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Abstract 

This dissertation investigates the response of concrete to high temperatures 
for extended periods, such as those that may be experienced in a normally 
operating nuclear reactor. Codes of practice, such as the American Concrete 
Institute's ACI 349, place strict limits to temperature exposure on structural 
concrete for nuclear reactors. 

This project was undertaken for the Pebble Bed Modular Reactor, a gen­
eration IV high temperature reactor. Such reactor designs have significantly 
higher operating temperatures than pressurized water reactors, which would 
require large and complex cooling systems to keep the supporting structure for 
the reactor within the limits placed by codes of practice for nuclear reactors. 
This project investigated the response of concrete to high temperatures with a 
view to developing a material that was resistent to high temperatures, allowing 
the reactor cavity structure to be exposed to significantly higher temperatures 
than those currently allowed by the Codes. The maximum temperature lim­
its investigated were 225°C for operating temperatures for the lifetime of the 
structure and 450°C for accident situations of approximately 30 days. 

An in depth literature study was undertaken, reviewing literature relating 
to the mechanical, transport and thermal properties of Portland cement con­
crete. A complex set of parameters were identified that affect the response of a 
concrete to high temperatures, including material constituents and quantities, 
temperatures reached, duration at temperature, heating rate, thermal cycling 
and the ability of moisture to escape from the heated concrete. 

It became apparent from literature that a primary concern in designing 
concrete for high temperature applications was understanding the effect that 
moisture had on the concrete. This falls into two categories - unsealed and 
sealed, where unsealed concrete allows moisture to escape from the concrete 
and sealed concrete prevents moisture from escaping. 

Thus, unsealed concretes develop differential thermal expansions and shrink­
age between the aggregate and binder paste, leading to the development of 
microcracking. This has a significant effect above about 250°C as the cement 
paste begins to shrink significantly due to dehydration of the paste, and the 
aggregate continues to expand. Sealed concretes also experience dehydration 
of the chemically bound water in the cement paste, but the main effect tem­
perature has on these concretes is to develop high pore pressures and cause 
hydrothermal reactions in the cement paste. These reactions result in the 
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formation of: 

1. Hydrogarnets (HG) - C3(A, F)SH4 

2. Hydroxylellestadite (E) - CalO(Si04h(S04h(OHh 

3. adicalcium silicate hydrate (a - C2 SH) - C2SHo.3-0.1 

4. l1A Tobermorite 

Cement pastes that are solely comprised of Portland cement form hydrogar­
nets, hydroxylesllestadite and adicalcium silicate hydrate, with the formation 
of a - C2S H dominating at 250·C. This phase is crystalline and lime rich, 
with coarse and poorly interconnected particles. The addition of high quanti­
ties of siliceous materials such as fly ash or ground quartz see the formation of 
hydrogarnets and l1A tobermorite dominating at high temperatures. These 
are gel-like phases, and act to either improve the strength retention or even 
increase strength at temperature. Considering the PBMR reactor cavity struc­
ture, sealed concrete is more representative of the material in question. 

\\lith the in depth literature study complete a set of concrete constituents 
were identified that are likely be beneficial at high temperature. These were 
then applied in a testing program that investigated the strength and several 
transport properties (oxygen permeability, water sorptivity, chloride conduc­
tivity) of two concrete mixes with these suggested constituents. 

The results of the testing suggest that the sealed concrete experienced an 
improvement in strength over the unheated concrete of up to 130% at 225 ·C, 
while unsealed concretes showed a much lower strength gain, or even a strength 
loss. Scanning electron microscope studies confirmed that the improvement in 
strength in sealed concretes was due to the formation of new gel-like phases in 
cracks and voids of the concrete. This phase was formed by unreacted fly ash 
and Portland cement in the concrete, in the presence of the high moisture en­
vironment. Sealed concretes exposed to 450·C appeared to be governed by the 
development of microcracking. A concrete with higher binder content, which 
would have developed less micro cracking, showed a deterioration in strength 
between 50% and 10%, while a concrete with lower binder content (and sub­
sequently higher aggregate content) showed an improvement of between 30% 
and 50%. The higher aggregate content lead to greater microcracking in the 
concrete which exposed unreacted Portland cement and fly ash, which in turn 
reacted in the high moisture environment to repair the cracks. Although such 
an improvement in strength is desirable, it was concluded that greater micro­
cracking would not be beneficial in terms of properties such as modulus of 
elasticity or creep. 

At 450·C the unsealed concrete experienced a significant loss in strength 
that is dominated by the development of microcracking and dehydration of the 
binder paste. 

The transport properties were investigated in an unsealed state, and it 
was found that temperature generally has a deleterious effect on the transport 
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properties of a concrete. Gas permeability, measured by the OPI test, demon­
strated an increase of 2 times for a concrete with a higher binder content, 
while concrete with a higher aggregate content demonstrated an increase of an 
order of magnitude. This suggests that concrete with a higher aggregate con­
tent experienced greater microcracking at this temperature. Both concretes 
demonstrated an increase of an order of magnitude from the 225°C results 
when exposed to 450°C, indicating the development of micro cracking. 

Interestingly, at 225°C it appears that the porosity of the concrete may 
experience a significant drop over time, leading to an improvement of properties 
such as reduced water sorptivity and chloride conductivity. This may be due 
to the densification of the solid phase of the concrete preventing the ingress 
of deleterious media. After exposure to 450°C results generally increase with 
length of exposure, suggesting microcracking is dominating the response. 

It was concluded that the mix design that was tested could meet the re­
quirements of the PBMR reactor cavity structure, and that further testing and 
investigation should be carried out to determine the response of all properties 
of interest. Of particular interest would be the response of the modulus of 
elasticity, as literature suggests that such mix designs demonstrate a greater 
reduction at temperature over concretes without high extender contents. 
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Chapter 1 

Introduction 

This dissertation is concerned with investigating and developing concrete that 
is able to withstand high temperatures for application in nuclear reactors. This 
project was undertaken for the Pebble Bed Modular Reactor (PBMR), a gen­
eration IV high temperature gas cooled reactor (HTR) that was investigated 
by PBMR (Pty) Ltd in South Africa. HTR's have been researched over several 
decades because of the potential of significantly higher operating temperatures 
of the reactor. The PBMR could give an expected outlet temperature of more 
than 900°C against 330°C for current light water reactors, allowing the possi­
bility of higher electricity generation efficiencies, the production of hydrogen 
and co-generation for chemical and process industries [1, 2]. 

The PBMR design has several key distinguishing features, where probably 
the most important is the aspect of inherent safety. This concept implies that 
the reactor has many passively safe systems that reduce the risk associated 
with accident scenarios and radiation exposure. The most significant aspect 
is that the reactor has a negative temperature coefficient of reactivity, namely 
that as the temperature of the reactor rises the fission reaction slows, effectively 
moderating the temperatures reached in an accident scenario [2]. The concept 
of inherent safety also applies to the structure surrounding the reactor, with 
the effect of the very high operating and accident temperatures on the structure 
requiring consideration. 

The use of structural concrete in nuclear reactors has strict limits placed 
on temperature exposure. An example of these limits are those set by the 
American Concrete Institute of 65°C with hot spots of 93°C for operating 
temperatures and 176°C with local hot spots due to steam of 343°C for accident 
temperatures in ACI code 349 [3]. However, the Code has provisions allowing 
for the design of structures to operate at higher temperatures if adequate 
evidence of sustained strength is provided. 

There have been many years of research carried out in this topic, with re­
search into the fire related response of concrete beginning at least as early as 
1904 [4]. One of the first references available where concrete was considered for 
high temperature structures was the patent by Platzmann in 1925 for the man-

1 
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ufacture of a refractory concrete based upon Portland cement, chamotte and 
either trass or reactive silica [5, 6J. The body of literature steadily grew up to 
about 1960, from which it expanded significantly as interest in nuclear reactors 
gained momentum with consequent interest in high temperature structures [7J. 
Since then many directions of research in the topic have been appropriately 
answered, a good example being the thermal properties of concrete, however, 
a definitive answer to the response of Portland cement concrete to high tem­
peratures still remains incomplete. 

1.1 The Pebble Bed Modular Reactor and High 
Temperature Concrete 

High temperature reactors operate at temperatures significantly higher than 
conventional pressurized water reactors (P'VR). 'Vhen one considers the tem­
perature limits placed on the surrounding concrete structures it becomes ap­
parent that large cooling systems or bodies of insulation would be needed to 
keep the concrete within the limits imposed by current Codes. Another al­
ternative would be to develop a material that has a predictable and resistant 
response to temperature. This is the reasoning behind this project. 

Generally, a nuclear reactor pressure vessel needs to be supported by a 
structure made of concrete. This concrete also serves as a radiation shield 
between the reactor and the containment structure. In the case of the PBMR 
this involves a concrete cylinder, with an air gap between the reactor and the 
cylinder, called a reactor cavity. Figure 1.1 gives a section view of the HTR­
Modul reactor cavity, upon which the PBMR is based [8J. In the case of a loss 
of coolant accident (LOCA), the temperature rise in the air gap is intended to 
cause natural convection, drawing heat away from the area. In previous HTR 
designs a reactor cavity cooling system (RCCS) was implemented in this air 
gap to reduce the temperatures the concrete is exposed to [9J. 

PBMR (Pty) Ltd commissioned the University of Cape Town (UCT) to 
research a concrete that met several requirements as outlined in a scope of 
research document [10J with the key requirements outlined below. 

1. A concrete is required that can withstand operating temperatures of 
225°C, and accident temperatures of 450°C for a period of 30 days, while 
maintaining sufficient compressive strength (that is, remaining above the 
room temperature (20°C) compressive strength of 40 MPa) and modulus 
of elasticity to be able to remain structurally stable throughout. 

