC for 3,and 28 days of immersion in acids.
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Acid Attacking Factor (AAF)

323

Acid Attacking Factor (AAF) gives an idea thfe disruption in the genetry of the specimen
due to acidic environment. This is quantified ogasuring the loss in diagonals of standard
test specimen. The average loss in the ahafg was measured, for all the specimens
immersed in acid at the end of 3, 7 and 2g@sd#@gain a comparison for all the grades of
concrete between SCC and NC revealeat tBCC specimens behaved better than NC
specimens. Figures.4, 5 and 6 shows the wamiaf AAF in SCC and NC for 3, 7 and 28

days of immersion in acids.
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Acid Weight Loss Factor (AWLF)

Because of acidic environmentethH of the concrete decreasaisthe same time the cement
and the mortar part in the interstices portiahl ke completely eaten away by the acid. This
results in decrease in the weight of the speginiiecan be noted in geral that the loss is
more in case of 5% 430, as compared to HCI. Figures. 7, 8 and 9 shows the variation of
AWLF in SCC and NC for 3, 7 and 28 days of immersion in acids.
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Acid Durability Loss Factor (ADLF)

The above losses in strength, weight and gggmare summed up to obtain a durability
factor called Acid Durability Loss FactoADLF). Figures 10, 11 anii2 shows the variation

of ADLF in SCC and NC for 3, 7ra 28 days of immersion in acidscan be noted that the

losses are more in NC specimens compared to SCC specimens. Hence, it can be said at this
stage that the SCC specimensramge durable compared to NC.

M20 sSCC
M20 NC
M30 SCC
M30 NC
M70 SCC
M70 NC

BEBEOEBEH

ARANAANEANEANEENE]]
IEEEEEEEE

A A A A A A A A

B A A A A A

ONDOOONDO
|

206 5% 2% 5%
HCL HCL HSO,  H,SG,

SOLUTION

ACID DURABILITY LOSS
FACTER (ADLF) - 3 DAYS

Figure 10 Acid Durability Loss FactorsrfSCC and NC at 3 days of immersion
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In the present study as twypes of acids (HCIl and 430,) with two different concentrations

(2% and 5%) are considered, in order to normalize the concentrations (normalities), Weighted
Acid Durability Loss Factor (WADLF) was evaluated. After conducting a study of all the
above with regard to various amntrations and type @icids, it is felt tht a factor involving

the concentration (normality) of acids canibeolved to obtain a WADLF. WADLF values

are shown in Tables. 4 and 5 for SCC andri¥§pectively.Figure.13 shawhe plot of grade

of concrete Vs WADLF.

Table 4 Weighted Acid Dability Loss Factor of SCC

WEIGHTED ACID DURABILITY LOSS FACTOR (ADLF)

SOLUTION _ 28 Days
Normality
SCC - M20 SCC - M30 SCC - M70
2% H Cl 0.23 78.68 68.21 65.49
5% H Cl 0.56 62.86 65.55 60.55
66.96 59.78 56.97
2% H,SOy 0.72 70.08 65.59 51.18
5% H,SOy 1.75 65.45 54.44 56.10

Table 5 Weighted Acid Dability Loss Factor of NC

WEIGHTED ACID DURABILITY LOSS FACTOR (ADLF)

SOLUTION 28 Days
Normality NC — M20 NC - M30 NC - M70
2% H ClI 0.23 80.98 70.30 65.17
5% H CI 0.56 77.42 66.25 59.82
74.93 66.06 59.77
2% H,SOy 0.72 72.29 68.34 52.64
5% H,SOy 1.75 74.41 64.51 60.95
80 - y = -7.58x + 82.0€
70 - oa R2=0.9904
w 60 T :
a 50
2 ® y = -4.995x + 71.227
S 40 | R2=0.94
30
20
10
0
20 30 70

GRADE OF CONCRETE, MPa
Figure 13 Graph between graafeconcrete and weighted ADLF
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From the above plot it can berwluded that with the increasegrade of concrete there is a

decrease in weighted ADLF values, meaniadpetter performance. A relationship between
WADLF and grade of concrete was fitted for both SCC and NC.

WADLF = 0.712 — 0.049 x (grade of concrete) is for SCC (4)
WADLF = 0.821 — 0.076 x (grade of concrete) is for NC (5)

Figure 14 shows the visuabndition of the samples after 28 days exposure,8tkiand HCI
solutions.