2. Permeability shall be such that a leakage rate (of gas) of less than 5% 
volume/day at a design pressure of 150 kPa(g) (times 1.15 for testing, 
i.e. 172.5 kPa(g)) is obtained. 

3. The concrete shall be sulphate and chloride resistant with a low heat of 
hydration (large pours are required). 
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Figure 1.1: Section view of the HTR-Modul [8] 

4. A design life of 40 years for operation and a further 40 years for storage 
of waste is required in a coastal environment. 

The approach of developing a material that itself is resistant to temperature 
supports the theory of inherent safety behind the PBMR, as opposed to having 
active cooling systems that would increase both the complexity and risk of 
system failure in the case of an accident. This could also reduce the overall 
cost of the reactor. 

1.2 Objectives 

The primary objective of this project was to research a concrete that is able 
withstand significantly higher sustained temperatures than those that are cur­
rently stipulated in Codes such as ACI 349 [3]. This primary objective was 
broken down into two secondary objectives, namely: 

1. To develop a comprehensive understanding of the response of Portland 
cement concrete to high temperatures. 

2. To utilize this understanding to present and test a suggested concrete 
mix design that allows the design of nuclear structures according to the 
criteria outlined above. 
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1.3 Scope and Limitations 

This dissertation primarily focuses on developing an understanding of the re­
sponse of concrete to high temperatures. This is carried out through an in­
tensive literature study. A testing series has been carried out to verify the 
concepts gained from literature, and to develop a suggested mix design for 
further testing. 

As will be described in Chapter 3, concrete has a complex response to high 
temperature exposure, with a significant difference between the response to 
different environments (for example operating power plants or a fire situation). 
As such, and due to the broad range of literature available for concrete exposed 
to high temperatures specific focus has been given to literature relating to the 
heating environment of the PBMR. This is a considerable volume of literature 
that provides relevant insights in the topic. 

The testing phase of the project considered some concepts developed from 
the literature review. This phase was not a comprehensive characterization of 
the material, rather a testing and validation of concepts gained from literature, 
with a view to demonstrating the direction for more intensive testing to take 
place. 

It should be noted that some properties were given a cursory consideration 
in this project, such as radiation shielding and creep. This allowed a more 
focused and comprehensive study of properties, such as strength, that were 
requested be investigated. Such properties would require consideration in the 
complete characterization of the material. 

1.4 Organization of this Dissertation 

This dissertation begins with a review of the basic concepts of concrete at room 
temperature. This is followed by an in-depth study of available literature on 
the topic, including: 

• A review of the relevant factors that affect the response of a concrete to 
high temperatures. 

• An assessment of the PBMR environment to assist in identifying the 
relevant literature. 

• A review of Portland cement concrete response to the temperatures of 
interest according to mechanical, transport and thermal properties. 

• A brief review of the response of steel reinforcement to high temperatures 
(to assess the interaction between concrete and steel at high tempera­
tures). 

Various concepts and trends were developed from the literature review. The 
testing methodology used to validate the concepts gained from literature is 
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discussed in Chapter 4, followed by the results of the testing in Chapter 5. The 
dissertation is concluded with a discussion, conclusions and recommendations. 
Appendix A contains the results of the testing while Appendix B contains the 
designs of testing apparatus used in the project. 



Univ
ers

ity
 of

 C
ap

Tow
n

Chapter 2 

Basic Concepts of Concrete 

In this Chapter the concepts of Portland cement and concrete are dealt with. 
This is to enable the reader to understand the response that the constituents 
of a concrete, and the greater concrete material, has to high temperatures. For 
further reading on this topic the reader is referred to Neville [11] or Fulton's 
Concrete Technology [12]. 

Concrete is a complex, multi-phase material that consists of a binder (gen­
erally Portland cement) and stone (commonly called aggregate). Each of these 
phases has different properties and functions in the concrete material, while 
the two phases interact to effectively form a third phase around each piece of 
aggregate called an interfacial transition zone (ITZ). One needs to understand 
the different functions of these phases, their respective properties and the way 
the phases interact. 

2.1 The Binder Phase 

The binder phase is the matrix that bonds aggregate particles to form a com­
posite that is rigid and strong [12]. The binder may also be referred to as 
cement, glue or adhesive. 

2.1.1 Portland Cement 

The primary component of the binder phase for concrete is generally Portland 
cement. Portland cement is used because it is relatively cheap, sets at normal 
temperatures and pressures and can be made to be strong and durable [12]. 
It is worth noting that the concrete industry is the biggest consumer of raw 
materials worldwide, using 11.4 billion tonnes annually [13]. Portland cement 
is a fine powder that hydrates and forms a solid phase when mixed with water. 
Its constituents are presented in Table 2.1. 

\\Then Portland cement is mixed with water it undergoes a hydration reac­
tion forming the following products [12]: 

1. 2C38 + 6H -t C382H3 + 3C H 

6 
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Table 2.1: Compound composition of South African Portland cements [12] 
% by mass 

Compound Formula Abbreviation in cement 
Tricalcium silicate 3CaO.Si02 C3S 35 - 55% 
Dicalcium silicate 2CaO.Si02 C2S 20 - 40% 

Tricalcium aluminate 3CaO.Al20 3 C3A 5 -12% 
Tetracalcium aluminoferrite 4CaO.Al203·Fe203 C4AF 5 -10% 

Magnesia MgO M 0.3 - 4.0% 
Gypsum Raw material - 4 -7% 
Free lime CaO - 0.5 - 2.5% 

2. 2C2S + 4H -+ C3S2H3 + C H 

3. C3A + CH + 12H -+ C4AH13 

4. C4AF + 4CH + 22H -+ C4 AH13 + C4FH13 

The calcium hydroxide, Ca(OHh (abbreviated CH), reactions 3 and 4 are 
provided for by 1 and 2. Equation 3 has intermediate reactions that are not 
shown. 

C3S2H3 , calcium silicate hydrate (abbreviated CSH), also commonly called 
CSH gel, solidifies as plates and needles, forming a porous medium that pro­
vides the most significant contribution to the strength of the cement. 

Calcium hydroxide is another primary product of the cement hydration and 
solidifies in the form of large crystals; however it has a small contribution to 
the strength development of the cement paste. Any excess water in the cement 
is generally a saturated solution of calcium hydroxide as it is soluble. 

For an average composition of Portland cement, 1 kg of cement will produce 
approximately 615g of CSH gel and 255g of CH [12]. 

2.1.2 Cement Extenders 

The building of structures with Portland cement usually includes the use of 
extenders. Extenders are materials that are added to cement that have bene­
ficial effects either in property development and/or cost basis. There are three 
extenders that are generally used [12]: 

• Fly ash (FA) 

• Condensed silica fume (CSF) 

• Ground granulated blast furnace slag (GGBS) 

Fly ash is a residue from flue gasses from furnaces fired with coal. When used 
as an extender fly ash is normally in the range of 0% - 30% by weight of binder 
content. Its use offers several advantageous properties in concretes: 
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• Development of CSH gel through a pozzolanic reaction. 

• Reduction of early age hydration temperatures due to the slow evolution 
of the pozzolanic reaction. 

• Improved durability of concretes with increased resistance to sulphates, 
carbonation, aggressive environments and alkali-aggregate reaction. 

Condensed silica fume is a fine powder resulting from the production of silicon 
or silicon bearing metal alloys carried by flue gases from the burning area of 
a furnace by exhaust gases. Condensed silica fume is used generally in the 
range of 0% - 10% by weight of cementitious materials. It offers the following 
beneficial properties in concretes: 

• Development of CSH gel through a pozzolanic reaction. 

• Fine filler effect significantly reducing the size of the interfacial transition 
zone. 

• Increased rate of strength development. 

• Improved durability with increased resistance from sulphates, carbona­
tion, aggressive environments and alkali-aggregate reaction. 

The pozzolanic reaction has a general formula of [12]: 
1. 2S + 3C H -+ C3S 2H3 

From this equation it becomes apparent that pozzolans consume the cal­
cium hydroxide product of Portland cement. This effectively reduces the 
amount of calcium hydroxide in the cement paste, as has been shown by Lam 
[15]. 

Ground granulated blast furnace slag is a residue of iron production, that 
has been ground to a powder. Blast furnace slag hydrates in a similar reaction 
to Portland cement, but requires a high alkali environment to increase the rate 
of reaction. The reactions are outlined below [12]: 

2. 3(C + S) + 3H -+ C3S2 H3 + S 
3. (a x S) + (b x CH) + other -+ C3S2H3 + (CAproducts) 
From these equations it becomes apparent that blast furnace slag consumes. 

calcium hydroxide in its hydration reaction. Blast furnace slag is generally used 
by replacing up to 50% of Portland cement content, and offers the following 
benefits: 

• Reduced early age hydration temperatures 

• Improved durability with increased resistance from sulphates, carbona-
tion, aggressive environments and alkali-aggregate reaction 

As will be described in Section 3.2, extenders playa vital role in providing a 
concrete that is resistant to high temperatures, largely due to the consumption 
of calcium hydroxide [16, 17]. 
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2.1.3 Alternative Binders 

\Vith the project topic in consideration, it becomes necessary to discuss other 
binders that are commonly used in high temperature environments. A brief 
discussion is carried out here, describing only a few of the alternatives that are 
available and those that appeared to be most relevant to the project. 

Calcium aluminate cement (CAC), also called high aluminate cement (HAC), 
is the cement that is most commonly used in refractory contexts due to excel­
lent resistance to high temperatures. This cement has however been banned 
from structural use by codes of practice in many countries including South 
Africa. This is because the primary constituents of high alumina cements are 
calcium aluminates, other than C3A, that undergo conversion when exposed 
to moisture and temperature [12J. 

The hydration products are calcium aluminate hydrates, with the most 
important being the unstable hexagonal hydrates CAHlO and C2AH8 • These 
hydrates undergo conversion to the stable cubic hydrate form C3AH6 accom­
panied by a significant volume change. This conversion, irrespective of the age 
of the concrete, results in a significant increase in porosity, loss of strength 
and resistance to chemical attack, rendering the cement unsuitable for these 
environments. The primary use of CAC is as an insulating concrete in dry hot 
environments, and with special aggregates can withstand temperatures up to 
1800 °c [6, 7, 12J. 

Several other materials have been considered in the past and present, in­
cluding waterglass [6J and geopolymers [18, 19J. \Vaterglass is an anhydrous, 
inorganic binder that hardens in air [6J. It is a silica rich sodium silicate, with 
the ratio of Si02 : N a20 determining the material properties. The binder it­
self is unremarkable compared to other binders, however is remarkably stable 
with temperature exposure aside from dehydration of the silica phase between 
lOO°C and 150°C and a slight exopeak between 600°C and 650°C relating to 
crystallization. 

Geopolymers utilize fly ash or ground granulated blast furnace slag in an in­
organic aluminosilicate binder. Geopolymers provide a remarkable response to 
temperature, with Kong et al. [18J showing an increase in strength of 53% with 
temperature exposure to 800°C of the binder. Tests on a concrete using basalt 
aggregate however showed a 65% decrease in strength, largely due to microc­
racking between the aggregate and paste. The manufacturing of geopolymers 
is also somewhat complicated when compared to Portland cement concrete, 
requiring several chemicals and well controlled manufacturing processes. 

Another option for a binder for high temperature applications could be 
a polymer, a suggested example being Scott Bader Crystic Crestapol 1230 
[20, 21J. This polymer is believed to be fundamentally stable to temperatures 
in excess of 400°C, with a stated heat deflection temperature of 243°C[21J, and 
would not face any of the issues surrounding moisture migration or permeabil­
ity with Portland cement concrete, as will be discussed in Chapter 3. \Vith 
this in mind a polymeric binder has several clearly useful aspects relating this 
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application. 
\\lith these alternative binders in consideration, a decision to focus research 

on Portland cement was made, due to the following reasons: 

1. Literature suggests that Portland cement concrete can be effectively used 
for operating temperatures of 300°C to 400°C [22]. 

2. The body of literature relating to Portland cement concrete exposed to 
high temperatures is extensive. 

3. The well developed construction processes and methods for Portland 
cement concrete. 

2.2 The Aggregate Phase 

Concrete generally consists of between 70% to 80%, by volume, aggregate and 
as such has a major role to play in the properties of the material. Aggregate 
lends dimensional stability to the concrete and has a direct effect on the mod­
ulus of elasticity of concrete (as it has a higher modulus of elasticity than the 
binder phase). In general the goals for a concrete in terms of aggregate are 
that it is not reactive with the cement paste and has good grading and sizing. 

2.2.1 Options for Aggregates 

Choice of aggregate for any massive concrete structure is normally limited 
to that which is locally available, and is usually natural stone. In the case of 
refractory concretes, a strong case can be made for the use of special aggregates 
such as chamotte or crushed firebrick [6, 7}. These aggregates generally have a 
low coefficient of thermal expansion and are stable to very high temperatures, 
supporting their use in refractory concretes. The selection and choice of an 
aggregate in this case has to be made on both economic and suitability grounds. 

The first point that needs consideration is that the use of special aggre­
gates is generally accompanied by a significant increase in costs. This may be 
justified if there are no suitable natural aggregates available in the local area, 
and is a decision that would have to be made in the assessment of the site. 

\\lith this in mind, one has to carefully analyze and select aggregates for use 
in high temperature environments. A specific focus on natural aggregates has 
been given in this project to illustrate the viability of considering these for the 
temperature ranges considered. Conventional aggregates broadly fall into four 
groups (when one considers their viability for concrete at high temperatures): 

• Sedimentary carbonate 

• Igneous amorphous 

• Igneous crystalline 
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• Quartzitic 

These groupings are broadly related to the silica content of the aggregate, with 
sedimentary carbonate aggregates (for example limestone) having little or no 
silica content, amorphous igneous aggregates having very small formations of 
silica crystals, crystalline igneous aggregates having larger silica crystals and 
quartzitic aggregates having high silica contents in large crystals. Coefficients 
of thermal expansion for various aggregates at room temperatures were deter­
mined by Browne as shown in Table 2.2 which clearly shows the correlation 
between silica content and expansion properties [23]. In terms of the igneous 
rocks, basalt falls into the category of amorphous, while granite can vary be­
tween amorphous and crystalline. 

Table 2.2: Coefficients of thermal expansion for different rocks and concretes 
at normal temperatures [23] 

Typical silica Coefficient of thermal expansion (1O-6°C-1) 

Rock group content by Rock Concrete 
weight (%) Range Average Range Average 

Chert 94 7.4 - 13.0 11.8 11.4 - 12.2 13.2 
Quartzite 94 7.0 - 13.2 10.3 11.7 - 14.6 12.1 
Sandstone 84 4.3 - 12.1 9.3 9.2 - 13.3 11.4 

Marble ~egligible 2.2 - 16.0 8.3 4.1 - 17.4 10.7 
Siliceous 45 3.6 - 9.7 8.3 8.1 - 11.0 10.7 
limestone 
Granite 66 1.8 - 11.9 6.8 8.1 - 10.3 9.6 
Dolerite 50 4.5 - 8.5 6.8 - 9.6 
Basalt 51 4.0 - 9.7 6.4 7.9 - 10.4 9.3 

Limestone ~egligible 1.8 - 11.7 5.5 4.3 - 10.3 8.6 

An interesting aspect to consider is the locality-specific nature of the ag­
gregates. A table representing the room temperature coefficient of thermal 
expansion of various South African aggregates is given in Table 2.3 [24]. Of 
these aggregates, only granite and greywacke are readily accessible in the \Vest­
ern Cape region. It is interesting to observe the reasonably high coefficients of 
thermal expansion in these aggregates, suggesting a higher silica content. 

2.2.2 Chemical Reactivity of Aggregate 

Ideally an aggregate would be chemically inert, however there are several chem­
ical reactions and constituents found in an aggregate that can cause undesirable 
reactivity when used in concrete [12]: 

1. \Vater soluble substances - reduce strength and induce efflorescence e.g. 
common salt 
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Table 2.3: Values of Coefficient of Thermal Expansion for Commonly Found 
Aggregate in South Africa [24] 

I Aggregate Rock Type I Coefficient of thermal expansion (llstraintC) I 
Andesite 7.4 
Dolerite 6.0 - 8.1 
Dolomite 7.5 - 9.2 

Felsite 9.2 
Granite 6.4 - 9.7 

Greywacke 10.9 
Quartzite 9.4 - 12.2 

Tillite 6.6 

2. Substances soluble in cement paste - e.g. humic acid 

3. Substances that destroy hardened cement paste - e.g. sodium sulphate 

4. Alkali reaction with constituents in the aggregate e.g. opal 

5. Corrosion of reinforcing steel - e.g. salt 

Of these reactions, one of the most prevalent is alkali-aggregate reaction (AAR) 
and alkali-silica reaction (ASR) [12]. This consists of the highly alkaline en­
vironment of cement paste (recall that water in cement paste is a saturated 
solution of calcium hydroxide) reacting with silica in the aggregate, causing 
an expansion. This expansion causes cracking in the concrete, with a subse­
quent decrease in engineering properties and exposure of steel reinforcement to 
the atmosphere. One of the commonly used aggregates in the Western Cape 
region, greywacke, has a high incidence of ASR with substantial damage to 
infrastructure in the region. 

Another fairly important consideration is the availability of deleterious ores 
in some aggregates that specifically contain sulphides, e.g. pyrite, zinc blende 
(sphalerite), lead glance (galena) etc. [12]. 

2.3 The Concrete Material 

Concrete as considered here is a mixture of a Portland cement and extender 
binder phase and aggregate phase, with the area between the two called the 
interfacial transition zone. The binder phase, as its name suggests, serves as a 
matrix that bonds the aggregate together and ultimately forms the solid ma­
terial. The aggregate phase serves to add mechanical properties to the binder 
phase, assisting in strength development, dimensional stability and modulus 
of elasticity. Concretes generally contain between 70% to 80% aggregate and 
12% to 25% binder, by weight [7]. Some interesting work, primarily in the 
field of refractory concretes using high alumina cements, suggests that the use 
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of micro-fillers such as silica fume and zirconia can allow the cement content 
to be dropped to 3% - 6% for low cement concretes and 1 % - 2% for ultra low 
cement concretes [71. 

2.3.1 The Interfacial Transition Zone 

The interfacial transition zone (ITZ) requires special consideration because it 
has a significant effect on the properties of the concrete. The ITZ is generally 
the weakest area of a concrete and has a significant impact on the modulus of 
elasticity of the concrete. This area is characterized by a more porous structure 
with a high content of calcium hydroxide and ettringite crystals, all caused 
by collection of water around aggregate particles in fresh concrete. \\Then 
one notes that calcium hydroxide provides limited mechanical properties and 
the more porous structure suggests less CSH formation around the aggregate, 
reduced mechanical properties are obvious. 

Several factors affect the ITZ [12], as outlined below. 

1. Lower water:cement ratios provide denser microstructures in the entire 
binder phase, including the ITZ. 

2. If a concrete has enough water to sustain cementing reactions, the age 
of the concrete reduces the size of the ITZ. 

3. Cementitious extenders containing very fine particles such as silica fume 
develop a denser ITZ. 

4. Ultra fines in aggregate have a 'fine filler' effect of reducing the bleeding 
of the concrete and densifying the ITZ. 

5. Rougher aggregates reduce the size and effect of the zone. 

6. Absorbent aggregates improve the interface strength and density. 

The high porosity of the area also adversely affects the transport properties 
of the concrete as will be discussed in Section 2.3.2.6 concerning durability, 
supported by Figure 2.5 on page 20, which is a useful representation of the 
impact that the ITZ can have properties. 