NC specimens kept in 5% HCI SCC specimens kept in 5% HCI

Figure 14 Visual condition of samples

It can be noted that the loss factor is highNi@ as compared to SCC, meaning, a superior
durability performance in case of SCC.

CONCLUSIONS

e With the increase in duration of cng the ASLF (Acid Strength Loss Factor)
increased. This is true for both SCC and NC.

e With the increase in grade of concrdtem M20 to M70 the ASLF value has
considerably decreased which indicateat tthe loss is decreasing with increasing
grade of concrete.

e The higher ASLF values in Normal Concrételicated higher loss in NC specimens
as compared to SCC specimens.

e With the increase in period of immersiaf concrete in vaaus types (HCI and
H,SQO,) and concentrations of acid, there is asiderable disruption of concrete near
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the corners of the standard cube and glistuption in SCC is less as compared to
NC, meaning, superior durability quality of SCC.

e The weight loss is however more in NCcasnpared to SCC. A comparison of all the

above indicated a bettperformance in SCC as against NC specimens.

high grade concretes. Hence, the SCC sixere better than NC in all grades.
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Special Additions in High Performance Concrete

A Princigallo
CTG - Italcementi Group, Italy

Exploring the relationship between concrete mix proportions and performances is a fundamental step toward a
full sustainability based assessment of structures. In this context, the present paper studies the effect of using
addition in laboratory made high performance concrete. The study is focused on concrete mixes based on limestone
cement including fly ash and finely ggbs as addition to concrete. It is shown that using specifically selected
proportions of constituent materials may help saving clinker in high performance concrete by reducing its amount
to typical contents available in ordinary concrete. Some limitations are also shown taking into account mechanical
performances at young ages and durability related performances.

Professor Antonio Princigallo, CTG - Italcementi Group, Italy, gained a degree in Chemical Engineering from
the University of Pisa in 1999 and has presented several research papers published on cement based materials in
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2002 in Engineering of Materials from Polytechnic of Milan, Italy. He is currently manager or research projects
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INTRODUCTION

Understanding how concrete constituents affect durability is a fundamental step towards a
thorough sustainability assessment of concrete structures [1].

Environmental issues and durability have to be comprehensively considered and, to this end,
a feasible approach via the Environmental Product Declaration was recently made available
as European Standard [2].

However, although reducing carbon footprint of a structure during its life cycle could be
considered as an overarching goal, reducing concrete carbon footprint should be taken in
account also in respect of durability-related performance. This subject is of uttermost
relevance within Life Cycle Assessment [3] since the yearly impact brought about by the
embodied carbon decreases as the service life lengthens [4].

Considering that concrete is often designed to fulfill durability requirements on the basis of
provisions derived from well-tried experience [5], the beneficial effect of using additions into
concrete may be overestimated if their intended use is solely aimed at reducing the carbon
footprint.

On the contrary, above certain minimum clinker contents, saving clinker may be
advantageous if concrete mixes are designed properly.

Finally, in order to evaluate correctly the effect of saving clinker to produce sustainable
concrete, inputs to carbon footprint resulting from the need for more onerous maintenance or
demolition/reconstruction operations should in principle be accounted for.

The present paper is mainly aimed at investigating the relationship between mix design and
durability performance of concrete mixes containing special additions to contribute filling the
gap between durability and sustainability assessment. Special attention was paid to concrete
mixes including up to three different additions using activators.

Numerical modeling activities were also carried out focusing on studying concrete behavior
at early ages since it can be considered as major hindrances to saving clinker.

MATERIALSAND METHODS
Concrete mixes were made containing different proportions of the following constituents:

- CEMII/A-LL 42.5 R, provided by Italcementi Group

- Ground granulated blast furnace slag (ggbs) with very high fineness:
0 ggbs@4000 — Blaine value: 4000 cm’/g
0 ggbs@6000 — Blaine value: 6000 cm®/g

- Siliceous fly ash (l.0.i. ~4%)

- Acrylic based superplasticizer

- Sandstone gravel with maximum aggregate size of 15 mm

- Activator: mixture of CaO, CaSO4, Na,SOy
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Concrete consistency class was kept constant (S5) by using similar paste volume (~385 I/m’)

and similar water/fines ratio (~0.35) while adjusting the superplasticizer content.