2.3.2 The Properties of Interest of Concrete at Room 
Temperatures 

To give a comprehensive summary of the properties that a concrete technol­
ogist or structural engineer is interested in at room temperatures is beyond 
the scope of this dissertation. A short description of some of the properties, 
their generally encountered values and factors surrounding these properties 
has however been addressed. It should be noted that this project was pri­
marily concerned with high performance concretes (in terms of strength and 
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other properties) and a specific focus is given to these. The consideration of 
high performance concretes is justified in the context of the minimum speci­
fied design strength and the environment of exposure for the concrete. Much 
of the information for this section has been gathered from Fulton's Concrete 
Technology [12]. 

Strength 

The compressive strength of a concrete is the commonly used primary deter­
minant for a concrete design. Concretes have strengths that can range from 
less than 20 MPa to well in excess of 130 MPa for ultra-high strength con­
cretes. Generally the definition between normal and high strength concretes 
is either 40 MPa or 60 MPa, dependent on whether one is using the American 
or European design philosophies [12, 14]. This differentiation suggests various 
characteristics about its constituents [12]. 

• Probably the most important aspect is the use of very low water:cement 
ratios, well below the 0.4 ratio that defines the boundary for complete 
hydration of the cement paste. \Vater:cement ratios of 0.3 and lower are 
not uncommon. 

• Extensive use of admixtures (chemical additives that improve properties 
ofthe concrete e.g. super plasticizers improve workability) and extenders. 

• Aggregates that require special attention in terms of grading, quality and 
water content. 

Strength development for concrete is generally considered to be complete after 
28 days, with any strength gain after this continuing at a very low rate. Inter­
estingly the addition of extenders such as fly ash and ground granulated blast 
furnace slag slow the strength development considerably, with these concretes 
effectively achieving complete cure after 90 days. 

Tensile strength of concrete is considerably lower than its compressive 
strength, with no specific relationship between the two. It is however gen­
erally an order of magnitude lower than the compressive strength. 

Modulus of Elasticity (E) 

The modulus of elasticity (E) is the ratio between uni-axial stress and un-axial 
strain. Considering that the stress-strain relationship for concrete is non linear 
up to failure, the modulus is calculated for the first 30% to 40% of the failure 
stress [12]. Generally modulus values can range from between 20 GPa and 50 
GPa, and the property develops most significantly over the first 7 days of cure. 
Several relationships exist that relate compressive strength to the modulus of 
the concrete. 

There are several factors that affect the modulus independently of temper­
ature [12, 14], namely: 
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• Concrete constituents and quantities, where generally higher contents of 
the stiffer phase (normally the aggregate) result in higher modulus . 

• \Vater:cement ratio, which generally determines the porosity of a cement 
paste, which implies that lower ratios tend towards higher modulus val­
ues. 

• Age of the concrete causes a rapid increase in the first few months, and 
continual increase up to approximately 3 years. 

• Aggregate type and grading, as shown by Kaplan [25J, has a significant 
effect on a concrete's stiffness, with the modulus of the aggregate being 
particularly notable in this respect. 

• Moisture content during testing has an effect on the modulus of a con­
crete, with high water saturation levels giving a lower value. 

Considering high strength concretes, the modulus is more dependent on the 
type of coarse aggregate used than the compressive strength of the concrete. 
Similarly there is a significant increase in the rate of modulus development, 
with most of the property developing within the first 24 hours of cure. 

Modulus of elasticity can be tested according to two methods, namely static 
and dynamic. Static tests consists of loading a concrete sample to about one 
third of the failure strength several times, and accurately measuring load and 
deformation. Dynamic tests involve applying very small and rapid loadings to 
the concrete, often by means of resonance. These tests give different results, 
with the dynamic E generally being higher than the static E, largely relating 
to the non-linearity of the concrete stress-strain relationship. 

Poisson's Ratio 

Poisson's ratio is the ratio of lateral strain to axial strain with a uni-axial 
loading. As with modulus of elasticity the Poisson's ratio can be tested either 
statically or dynamically and generally the static Poisson's ratio falls between 
0.2 and 0.1 while the dynamic ratio falls between 0.18 and 0.3. The static 
value is strongly affected by the type and quantity of aggregate, with higher 
aggregate contents significantly decreasing the ratio. The dynamic value de­
creases with increasing age of the concrete, increasing aggregate content and 
lower water:cement ratios [12J. 

Creep 

Creep is the time-dependent change in strain of a solid body under constant 
or controlled stress, or alternatively the reduction of stress under constant 
or controlled strain. Creep occurs with any loading in concrete, although 
the mechanism driving creep changes above 40%-50% of failure loading, with 
microcracking playing a significant role above these values [12J. Creep can 
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Figure 2.1: Specific creep and creep factor versus water:cement ratio for con­
cretes made with andesite aggregates [26] 

be several times larger than the initial deformation caused by loading of the 
structure. It is also important to note that creep of concrete is affected by 
intrinsic factors such as concrete design and age, extrinsic factors such as 
applied stress, relative humidity and curing. 

Considering high strength concretes it is important to note that lower wa­
ter:cement ratios result in lower creep [12]. This is effectively demonstrated 
by Figure 2.1 [26]. ~ote that this figure refers to specific creep with units 
of IIstrain/MPa. This Figure also effectively shows that creep below a wa­
ter:cement ratio of 0.33 is effectively constant. 

One of the primary factors that affects the creep of high strength concretes 
is the age of loading. This is appropriately represented by Figure 2.2 [27]. 
From this Figure it becomes apparent that creep can be considerably reduced 
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Figure 2.2: Creep of 100 MPa mix loaded at different ages under sealed (S) 
and unsealed (D) conditions [27] 

by extending the duration of unloaded cure that the concrete undergoes. 

Shrinkage 

Shrinkage in concrete consists of three different concepts. 

1. Drying shrinkage consists of the evaporation of excess water from the 
hardened concrete. 

2. Autogeneous shrinkage consists of the shrinkage associated with the con­
sumption of water by the cement paste during hydration and as such 
happens mostly in the first few days of cure. 

3. Carbonation shrinkage consists of the reaction between carbon dioxide 
in the atmosphere and the hardened cement paste products. 

Generally shrinkage, if not managed properly, can cause cracking of the con­
crete, and is an accepted aspect of design. However the cracking can be signif­
icant enough to affect the durability and aesthetics of the concrete. Shrinkage 
can also affect the deflections of flexural members. 

In terms of differentiating the type of shrinkage, normal strength concretes 
undergo drying shrinkage most significantly, due to the higher water content 
of the concrete. High strength concretes undergo autogeneous shrinkage of the 
same order as drying shrinkage. This has considerable implications in terms 
of cracking when one considers the low tensile strength development of the 
concrete at this stage. All concretes suffer from carbonation shrinkage over 
time that may eventually exceed the drying shrinkage of the concrete [12]. 
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Due to the multitude of factors affecting the shrinkage of concrete, it be­
comes difficult to define commonly accepted shrinkage values. Figure 2.3 ade­
quately suggests some of the relationships that can be expected, namely that 
reduced water content and increased aggregate content decreases the shrinkage 
of the concrete [28]. 

Durability 

Durability of a concrete is concerned with designing or managing the concrete 
system to be resilient to the given exposure environment in terms of chemical 
and physical attack. The concept of durability is related to the transport, 
mechanical and chemical properties of the concrete. An excellent summary of 
the different aspects affecting durability is given in Figure 2.4 [12]. 

Broadly speaking, the transport properties are related to permeation, ab­
sorption and diffusion of deleterious chemicals. The transport properties do 
not themselves damage the concrete, but allow the transport of deleterious 
chemicals into the concrete that can cause damage to either the concrete or 
steel reinforcement. Examples of these include acid attack, soft water at­
tack and sulphate attack. The ability for transport to occur in a concrete 
is fundamentally related to the interfacial transition zone (ITZ), with higher 
interconnectedness of the ITZ facilitating more transport through concrete, as 
shown in Figure 2.5 [30]. 

Two factors that require special mention are carbonation and chloride dif­
fusion of concrete, as both will likely be highly prevalent for the concrete under 
consideration. Both of these cause corrosion of the steel reinforcement once 
they have transported through concrete to the reinforcement. This corrosion of 
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Figure 2.5: Schematic of penetrability and percolation related to ITZ [30] 

reinforcement leads to cracking and spalling of concrete due to the expansion 
of the corrosion products, facilitating further, accelerated corrosion. 

Another aspect worth special mention is the attack of concrete by sulphates. 
This is generally a reaction between calcium hydroxide and the sulphate ion 
forming gypsum, which is accompanied by a small increase in volume. The 
products of the first reaction then undergo a second reaction to form ettringite, 
with a large increase in volume, causing cracking. 

Much work has been done on understanding the mechanisms of concrete 
deterioration and developing approaches to managing the durability of a struc­
ture. One of the primary developments in this field is the South African Dura­
bility Index [29], which serves to enable the design of a concrete according to 
service lifetime criteria. This index is supported by three tests: 

• Oxygen permeability 

• \Vater sorptivity 

• Chloride ion diffusion 

These tests enable prediction of the various aspects of concrete durability and 
the application of a statistically determined lifetime. An interesting insight 
provided by these tests and others like them suggests that the use of extenders 
affords a significantly more durable concrete as shown in Figure 2.6 [31]. 

One factor that is particularly relevant for for this thesis is the effect of 
nuclear radiation on the properties of the concrete. The use of concrete for 
nuclear radiation shielding is extensive, as the material has good properties in 
this regard. The high energy particles released from nuclear reactors require 
the concrete to be able to absorb and dissipate a large, penetrating energy 
flux. This can provide two situations of interest [12]: 

• )J'eutrons are absorbed in the concrete, resulting in the production of 
heat. This can cause localized hot spots in the concrete. 
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Figure 2.6: Model prediction of the time to corrosion activation for different 
concrete types [311 

• Radiolysis reactions can cause the vaporization of elements on the sur­
face and in the concrete. This can cause high internal pressures in the 
concrete, accelerating corrosion and crack development. 