The following tests were made on concrete: slump flow and flow time [6]; compressive
strength [7] using nominal 10x10x10 cm side cubes; hydraulic shrinkage [8].

Moreover, the following accelerated tests were also carried out to assess durability-related

performance:

- freezing/thawing in the presence of de-icing salts [9]
- accelerated carbonation: 28-day-old specimens, previously cured at 100% RH and
20°C, were maintained for 70 days in a chamber at 55% RH, 20°C and 4% CO»;
afterwards the carbonation depth was detected according to [10].

Table 1 Plain additions and their binary mixes

CEMENT + ADDITION COMPRESSIVE

(cta) CONCRETE SLUMP STRENGTH SHRINKAGE

kg/m’ %

0 ) [\ 3 g
% % % kg/m ©) (cta) mm s MPa um/m
<% s 5 £ Cement EREGCEE > o
E@B S i = (estimated g S 3 28 E 2d 7d 28d 90d 7d 28d 60d 90d
ma Y = 3 clinker) a 2 -
O
100 - - 533 533 (426) 1.5 035 036 460 9.5 51 62 71 78 233 570 562 602
80 20 - 531 425 (340) 1.0 035 045 560 2.5 43 58 71 76 293 519 561 600
75 25 - 531 398 (318) 1.0 035 048 610 3.1 42 59 71 82 293 508 542 569
70 30 - 531 371 (297) 0.8 035 0.51 600 2.9 38 55 71 77 303 514 549 573
70 - 20 525 420 (336) 1.5 034 044 630 3.4 46 60 72 85 308 494 584 622
75 - 25 527 395 (315) 1.2 033 045 570 3.9 40 54 65 78 314 496 598 629
70 - 30 526 368 (294) 1.5 033 048 730 2.4 41 56 71 92 220 368 451 472
70 15 15 528 370 (295) 1.2 034 050 680 29 40 60 74 85 280 428 491 518
70 10 20 530 371 (296) 1.3 033 049 670 3.8 39 58 75 85 296 462 534 562
70 20 10 531 372 (297) 1.0 034 050 600 3.6 39 58 74 81 329 484 502 578

EXPERIMENTAL

Table 1 shows both the composition and the main results of the mechanical and rheological

tests performed on concrete mixes containing plain additions and their binary mixes.

Concrete based on CEM II/A-LL 42.5 R was taken as the reference. Mixes were prepared
with the following content of additions (on binder basis):
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20, 25 and 30% ggbs@4000 (mixes 20/0, 25/0 and 30/0 respectively)
20, 25 and 30% fly ash (mixes 0/20, 0/25 and 0/30 respectively)
Binary mixes of ggbs@4000 and fly ash:

0 15% ggbs@4000 + 15% fly ash (mix 15/15)
10% ggbs@4000 + 20% fly ash (mix 10/20)
0 20% ggbs@4000 + 10% fly ash (mix 20/10)

(0]
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In particular, Table 1 shows test results concerning specially selected additions (low Lo.i. fly

ash and ggbs with high fineness). The following remarks can made from Table 1:

Over 100 kg/m’ clinker was saved and the HPC behavior maintained.

Losses in early compressive strength (at 2 days) were limited to about 10 MPa with
respect to the reference concrete.
Concrete rheology was improved by increasing slump-flow (~300 mm) and by
reducing flow time (down to approximately one third) with limited superplasticizer
content.
The highest slump-flow (~730 mm) and the lowest flow time (~3s) were obtained

using fly ash.

The highest fly ash content (mix 0/30) led to the maximum reduction of hydraulic
shrinkage (about 25% reduction at 90 days)

Table 2 Activated mixes

CEMENT + COMPRESSIVE

ADDITION (c-+a) CONCRETE SLUMP = (10 ENGTH SHRINKAGE
kg/m’ % %

0 0 0 3 g -
% % % kg/m ©) © (cta) mm s MPa pm/m

. S o

§ v F = g Cement IS é ’§ o 1 =

E 92 ® 2 2 (estimated 2 2 & = g 5 2d 7d 28d 90d 7d 28d 60d 90d

o Y2 = 3 clinker) 9 3 z

@) =) <

en

100 - - 533 533 (426) 1.5 035 0.36 460 9.5 51 62 71 78 233 570 562 602
70 20 10 519 363(291) 3% 1.0 035 0.51 500 NA 42 59 69 81 303 458 544 576
60 20 20 520 312(249) 3% 1.0 0.34 0.58 560 4.7 36 56 67 77 261 496 500 521
50 50 - 518 259(207) 3% 0.7 036 0.73 650 3.2 28 52 65 68 302 473 493 526
70 10 20 520 364(291) 3% 1.2 034 0.50 650 2.8 38 57 71 80 320 491 561 592
60 10 30 513 308(246) 3% 1.0 034 0.58 700 2.5 31 45 66 NA 250 432 502 526
50 10 40 514  257(206) 3% 1.0 0.33 0.67 740 3.3 23 37 57 NA 217 408 462 480

Table 2 shows both the composition and the main results of the mechanical and rheological
tests performed on concrete mixes containing activated binary mixes of additions.

Concrete based on CEM II/A-LL 42.5 R was taken as the reference. Mixes were prepared
with the following content of additions (on binder basis):
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e 50% ggbs@4000 (mix 50/0a)
e Binary mixes of ggbs and fly ash:

0 20% ggbs@4000 + 10% fly ash (mix 20/10a)
20% ggbs@4000 + 20% fly ash (mix 20/20a)
10% ggbs@4000 + 20% fly ash (mix 10/20a)
10% ggbs@4000 + 30% fly ash (mix 10/30a)
10% ggbs@4000 + 40% fly ash (mix 10/40a)

O O OO0

Looking at Table 2, the following remarks can be made concerning the use of an activator in
those concrete mixes containing mixes of traditional and specially selected additions:

- A generalized effect related to using an activator was hardly found, nevertheless by
comparing mix 20/10 (Table 1) with 20/10a a slightly positive effect of the activator
on early age compressive strength was apparent also considering the slightly lower
clinker content and the slightly higher w/c ratio of mix 20/10a.

- Some 130 kg/m’ clinker was saved and the HPC behaviour maintained.

- At increasing addition contents in excess of 30%, a reduction in strength was
observed not only at early ages (down to about 50% reduction at 2 days) but also at
later ages. Losses in early age (2d) compressive strength were up to about 20 MPa
with respect to the reference concrete.

- Concrete rheology improved using additions with increasing slump-flow (~200 mm)
and by reducing flow time (~down to one third) with limited superplasticizer content.

- A tendency to reduce hydraulic shrinkage was detected.

Table 3 shows compositions and main results of the mechanical and rheological
characterization of concrete containing ternary mixes of additions.

Concrete based on CEM II/A-LL 42.5 R was taken as reference. Mixes were prepared with
the following content of additions (on binder basis):

0 10% ggbs@4000 + 15% ggbs@6000 + 10% fly ash (mix 10-15/10a)
0 15% ggbs@6000 + 15% fly ash (mix 0-15/15)
0 10% ggbs@4000 + 10% ggbs@6000 + 10% fly ash (mix 10-10/10a)

The following remarks can be made from Table 3:

- Some 130 kg/m’ clinker saving was possible complying with HPC behaviour
- Just in case of an overall content of addition limited to 30%:
0 Losses in early age compressive strength respect to the reference were held
down (<10 MPa) at 2 days and they were not detectable at 7 days.
0 7 days compressive strength reached the value obtained with the reference
concrete in case of cumulative content up to 30%.
0 Concrete rheology improved with increasing slump-flow (~200 mm) and by
reducing flow time (~down to one third) with limited superplasticizer content.
o0 Shrinkage was to some extent decreased respect to the reference concrete.

Figure 1 shows available results from accelerated tests on freezing-thawing. It was noticed
that disregarding a similar HPC mechanical behaviour, results from freezing-thawing tests
were quite different one another. In particular:
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Table 3 Ternary mixes

CEMENT + ADDITION COMPRESSIVE

(c+) CONCRETE SLUMP = (roenory | SHRINKAGE
3 0 o
[ [ [ o 3 kg/m 7o 70
% % % % kg/m © © (cta) mm s MPa um/m
1 M 8 8 2]
§m g 28 = g Cement 2 e ’f o 2 o
E@ ® ® I £ (estimated £ 2 & 3 2 E 2d 7d 90d 7d 60d 90d
M2 2 & 8 clinker) © & B ==
O = B e <
an on

100 - - - 533 533(426) - 1.5 035 036 460 95 51 62 78 233 562 602
65 10 15 10 519  337(270) 3% 88 035 0.55 460 NA 38 56 67 378 NA 647
70 - 15 15 530  371(297) - 0.6 034 050 630 3.5 43 62 82 250 499 537

70 10 10 10 520 364 (291) 3% 0.7 035 051 580 33 44 62 76 378 503 588

- All the mixes have shown a higher scaled mass than the reference in presence of de-
icing salts.