The topic of concrete for radiation shielding is an extensive subject and the 
reader is referred to Kaplan's work in this regard [321. 

2.4 Summary of Room Temperature Properties 
of Concrete 

This chapter has provided a brief insight into some of the factors concerning 
concrete at ambient temperatures. Consideration of the chemical reactions of 
Portland cement paste and various commonly used extenders has been given. 
A brief outline of several alternatives for binders has been given, with a general 
discussion as to their possible merits and demerits, from which it was concluded 
that this project will focus on Portland cement concrete. 

Common aggregates are then discussed, with the relationship between ther­
mal properties and silica content being pointed out. This concept is particu­
larly important in the context of this project, as will be discussed in Section 
3.2.3. 
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A discussion of the concrete material and various important factors and 
properties is given, pointing out some of the key concepts that are relevant 
for concrete exposed to high temperature, including modulus of elasticity and 
transport properties. The response of a concrete to high temperatures will 
now be discussed in Chapter 3. 
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Chapter 3 

The Effect of Temperature on 
Structural Concrete 

This Chapter considers the effect that high temperature exposure has on con­
crete. The American Concrete Institute has set the limits for concrete exposure 
to temperature, in nuclear reactors, of approximately 65°C for operating tem­
peratures and 176°C for accident temperatures in ACI 349 [3]. These limits 
place a significant constraint on the design of concrete nuclear structures, re­
quiring extensive use of insulation materials to ensure compliance [10, 33]. This 
has stimulated a large amount of research in the field looking to extend the pre­
dictability and prove the ability of concrete to withstand higher temperatures. 
Research can be broadly split into two categories [14]: 

• Short term transient temperature situations such as fires and jet engine 
blasts . 

• Long term constant temperature situations such as process and heat 
energy applications. 

Each of these situations has a different effect on the response of concrete to 
high temperatures. This dissertation is primarily interested with the second 
category, long term constant temperature applications. Consideration of lit­
erature relating to short term transient situations is however valid for two 
reasons; this body of research is extensive, and it should be possible to isolate 
specific factors that relate to the long term response of concrete. 

Several comprehensive literature studies on the topic of high temperature 
concrete have been identified, with each focusing on slightly different aspects 
of the problem [6, 7, 33, 34, 35]. 

It is noteworthy that Bazant et al., in research relating to liquid metal 
fast breeder reactors [22], have suggested that Portland cement is suitable as a 
binder for operating temperatures of exposure between 300°C and 400°C and 
short term accident scenarios of up to 600"C. 

23 
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3.1 The Different Environments of Heat Expo­
sure for Concrete 

Determining the response of concrete to high temperatures requires careful 
and considered analysis and testing. Pihlajavaara [36] has discussed this topic 
by describing eighteen factors that define the response of concrete to high 
temperatures, and providing criticism of research that does not sufficiently 
consider these factors. It is suggested that unless complete consideration of 
these factors is taken, testing should be avoided, as these results tend to be 
inconsistent and sometimes contradictory. 

An illustrative example of the difference between transient and operational 
scenarios was given by ~aus [14]. Fire situations are fundamentally transient 
in nature, with high thermal gradients and possibly high temperatures. It 
is reasonable to assume that the high rate of heating and thermal gradients 
produce significant thermal stresses in the material. Operational situations as 
may be found in power stations, chemical or process industries, are quasi-static 
in nature with stable thermal gradients and controlled temperature exposures 
on the concrete. These environments tend towards the steady state response 
of the material, with a greater effect on the chemical structure of the concrete. 

The complexities around defining the mechanical response of a concrete 
to high temperatures were effectively discussed by Naus using the work of 
Schneider [14, 37, 38]. There are three main test parameters that can be used 
to generate data: heating, application of load, and control of strain [37]. These 
parameters can be divided into six testing regimes [37, 38]: 

1. Stress-strain relationships (stress-rate controlled): tests can be used to 
establish stress-strain relationships, compressive and tensile strength, 
modulus of elasticity, and ultimate strain at collapse. 

2. Stress-strain relationships (strain-rate controlled): tests can be used to 
establish properties stated above and mechanical dissipation energy. 

3. Creep: Constant stress creep tests providing relationships between load­
ing at specified different temperatures and strain. 

4. Relaxation: Constant strain creep test providing relationships between 
load and constant strain at specified different temperatures. 

5. Time dependent total deformation: provides failure temperatures and 
transient creep values for different stress levels at specified different tem­
peratures. 

6. Time dependent total forces: provides a relationship between restraint 
forces and temperature as a consequence of heating. 

~aus goes on to state some of the reasons why it is difficult to interpret quan­
titatively available data on this topic: 



Univ
ers

ity
 of

Cap
e T

ow
n

CHAPTER 3. THE EFFECT OF TEMPERATURE ON STRUCTURAL CONCRETE 25 

• Samples were tested at temperature or after cooling. 

• Moisture migration was either free or restricted. 

• Samples were loaded or unloaded at temperature. 

• Varying mix constituents and quantities. 

• Different sample sizes and shapes. 

• Samples were tested after various durations and environments of curing. 

• Time at temperature varied. 

These issues surrounding the interpretation of available literature support the 
need for a set of guidelines with which to assess a heating environment and 
concrete response. 

3.1.1 A Set of Parameters to Assess the Environment of 
Heat Exposure 

Two guidelines have been identified for analyzing concretes exposed to high 
temperatures, one by Pihlajavaara [36] and one by Lankard et al. [39]. 

In Table 3.1 [36], Pihlajavaara identified eighteen factors that influence the 
response of concrete to high temperatures. These range from factors that are 
intrinsic to the concrete mix design such as concrete strength class, aggregate 
selection and concrete composition, to environmental factors such as the level 
of carbonation of the concrete. Considering intrinsic and environmental factors 
together makes this set of parameters cumbersome to use. 

Lankard et al. suggested a similar method to analyze a concrete exposed to 
temperatures, where a useful distinction was made between the environment 
of exposure and the effects this exposure has on concrete. Lankard et al. 
discussed six effects of temperature exposure [39]: 

1. Alterations to the composition of the mineral species. 

2. Alterations to the relative amounts of the mineral species. 

3. Changes to the thermal properties of each of the mineral species. 

4. Chemical reactions involving the mineral species with each other or with 
ambient media (gases, steel, water). 

5. Volume changes caused by chemical changes. 

6. Physical volume changes due to thermal expansion of the mineral species, 
including differential volume changes due to temperature differences in 
the concrete. 
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Table 3.1: Parameters for high temperature assessment suggested by Pihla­
javaara [36J 

1 Strength class of concrete 
2 Thermal compatibility of cement and aggregate 
3 Composition of cement and concrete 
4 Temperature level 
5 Temperature gradients and heating/cooling rates 
6 Size of specimen or structure tested 
7 Loading during temperature 
8 Moisture content and its alterations 
9 Moisture gradients and transfer rates 
10 Duration at temperature 
11 Degree of hydration and its alterations 
12 Effect of carbonation 
13 Temperature activated transformations 
14 Previous history of concrete 
15 Aging after temperature exposure 
16 Condition of specimen on testing - hot or cold 
17 Testing procedure 
18 Reference strength - saturated, moist or dry 

These events can all be affected, either directly or indirectly, by the factors 
that are suggested in Table 3.2 [39J. The parameters presented in Table 3.2 are 
effective at defining the heating environment that a concrete will be exposed 
to. 

Table 3.2: Parameters for assessment of high temperature environments sug­
gested by Lankard et al. [39J 

1 Composition and relative proportions of concrete 
2 Heating rate and final temperature 
3 Heating conditions (temperature uniformity) 
4 External stress conditions 
5 The nature of the surrounding media (ability for moisture to escape) 
6 Changes in the surrounding media 
7 The duration of heating 

There are however some omissions from the set of parameters, largely re­
lating to intrinsic factors and environmental influences on the concrete, such 
as the concrete age at testing, level of carbonation etc., refer to Table 3.1 for 
more [36J. As such, in testing the effect of temperature exposure on concrete 
there are three considerations to be made: 

1. The effect that temperature exposure has on the concrete, as outlined 
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by Lankard et al. in points 1 to 6 previously [39]. 

2. The environment of exposure for the concrete, as outlined in Table 3.2 
[39]. 

3. The condition of the concrete being tested, as can be effectively deter­
mined using Table 3.1 [36]. 

Consideration of the condition of the concrete tested in this project is covered 
in Chapter 4 of this dissertation. 

Some minor adjustments were made to the parameters as outlined below, 
with a discussion of each factor: 

1. Concrete constituents and their quantities - Careful selection of binder 
and aggregate phases and their mix proportions has significant implica­
tions with the response of concrete to high temperatures. 

2. Heating environment 

(a) Heating rate - A high heating rate can generate significant thermal 
gradients and pore pressures in concrete which can cause significant 
thermal stresses in the concrete. 

(b) Final temperature - The final (or target) temperature determines 
the impact of thermal expansion of the binder phase and the ag­
gregate, as well as any chemical changes such as dehydration and 
chemical evolution of the constituents. 

(c) Thermal cycling - Repeated thermal cycling between room temper­
ature and a target temperature can have a significant effect on final 
properties. 

3. Duration of heating - The duration of heating determines whether the 
environment is transient or steady state. This has implications on the 
causes of property change. 

4. Thermal differences - Thermal differences in the structure and concrete 
can lead to significant stresses in the material. 

5. Stress conditions - The stress conditions of concrete (through pre- or 
post- stressing) carry significant implications in terms of all properties. 