- Some concrete mixes (20/0, 25/0, 30/0, 0/20, 20/10a, 20/20a, 10-15/10a) showed very
low scaling (< 0.2 kg/m?).

- Some mixes (0/30, 10/20, 10/30a, 10/40a) showed a scaled mass higher than or very
close to 1 kg/m”.

- Using activator allowed keeping the mixes containing up to 30% fly ash within the
limit value of 1 kg/m® whereas a general tendency of fly ash to increase scaled mass
was noticed.
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Figure I Scaled mass after 28 cycles in presence of de-icing salts
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Table 4 shows the results from the accelerated carbonation test. It is possible to note that:

- The reference concrete as well as most of the concrete mixes containing binary mixes
of additions have shown an undetectable depth of carbonation (< 0.5 mm).

- Depth of carbonation in some mixes (20/20, 10/20a, 20/20a) containing special
additions was slightly detectable (~0.5 mm).

- Mix 10/40a showed greater carbonation depth.

Table 4 Accelerated carbonation test results

MIX CARBONATION DEPTH, mm
(Reference concrete)
20/0; 25/0; 30/0; 0/20; 0/25; 0/30 15/15; 10/20; 20/10 <0.5
20/10a; 50/0a
20/20; 10/20a; 20/20a ~0.5
10/30a 1.5
10/40a 5.5

MODELLING EARLY AGE MECHANICAL BEHAVIOUR

In order to study the effect of special activated additions on the early strength development of
concrete mixes, the r2d parameter - called activity coefficient - was used according to the
following equations:

N
Rs=A-¢e (CJ (Abrams’ law) Eq. 1
eff
(v_vj _ we(l+ar) Eq.2
c (c+r2d-a)

Where:

- Ryqis the compressive strength at 2 days [MPa]

- ar is the air content [-] estimated from the theoretical and measured density
- ¢, a, Ware cement, addition and water content [kg/m3]

- A=227.5 and B=-4.226 are two empirical constants

r2d is equal to 1 when the final concrete has the same 2-day compressive strength as the
reference concrete in case the activated mixture of different additions is replaced by the same
amount of CEM II/A-LL 42.5 R by weight. It is worth noting that such parameter must not be
confused with k-value established in [5].

eff

Figure 2 shows one possible Ryq vs. (w/c)™ relationship which can fit properly the whole

dataset comprising all the investigated mixes.
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Figure 2 2-day compressive strength as a function of the effective w/c ratio.
r2d values from Figure 2 are shown in Table 5, divided in ranges per type of addition. In
particular r2d was noticed to increase
- with decreasing cumulative content of additions

- with increasing ggbs fineness
- when using the activator

Table 5 Activity coefficient of special addition

SPECIAL ADDITION CONTENT r2d
(cumulative)
ggbs@4000 from 20 % to 30 % =0.50
fly ash from 20 % to 30 % From 0.35 to 0.55
Binary mixes <30% From 0.40 to 0.50
ggbs@4000 <30 % From 0.35 to 0.60
Activated fly ash <40 % From 0.40 to 0.50
binary mixes <50 % From 0.25 to 0.45
ggl;];@aggoo <30 % ~0.60
Activated gebs@n0n <30% 0.80
ternary mixes £8 ﬂsy@ajlsh <35% 0.65

Finally a modelling exercise was carried out to parallel the impact of special additions to
cracking risk. Since the dynamic phenomena occurring at micro-scale and having a strong
impact on macro-scale have been disregarded, the present approach is far from exhaustive.
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However a semi-empirical parameter, RCR, related to the risk of cracking occurring at 7
days, normalized to the reference concrete (RCR = 1) was calculated using Eq.3 and
presented in Figure 3.