6. The nature of the surrounding media - This fundamentally determines 
the moisture state of the concrete and subsequently the primary effects 
at temperature on all properties. This factor also considers the effect of 
bond strength between the concrete and steel reinforcement. 

7. Changes in the surrounding media - This factor considers the evolution 
of the surrounding media (such as moisture state and bond strength) 
during exposure to heat. 
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(a) Insulated (b) Un-insulated 

Figure 3.2: Qualitative comparison of temperature exposure of a) insulated 
and b) uninsulated concrete 

for the reactor cavity structure as shown in Figure 3.1. 

2. Heating environment 

(a) Heating rate - Due to the nature of the reactor design of pebble bed 
reactors, the maximum heating rate expected for the concrete is in 
the region of 7°C per hour [33]. This would be in the case of a Loss 
of Coolant Accident (LOCA), when the reactor is in operation. 

(b) Final temperature - Two final temperatures have been defined, 
225°C for operating temperatures and 450°C in the event of a LOCA, 
as outlined in the project scope of research work [10]. 

(c) Thermal cycling - The PBMR will undergo a series of maintenance 
shutdowns during its lifetime, indicating several thermal cycles for 
the concrete. An estimate of 8 thermal cycles, a shut down every 5 
years for 40 operational years, would be reasonable. 

3. Duration of heating - There are three scenarios relating to the duration 
of heating, with options (b) and (c) enveloping all LOCA scenarios: 

(a) Plant operates for its lifetime (40 years) at 225°C and is then de­
commissioned. 

(b) Plant experiences an excursion/LOCA on first heating. The LOCA 
takes the concrete to 450°C for approximately 30 days, with a grad­
ual reduction of temperature from 450°C. 

(c) Plant operates for its lifetime and experiences an excursion/LOCA 
at 40 years. 

4. Thermal differences - There will be significant thermal differences in 
the structure of the reactor cavity, both through the thickness of the 
concrete and at different heights. This is most effectively dealt with at 
the structural design level. 
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5. Stress conditions - The reactor cavity structure will likely be pre- or 
post-tensioned to between 10% and 30% of the compressive strength of 
the concrete. 

6. The nature of the surrounding media - The steel liner on the inside 
of the reactor cavity prevents moisture from escaping on the hot face 
of the concrete, creating a 'sealed' environment as will be discussed in 
Section 3.2.1.3. The surrounding concrete only allows this moisture to 
migrate away from the hot face through the concrete. Consideration of 
the impact of steel reinforcement was also necessary. 

7. Changes in the surrounding media - This is directly related to the long 
term service of the structure and required in depth assessment, especially 
in the context of moisture. 

This set of environmental parameters allows the consideration of a smaller 
but more relevant area of literature. The mechanical, transport and thermal 
properties that were of interest to the project are now outlined. 

3.1.3 The Properties of Interest 

The design of any concrete structure generally requires assessment of several 
properties that fall into three broad categories, namely mechanical, transport 
and thermal. Those that are of primary interest to the structural engineer 
concerned with designing the reactor cavity structure include [33]: 

• Mechanical properties 

- Compressive strength 

- Tensile strength 

- Modulus of elasticity 

- Poisson's ratio 

• Transport properties 

- Moisture migration 

- Chloride transport 

- Air permeability 

• Thermal properties 

- Coefficient of thermal expansion 

- Thermal conductivity 

- Specific heat capacity 
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- Thermal diffusivity 

This is a comprehensive list of the properties that are relevant to the design 
of the reactor cavity structure. 

One property not mentioned is the effect of creep at temperature. This 
property, although of interest, fell outside of the project criteria and was not 
considered in depth. For further reading on this subject the reader is recom­
mended to consult the works of Bazant and Kaplan [7] and Kassir et al. [35]. 
The works of Khoury [34], Marzouk [40] and Lohtia [41] are also useful in this 
regard. Khoury has suggested that temperature has a linear influence on the 
creep of concrete with the stress conditions (10% to 30% compressive strength) 
expected for the PBMR [34]. 

Section 3.1 has appropriately prepared the reader for the in depth review 
of literature presented in Section 3.2. 

3.2 The Effect of Temperature on the Properties 
of Concrete 

To give an overview to start Khoury presented useful research shown in Table 
3.3 [34]. Rather than being a comprehensive summary, this Table gives insight 
into some of the key aspects of temperature exposure: 

1. The heating rate of the PBMR environment is well within the moderate 
influence level suggested by Khoury. 

2. The temperature level has a significant influence on the properties of 
concrete. 

3. Thermal cycling has a moderate influence on the properties of concrete. 

4. The duration at temperature has a significant influence on property de­
velopment. 

5. Load levels below 30% of the cold strength, as will be expected with the 
tensioning of the structure, have a linear influence on the transient creep 
of a structure. 

Further support of some of these conclusions will be presented in subsequent 
Sections. It should be apparent that there are several aspects that need con­
sideration with the high temperature response of concrete. 

Considering the amount of literature available, particularly relating to me­
chanical properties where no consistent set of models or functions have been 
developed, the set of parameters discussed in Section 3.1.1 will be used to 
present literature in Section 3.2.2. Properties with well developed models 
(such as thermal) will be considered in a more general context, presenting the 
effect of temperature on the property. 
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Table 3.3: Influence of Environmental Factors on Heated Concrete [34] 
Factor Influence Comment 

Temperature *** Chemical-physical structure and most 
properties 

Level ** The properties of some concrete (e.g. 
compressive strength and modulus of 

elasticity) when heated under 20% - 30% 
load can vary less with temperature - up to 
about 500°C - than if heated without load 

Heating ** <2°C/min: Moderate influence 
Rate 

*** >about 5°C/min: Becomes significant, 
possibility of explosive spalling 

Cooling * <2°C/min: Negligible influence 
Rate 

** >2°C/min: Cracking could occur 
*** Quenching: Very significant influence 

Thermal ** Unsealed Concrete: Significant influence 
Cycling mainly during first cycle to given 

temperature 
** Sealed Concrete: Influence in so far as it 

allows longer duration at temperature for 
hydrothermal transformations to develop 

Duration at ** Unsealed concrete: Only significant at early 
Tempera- stages while transformations decay 

ture 
*** Sealed concrete: Duration at temperature 

above 100°C leads to continuing 
hydrothermal reactions 

Load- *** very important - not usually appreciated 
Temp. 

Sequence 
Load Level *** <30%: Linear influence on transient creep at 

least in range up to 30% cold strength 
*** >50%: Failure could occur during heating at 

high load levels 
Moisture ** Unsealed: Small influence on thermal strain 

Level and transient creep particularly above 100°C 
*** Sealed: Very significant influence on the 

structure of cement paste and properties of 
concrete above lOOoe .. 

***Large mfluence; ** Moderate mfluence; * NeglIgible mfluence 
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3.2.1 Chemical Composition and Physical Structure Changes 
with Temperature 

Onr of t.he most important distinctions to make considrring cement paste or 
concrrtr rxposed to temperature are the different. rnoisturf' statPs it may be 
in. There are fundamentally two states that a con(Trte can bf' heated under, 
unsealed and sealed as illustrated in Figure 3.3. An 'J.nsealed state is COn(Tf'tf' 
ftom which moisture is allowed to freely escape, such as the surfa('e of a massive 
concrete element. A sealed st.at.e is wherf' ]il(Jisturf' is fffectively locked in the 
pores of the concrete either by t,he sllrnJllllding cOll<;rete, 01, in the ca'3e of the 
pm'I'IR. a steel liner on t,he hot facf' of thf' structure. There are a range of 
stat,es hetwf'f'n sealed and unsealed connete, wit "3 the t,wo states (sealed and 
unsealed) enveloping thesr. 

Unsealed concre te -
concrete thot is on the 
o ut ~ id e of the element and 
from which moisture i~ Iree 

ir---- -.. Sea led concrete -concrete 
t hat is on the ,n, ide 01 the 
e lement, where the 

-- -~ 
... --f~ - surrounding conuete 

proh ibits the esc~pe of 
moi~lJfe, the moi,ture is in 
effect loded in the pdste 

Figure 3.3: Seak'd versus unsealed statps 

The respomif' of a bindrr or l'on(Tr\e to these moist ure states is significantly 
different" 'wit,h t.he unsealrd state response dependent on dehydration of t lw 
paste and/ or paste aggregate interacti()Jl. Thf' sealed statr r('Sponse is highly 
<\ryetlllrnl on hyrlrotherrnal reactions. 

Binder 

Figure 3...1 , by Lankard [421, is a representation of a differential thermal analysis 
of hardened crrn€nt paste fOT all unsealed statf'. This sU)l;gests Il lr tempera­
tures that the ('emellt paste undergof's signifkant, ("hanges. The endotherm 
around 100°C is characterized by the loss of physically and ciwmically bound 
water from the cement paste. This dehydration is approximately 70% com­
plrte at 500"C and dehydration is effectively cornplrt-e around 8S0'C [431. The 
products of the df'hyrlration of CSH are mainly /:I-dicakinm silicate Uj C?S) , 
8-w()llast,nnil p (,B - CS) and \vater. The endotherm around 5UO"C is causer! 
by the decompllsit.ion of calcium hydroxide, forming products of calcium oxide 
(CaO) and water. 

Considering the sealed response of a binder, Kropy rt al. [44] have inn·sti­
gated the rcsponsf' ()f nlJfIlwi Port land cement past f' , blast furnace slag cement 
paste and Port la.nd or bla~t furmwe slag cement paste modified with fly ash or 
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Endotherm ...... c----.. ~ Exctherm 
Or--------------,--------

~~.-- Free water 
TobermOrite gel 

~ Icium carbonale 

8L---------~----

Figure 3.4: Differential thermal analysis of Portland cement paste [42] 

ground quartz. In terms of mineralogical composition it was determined that 
the following new phases are formed in hydrothermally treated cement paste 
[44]: 

1. Hydrogarnets (HG) - C3(A, F)SH4 

2. Hydroxylellestadite (E) - CalO(Si04h(S04h(OHh 

3. adicalcium silicate hydrate (a - C2SH) - C2SHo.3-0.1 

Neat cement paste made with blast furnace slag cement (slag content 75%, \V:C 
- 0.4) showed no phase changes up to 105°C, on exposure for up to 90 days. 
After 7 days of exposure to 180°C all three new phases were apparent, with all 
Ca(OHh that was apparent in the unheated paste having disappeared. On 
exposure to 250°C there was an increased formation of the new phases, mainly 
a - C2 SH. 

Tests on neat cement paste made with Portland cement paste showed no 
change in mineralogical composition after exposure to 105°C. Exposure to tem­
peratures above 150°C showed formation of hydrogarnets (HG), while expo­
sure to 250°C showed formation of hydroxylellestadite (E) and Ci - C2S H. The 
C a( 0 Hh content appeared unaffected by hydrothermal exposure (in contrast 
to blast furnace slag cement). Identical transformations were observed with 
concretes that had been pre-dried to a water content of 30% of the as cast 
water content, indicating that only small amounts of free water are required 
to support the phase transformations. 
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Figure 3.5: Relative CH content of Portland Cement paste with fly ash, after 
temperature exposure [44] 

Tests on cement paste with fly ash addition indicated that all Ca(OHh was 
consumed in a very short period of time (20 hours), in pastes with high quan­
tities of fly ash, as shown in Figure 3.5. Hydrogarnets and nA tobermorite 
were identified in concrete heated to 180°C. 

Pore Structure Neat cement paste experiences a significant increase in 
pore size distribution from 20nm at room temperature to between lOOnm and 
1000nm after hydrothermal exposure to temperatures in excess of 200°C [44], 
as shown in Figure 3.6 (a). This suggests high capillary porosity, while ni­
trogen adsorption tests indicated that the change in structure also happened 
in the CSH gel. The specific surface area of paste reduces with temperature, 
being less than 1/10 of its original value after exposure to 180°C due to the 
formation of crystalline phases. 

Cement pastes with large amounts of fly ash demonstrate a retention, or 
small increase of capillary porosity, dependent on the amount of fly ash re­
placement as shown in Figure 3.6 (b). This indicates that pozzolanic reactions 
between free fly ash and CH occur. Kropp et al. [44] have however found that 
the required amount of fly ash to achieve this is large, as high as 66% of total 
binder content. The specific surface area of these pastes increases significantly 
with hydrothermal exposure as well, 75% with ground quartz and 300% with 
fly ash. 

Aggregate 

Generally, aggregates are stable up to about 500°C, and non-siliceous aggre­
gates such as limestone are stable up to at least 600 0 e [7]. This effectively al­
lows most conventional aggregates to be considered for use in this project. The 
most well known transformation reaction is the conversion of quartz (Si02 ) 

in siliceous aggregates from a-quartz to ,B-quartz gradually between 500°C 
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(b) Portland Cement Paste with Fly Ash or Ground Quartz 

Figure 3.6: Pore Size Distribution of (a) Neat Cement Paste and (b) Neat 
Cement Paste with Fly ash Replacement [44] 

and 650·C. This is accompanied by a total expansion of between 1.0% and 
1.4%, with a significant increase in the rate of expansion occurring between 
200·C and 300°C. Limestone aggregates also undergo a decarbonation reaction 
between 600°C and 900°C[50]: 

1. CaC03 -+ CO2 + CaO 
There have been instances of aggregates that are reactive at temperatures 

significantly lower than these. Carrette et al. [45] carried out long term tests 
for up to 8 months and temperatures up to 600°C. The specimens for 150°C 
experienced substantial deterioration after 1 month with cracking and decom­
position of the aggregate (dolomite). Subsequent investigation and analysis 
unveiled an approximate 4% iron sulphide (pyrite) content in the aggregate. 
This decomposition seems to have been stifled at higher temperatures, but it 
was not ascertained to what degree this may have affected higher temperature 
results. 

With these results in mind it is important to confirm that an aggregate is 
nonreactive up to the maximum temperature of 450°C. 

Concrete 

The different moisture states a concrete may experience with thermal expo­
sure require special consideration as different factors influence the property 
development of a concrete in each state. In terms of the unsealed state, the 
following effects are observed: 

• Dehydration of the cement paste. Up to 105°C all of the evaporable 
water in the concrete evaporates. Above this chemically bound water 
begins to evaporate from the cement paste, causing the paste to shrink 
[7]. This results in the densification of the solid phases and an increase 
in the pore size of the paste. 

• The aggregate is generally considered as chemically stable at temperature 
and expands, non-linearly, with temperature [7]. 
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• This combined expansion of the aggregate, dehydration and shrinkage of 
the cement paste develops micro-cracking in the concrete [39]. 

This dehydration of the cement paste and micro cracking caused by thermal 
incompatibility of the aggregate and paste has a considerable effect on the 
properties of a concrete, as will be discussed from Section 3.2.2 onwards. 

In terms of the sealed state, the following effects can be observed: 

• \Vith the prevention of the escape of moisture from concrete and the 
heating of concrete above 100°C, a situation of high vapour pressures 
develop in the concrete pores [7, 46, 47, 48]. 

• These vapour pressures can cause significant stresses in the pores, within 
the region of 0.5 to 1 MPa [7]. This could cause the development of 
micro-cracking in the concrete. 

• The presence of high temperatures, calcium hydroxide (Ca(OHh) and 
moisture causes a change in the primary strength giving product, calcium 
silicate hydrate (CSH), of Portland cement [39]. The Ca(OHh reacts 
with the CSH to form several new phases, with the most dominant be­
ing dicalcium-silicate-ahydrate that is more crystalline and has poorer 
mechanical properties [39, 44, 49]. This formation of crystalline phases 
can be counteracted with high quantities of fly ash replacement [17, 44]. 

This effect of micro-crack development and evolution of the CSH species has 
significant consequences in terms of properties of the concrete. Interestingly, 
Kropp et al. [44] point out that high quantities of fly ash replacement, though 
beneficial for hydrothermal exposure, lead to excessive shrinkage in an unsealed 
concrete with a subsequent deleterious effect on mechanical properties. Table 
3.4 summarizes some of the chemical processes that can occur in the binder 
paste and aggregate as suggested by Schneider and Diedrichs [50]. 

Summary of chemical and physical changes A summary of the chemical 
and physical changes that are significant at temperatures includes: 

• Cement paste dehydrates with temperature exposure, resulting in changes 
in the chemical constituents of the paste, densification of the solid phases, 
an increase in porosity and shrinkage of the material. 

• Conventional aggregates are generally chemically stable up to the tem­
peratures of interest, and most expand non-linearly with temperature. 

• There are two moisture states that a concrete can be heated under, sealed 
and unsealed. 

- Unsealed concretes experience dehydration of the cement paste and 
expansion of the aggregate, likely causing microcracking that will 
affect properties. 
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Table 3.4: Estimated Heats of Transformation and Decomposition for 
Quartzite and Limestone Concretes Exposed to Elevated Temperatures [50J 

Temperature Transformation Heat of Ma.'!s of Material Heat of 
(IlC) or n'ansformation Transformed or Transformation 

Decomposition Reaction per l" ni t Decomposed per or 
Reaetion :\iaflS (K J kg-I) m3 of Concrete Decoru position 

(kgm- 3) per m:'lof 
concrete 

(KJm- 3 ) 

30 - 120 Release of Heat of evaporation 130 kg of water 290 x 103 

evaporable of water 
water 2238K J kg- 1 

( endothermic 
reaction) 

30 - 300 d!'llydrat.ion of Heat of hydration 78 kg of harde.ned 20 x 10" 
non-evaporahle of fJ - C2 S cement paste 
or chemically 250KJ kg- 1 

hound water in ( endothermic 
cement gel reaction) 

120 - 600 Relea.~e of Heat of hydration, About 60 kg of 135 x 1O~ 
remainder of not less than water 

evaporable and 2238KJ kg-1 

non evaporahle ( endothermic 
water reaction) 

450 - 550 Decomposition Heat of not, more than 40 40 x 10" 
of Ca(OHhto decomposition kg of Ca(OHh 
CaO+H2 O 1000KJ kg-1 

( endothermic 
reaction) 

570 Transformation Heat of 1500 kg Si02in 8.8 x 103 

from Q t.o fJ transformation of quart.zite concrete 
qu&'t,z Si02 200 kg Si02in 1.2 x 103 

5.9KJ kg- 1 limestone 
( endothermic concret.e 

reaction) 
600 - 700 Decomposition Heat of 240 kg ~S in 120 x 103 

of CSH and decomposition hardened cement 
formation of 500KJ kg- 1 paste 

fJ - C2 S (endothermic 
reaetion) 

780 Reerystallization Heat of 100 kg 5 x 1O~ 
of llnhydrated recrystallization unhydrated bbJ.% 

cement 50KJ kg- 1 furnace slag 
( exothermic ep.meut, 

reaetion) 
1100 - 1200 Melting of Heat of melting 2100 kg quartzite 1575 x 103 

concrete 750KJ kg- 1 COllerete 
( endothermic 1500 kg limestone 1125 x 103 

reaetioIl) eonerete 
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- Sealed concretes experience the same effects as unsealed concretes 
(including dehydration of the cement paste) as well as the develop­
ment of high pore pressures and a change in the chemical structure 
of the main strength giving product of cement . 

• The use of high quantities of fly ash or ground quartz has been shown 
to reduce the impact of hydrothermal exposure on the chemical and 
physical structure of cement paste [44]. Such high quantities of fly ash 
replacement do however lead to excessive shrinkage in unsealed concretes 
exposed to high temperatures. 

\Vith this discussion on the chemical and physical aspects relating to temper­
ature exposure carried out, it is now appropriate to discuss the properties of 
interest. 