RcR=_0=0a) _ f(e,R,) Eq.3
(G_O-R)ref

Tension stress (arising in case of restrained shrinkage), ¢ and tension strength, cr were
estimated using Eq. 4 [11] taking the measured shrinkage (in non-restrained conditions), &,
and cubic compressive strength values (R¢) as input values.

f 0,3
oc=¢-E; E:22000-(ﬁ} 3 fgn=Tfq +8

op=0,7-f,: f,.=030-f° f, =083R, Eq. 4

The physical meaning of such modeling exercise is to estimate using additions as clinker
replacement, whether at short ages the negative contribute due to reduced strength
development could be exceeded by the positive contribute due to the reduced shrinkage.

It was evidenced by RCR that in most the cases, by reducing clinker, a higher cracking risk
(RCR >1) is expected. In more details:

- at 7 days RCR is in general between 1 and 2.
- at 28 days RCR is up to about 5; however a positive effect of using fly ash to reduce

RCR was clearly noticed.
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Figure 3 Relative sensitivity to cracking at 7 and 28 days.
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CONCLUSIONS

The use of special additions could be a powerful tool to limit the carbon footprint of concrete
mixtures although it might not help improve durability-related performance.

This paper shows how, using special additions, clinker savings in HPC have been possible
reaching the carbon footprints typically detected in ordinary concrete.

However, since carbon footprint is not the only matter to be considered vis-a-vis
sustainability, the impact of mix design variations on durability has to be carefully
considered.

A general decrease in early strength was confirmed in HPC mixes using special additions.
For this reason, a specific modelling activity was carried out to explore the mechanical
behaviour at early ages more extensively.
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Effect of Mineral Additives on Hydration Heat of Concrete Mixtures

G Skripkiunas, D Nagrockiene, G Girskas
Vilnius Gediminas Technical University, Lithuania

The investigation of Portland cement with different mineral additives used for the massive concrete structures
are presented in the paper. The type of cement type and ambient temperature influence on the hydration heat
of concrete mixture was determined. The laboratory experiments with different additives for cement were carry
out: slag up to 20% (CEM II/A-S 42,5 N), limestone up to 20% (CEM II/A-LL 42,5 R), slag from 66 to 80 %
(CEM III/B 32,5 N) and without mineral additives (CEM 1 42,5 R). Also the industrial experiments with designed
concrete mixtures and the modeling of concrete temperature during cement hydration where carried out. The
investigation of concrete mixture temperature regime during a massive concrete structure construction and curing
time were performed. Cement type and mineral additives influence on the hydration heat of concrete mixture was
determined. The results suggests the hydration heat of concrete mixture is highest with cement without mineral
additive (CEM I 42,5 R) and the lowest with cement with the maximum amount of slag (CEM III/B 32,5 N).
Modeling of heat release from hardening concrete mixture derived the use of lower activity cement with a larger
amount of slag (CEM III/B 32,5 N) stands higher than the heat content of the slag with Portland cement concrete
with a smaller amount of slag (CEM II/AS 42,5 N) for requiring larger quantities of cement in concrete mixture.
It was found that the used retarder has not a significant effect on hydration heat of concrete mixtures with slag
cement. Concrete thermal regime modeling results and temperature measurements in a concrete structure has
shown that the temperature in massive concrete structure with slag cement with up to 20% slag addition reaches
61 °C. The massive concrete structures with slag additives (CEM II/A-S 42,5) can be concreted without special
cooling technology in average ambient temperature under 15 °C.
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INTRODUCTION

Cement hydration is an exothermic reaction where large amount of heat is released. Portland
cement hydration and curing is a complex process in which particles of various sizes hydrate
at different speeds and mineral hydration processes overlap [1-3].

According to Taylor [4], cement hydration and liberation of heat during hydration process is
caused by the following factors:

— Fineness and granulometric composition of cement particles;

—  Water and cement ratio (W/C);

—  Chemical composition of clinker;

— Grinding aids that improve clinker grinding efficiency and additives used to enhance
the characteristics of cement paste and to substitute part of clinker, i.e. silicon dioxide
dust, slag etc.

Paine, Dhir and Zheng [11] have conducted detailed experiments with ash and slag additives
in concrete mixtures.

Taylor, Gallucci [4, 5] and other researchers distinguished three stages in cement hydration:

— Initial or preparatory: the formation of saturated solution of the product;
— Colloidal: direct hydration and formation of jelly products;
—  Crystallization: further crystallization of colloidal particles into larger crystals.

Spontaneous dissolution of cement begins in the initial or preparatory phase, immediately
after its contact with water. Small amounts of ettringite, calcium silicate hydrates (C-S-H)
and calcium hydroxides (CH) are produced in the solid phase. This process lasts about 6
hours. In the second stage the formation of calcium silicate hydrate (C-S-H) continues.
Calcium aluminate trisulphate hydrate, the so-called ettringite (Af;), forms during the reaction
of aluminium compounds in clinker with gypsum. The highest concentration of this hydrate is
reached at the end of the second phase. This phase lasts from the 6™ until the 24™ hour. The
processes that occur after 24 hours of hydration are called crystallization stage. In this stage
Af; compounds react with the remaining clinker minerals and form calcium aluminate
monosulpahte (Af,) hydrates. C-S-H and CH content and crystal size increase [3, 4].

Hydration of clinker minerals are exothermic reactions and therefore a certain amount of heat
is released when cement is mixed with water. The biggest amount of heat is released during
the hydration of C3A and CsS, whereas C,S reaction with water liberates very little heat. Heat
evolution is also more prominent in cements with greater glassy phase [4, 8, 9].

Heat liberation during cement curing has practical significance for concrete placing at low
temperatures. On the other hand, big heat release has a negative impact in the manufacture of
massive concrete structures. High temperature inside a massive structure and low temperature
on the surface may cause the development of unfavourable stresses and cracking. Therefore,
concrete placing in massive structures requires concrete mixtures that release little heat
during curing (low-exothermic) — up to 165-190 J/g during three days and up to 210-330 J/g
during seven days. Belite, slag and pozzolan cements are low-exothermic due to specific
mineralogical composition or lower clinker content.
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The rate of heat release during cement hydration is not steady — heat evolution is more rapid
in the beginning and slows down in later stages. [10]

Set retarding additives are used to delay cement hydration and the rate of heat evolution.
These additives have no or little effect on the curing rate of cement slurries. Retarders are
used for concrete placing in high temperatures, for long-distance transportation of fresh
concrete and for the manufacturing of massive structures. Retarders act as dispersing agents
and produce the plasticizing effect, i.e. they enhance the workability of concrete and slow
down the reactions thus enabling to maintain the characteristics of fresh concrete for a longer
time compared to cement slurries without additives.

MATERIALSAND CONCRETE COMPOSITIONS

Concrete mixtures were designed from different types of cement, the characteristics of which
are presented in Table 1 (all cements were produced in accordance with LST EN 197-1:2001
standard). Blastfurnace slag and limestone content in cements CEM II/A-S and CEM II/A-LL
was 6 — 20% respectively; cement CEM III/B contained 66 — 80% of slag. Portland cement
mixture CEM II/A-S 42.5 N (MA) released 20 % less heat during hydration compared to the
regular type Portland cement CEM 1. The hydration of cement mixture CEM II/A-LL 42.5 R
(MA) released 16 % less heat and heat evolution rate in cement mixture CEM III/B 32.5 N-
LH (SR) was 26 % lower.

Table 1 Different type of cement and their characteristics

CEMENT PROPERTIES CEMI CEMII/A-S CEMIIVA- CEMII/B

42.5R 425N LL425R  325N-LH
(MA) (MA) (SR)
Compressive strength, MPa - - - -
after 24 hours
Compressive strength, MPa 28+2 22+3 29+2 -
after 2 days
Compressive strength, MPa - - - 21+3
after 7 days
Compressive strength, MPa 54+3 51+3 52+3 41+3
after 28 days
Initial setting time, min 160 160 200 195
Final setting time, min - - - 270
Soundness, mm 1.0 1.0 1.0 1.0
Water requirement, % 253 253 26.3 28.0
Residue on the 90 um sieve, 1.3 2.4 0.7 0.6
%

Specific surface area, (cm?/g) 3700 3800 4400 4800
Loss on ignition, % 1.4 1.6 6.0 2.2
Insoluble residue, % 0.5 0.5 0.7 04

Sulphate content (as SO3), % 2.8 2.60 2.63 2.54

Chloride content (Cl- ), % 0.005 0.007 0.001 0.014
Alkalinity (as Na,O <0.8 <0.8 <0.8 <1.2

equivalent), %
Hydration heat, J/g 365 290 307 <270
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Sand and stone chippings were used as aggregates in concrete mixtures. Plasticizer Muraplast
FK-63-30 and retarder Retard 310 were used as additives.

Cement mixtures of different composition were tested. Concrete mixtures presented in Table

2 differ by the addition of set retarding additive Retard 310 in phase II. Concrete mixtures
were designed from different types of cement, aggregates, water and plasticizer.

Table 2 Concrete mixtures for laboratory testing

MATERIALS CONCRETE MIXTURES (AMOUNTS OF
MATERIALS IN kg PER 1 m® of CONCRETE
MIXTURE)
I-1 - -1 I1-rve -1 1m-1m mi-ir I-1v
CEMI1425R 360 - - - 360 - -
CEM II/A-S 42.5 N (MA) - 360 - - - 360 - -
CEM II/A-LL 42.5 R (MA) - - 360 - - - 360 -
CEM III/B 32.5 N- LH (SR) - - - 360 - - - 360
Sand 931 931 931 931 931 931 931 931
Aggregate 5/11 476 476 476 476 476 476 476 476
Aggregate 11/16 529 529 529 529 529 529 529 529
Water 135 135 135 135 135 135 135 135
Plasticizer Muraplast FK- 216 216 216 2.16 2.16 2.16 2.16 2.16
63.30
Set retarder Retard 310 - - - - 1.08 1.08 1.08 1.08

Industrial testing was performed with concrete mixture presented in Table 3. The concrete
was produced from cement CEM II/A-S 42.5 N, 0/4 fraction sand, 4/16 and 16/32 fractions
stone chippings, water and plasticizer.

Table 3 Concrete mixture for industrial testing

MATERIALS AMOUNTS OF MATERIALS IN kg PER 1 m’ of
CONCRETE MIXTURE
Cement CEM II/A-S 42,5 N 350
Sand 0/4 930
Stone chippings 4/16 605
Stone chippings 16/32 350
Water 165
Plasticizer Muraplast FK 1.925 (0.55 %)

63.30
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TESTING METHODOLOGY

Characteristics of concrete mixtures used in the testing were determined according to the
following standards: workability was tested according to LST EN 12350-2, density was
tested according to LST EN 12390-7, and compressive strength after 7 and 28 days of curing
was tested according to LST EN 12390-3. Hydration heat of concrete mixtures was tested
according to the below-described method.
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Figure 1 The layout of temperature sensors in a massive concrete structure

Exothermic reaction temperatures are determined in concrete mixtures where heat is released
during curing and concrete specimen temperature increases. Exothermic reaction temperature
taking procedure and basic requirements: the temperature of concrete components (water,
cement aggregates and additives) must be (20 + 1) °C; the testing must be done at room
temperature (20 £ 1) °C; a concrete mixture specimen of 1.5 kg must be moulded in a
demountable 100x100x100 mm formwork made of textolite. A glass tube with a T-type
thermocouple shall be placed in the specimen during curing. After the concrete specimen is
formed the textolite formwork shall be placed into a metal box and insulated with 50 mm
thick polystyrene foam. The thermocouple shall be connected to a data transmitting device

and to a PC. The temperature shall be measured and readings shall be recorded for 24 or 48
hours.

Concrete temperature in the structures was taken during industrial testing. The temperature
was taken by 12 temperature sensors. The layout of temperature sensors in a massive
concrete structure is presented in Figure 1.
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MODELLING OF THERMAL REGIME IN CONCRETE

The thermal regime was modelled to forecast maximum temperatures in a massive concrete
structure. The modelling was based on the assumption that all heat released during cement
hydration is transferred to the concrete mixture, i.e. there is no heat exchange with the
environment. Such assumption is possible only in the testing of massive structures with very
small surface area protected from intensive transfer of heat to the environment. Significant
loss of heat from the curing structure to the environment occurs after a longer setting time
and the temperature in the structure starts falling. According to the research literature [7] data
obtained from the practice of building massive concrete structures we may state that the
temperature in the structure starts falling after 4 days (96 h) of curing and drops by 1 degree
Kelvin per day.

The release of heat during cement hydration in one cubic meter of concrete mixture is
calculated from the equation:

O =q-C, K (1)

where: O, is the amount of heat released during cement hydration 