3.2.2 Mechanical Properties 

The primary mechanical properties of interest are strength, modulus of elas­
ticity and Poisson's ratio of concrete. Results from literature appear varied 
and sometimes contradictory, dependent on variations in the set of parameters 
presented in Section 3.1.1. 

Several authors have suggested the use of a statistical approach to model­
ing the mechanical properties of concrete at high temperatures [35, 51]. These 
models definitely have use in the context of well defined concrete mix designs 
and heating conditions, however, there is limited broader applicability to con­
crete structures exposed to temperatures. As such a more qualitative approach 
to determining properties is required. 

Compressive Strength 

An excellent summary of some of the broad range of data available in terms of 
strength is given by Freskakis [52] in Figure 3.7. This is presented for both the 
hot and cold compressive strengths, for a range of sealed and unsealed data. 

This Figure demonstrates the broad range of strength response of concrete 
to high temperatures, dependent on changes to the set of parameters outlined 
in Section 3.1.1. An interesting point made by Kropp et al. [44] is that strength 
loss after exposure to elevated temperatures only becomes apparent if 'suffi­
ciently slender' specimens are used. This is particularly important in unsealed 
conditions, supported by the data shown in Figure 3.8 [44] for concretes heated 
for 7 days at 250°C in an unsealed state. This furthermore supports the point 
made by Pihlajavaara [36] of the need for consistency across tests. 

Concrete Constituents The strength properties of a concrete at high tem­
peratures are highly dependent on the concrete constituents and their relative 
quantities. In the context of concrete design for high temperatures there are 
several parameters that are desirable: 
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Figure 3.7: Effect of temperature exposure on compressive strength of concrete 
tested: (a) Hot and (b) Cold [52] 
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Figure 3.8: Compressive Strength Ratio as a Function of Slenderness [44] 

• Stable, positive or limited negative strength development at temperature 
of the binder phase. 

• Selecting an aggregate with a low coefficient of thermal expansion to 
minimize strength loss due to excessive development of micro-cracking. 

Considering the effect of temperature on the binder, and the associated hydro­
thermal reactions that occur, the most pertinent examples are those of Lankard 
et al. [39] and Ghosh and Nasser [49]. 

Lankard et al. [39] found that with specimens subjected to saturated steam 
pressures (a sealed environment), the primary effect was a change in the min­
eralogy of the cementitious compound. It was also suggested that the response 
of the concrete to temperatures was highly dependent on the moisture state 
of the concrete, and whether the moisture was allowed to freely evaporate. 
The hydrothermal reactions entail a reaction between calcium hydroxide (CH) 
with the strength giving calcium silicate hydrate (CSH) to form lime rich 
highly crystalline CSH. Residual tests by Lankard et al. [39] on concrete with 
no extenders show a significant reduction when exposed to 232°C, as shown 
in Figure 3.9. This is in agreement Kropp et al. [44], who explain the phase 
changes that occur (as discussed in Section 3.2.1.1)' and conclude that the 
increased porosity and misalignment of the newly formed coarse crystalline 
particles lead to a significant decrease in strength. 
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Figure 3.9: Effect of test conditions on the compressive strength of autoclaved 
gravel and limestone concrete [39] 

Two papers that also illustrate the deleterious effect temperatures have on 
sealed concrete with low fly ash contents are those of Nasser and Lothia, and 
Nasser and Marzouk [53, 54]. Although these concretes were tested at very 
early stages in their curing cycle (28 days and 1 or 14 days respectively), there 
is a clear indication of loss of strength above temperatures of 150°C. These find­
ings were strongly supported by Ghosh and Nasser [49], who demonstrated with 
scanning electron microscope photographs and energy dispersion spectra that 
there was a significant chemical change in a concrete heated to 232 °C with 20% 
FA and 10% CSF. This concrete demonstrated a significantly reduced residual 
compressive strength when compared to a similar concrete with 60% FA and 
10% CSF, as shown in Figure 3.10 [49]. These tests were under both pressure 
and temperature loading for 90 days, and are applicable when considering the 
response to stress conditions as well. 

From this, it becomes apparent that the use of high quantities of pozzolans 
such as FA may be beneficial in sealed concrete. In the context of unsealed 
concretes, for short periods of heat exposure the use of pozzolans has been 
supported by the work of Poon et al. [55], who demonstrate a beneficial 
effect on residual strength when compared to concretes with lower contents of 
pozzolans. This is presented in Table 3.5, with concretes containing 40% fly ash 
having higher compressive strengths after 400°C than at room temperature. 
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Figure 3.10: Compressive strengths of concretes with a) 20% fly ash and b) 
60% fly ash replacement after temperature and pressure exposure [49] 
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Figure 3.11: Residual Compressive Strengths of PC - FA mixes [16] 

Table 3.5: Unstressed Residual Compressive Strengths of High Strength Con­
cretes with Different Extenders [55] 
I I Compressive Strength - MPa (%) 

Mix 20°C 200°C 400°C 600°C 800°C 
Control 91.3 (100) 88.0 (96) 81.5 (89) 53.0 (58) 21.9 (24) 

5% Silica 106.1 (100) 105.5 (99) 98.7 (93) 55.2 (52) 22.3 (21) 
Fume 

10% Silica 119.9 (100) 117.7 (98) 104.3 (87) 52.8 (44) 19.2 (16) 
Fume 

20% Fly Ash 96.6 (100) 110.2 (114) 92.9 (96) 59.8 (62) 27.0 (28) 
30% Fly Ash 102.8 (100) 124.6 (121) 100.7 (98) 68.9 (67) 32.9 (32) 
40% Fly Ash 107.7 (100) 131.5 (122) 112.2 (104) 61.4 (57) 32.3 (30) 

10% Silica 123.9 (100) 135.3 (109) 116.5 (94) 63.2 (51) 23.5 (19) 
Fume + 20% 

Fly Ash 
30% Blast 111.9 (100) 126.7 (113) 108.5 (97) 59.3 (53) 30.2 (27) 

Furnace Slag 
40% Blast 115.5 (100) 133.3 (115) 114.9 (100) 70.5 (61) 33.6 (29) 

Furnace Slag 
Values outside brackets are in MPa, values inside brackets are in % 

This is further supported by Xu et al. [16] who illustrate, as shown in 
Figure 3.11, that after short term exposure to a temperature of 450°C a FA 
replacement in an unsealed concrete of 55% can provide 98% of the unheated 
strength. 

The research of Seeberger et al. [17] supports strength improvement for 
longer periods of exposure. It is demonstrated that, after 28 days of heating, 
a fly ash:cement (FA:C) ratio of 0.3 provides approximately a 10% improve-
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ment of compressive strength when compared to a (FA:C) ratio of 0.12 with 
a quartzitic unsealed concrete. There does however seem to be an upper limit 
to the beneficial effect of extenders in unsealed conditions for long periods of 
heating [44], with the binder experiencing greater shrinkage than one without 
extenders leading to greater microcracking and strength loss. Sanack et al. 
[56] have demonstrated that the use of condensed silica fume in concretes ex­
posed to rapid heating lead to a greater loss of properties, likely related to the 
development of excessive pore pressures through the refinement of the concrete 
microstructure caused by silica fume. 

Moving back to sealed concretes, Seeberger et al. [17] also provide an in­
teresting illustration of the beneficial effect of using high quantities of FA with 
hydrothermally treated quartzitic concrete. Their findings illustrate an im­
provement of strength that develops over time, reaching approximately 125% 
after 28 days at 250°C. This suggests that there is a hydrothermal effect occur­
ring, in that with high temperatures, high moisture content and the presence 
of unreacted FA, further formation of CSH occurs. 

VVhen Seeberger et al. [17] focus on limestone concretes it becomes ap­
parent that these concretes require a significantly greater amount of FA to 
experience a similar improvement in strength in hydrothermal conditions. In­
deed, this paper focuses on attempting to utilize limestone for its good coef­
ficient of thermal expansion properties while minimizing the negative effects 
of an increased availability of CaO. CaO reacts with CSH to form dicalcium­
silicate-ahydrate (that has poor mechanical properties) [39, 49]. It is quite 
clearly illustrated that the high quantities of FA required to ensure that lime­
stone aggregate does not react with the CSH in sealed conditions, reduces the 
unsealed residual strength of the concrete. 

The comparison between limestone and siliceous aggregate concretes was 
also considered by Savva et al. [57]. Unsealed tests were carried out on concrete 
that had various types of fly ash at either 10% or 30% loading that had been 
allowed to mature for 3 years. Figure 3.12 illustrates the beneficial effects 
of siliceous aggregates in terms of residual compressive strength up to 450°C. 
Above this temperature the quartz in the aggregate undergoes transformation 
from its a to {3 phase, with a subsequent thermal expansion which damages 
the concrete. 

Interesting data with respect to the choice of aggregate is given by Abrams, 
shown in Figure 3.13 [58]. This graph shows the unsealed hot strengths of con­
cretes with either expanded shale, calcareous or siliceous aggregates. \Vithin 
the temperatures considered (up to about 450°C) the choice of aggregate ap­
pears to be insignificant, but as the siliceous aggregate approaches the conver­
sion point of a-quartz to {3-quartz at 570°C, there is a significant reduction in 
strength. 

Several researchers have considered the effect of adding fibres into a con­
crete, with two primary fibres of interest, polypropylene and steel [22, 59, 60, 
77]. Polypropylene fibres have been considered in the context of creating addi-
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Figure 3.12: Relative Residual Compressive Strengths of Limestone and 
Siliceous Aggregate Concrete [57] 
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Figure 3.13: Effect of aggregate type on compressive strength during heating 
as a function of temperature; a) expanded shale light weight concrete; b) 
calcareous aggregate concrete; c) siliceous aggregate concrete [58] 
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tional, interconnected porosity in high strength concretes as the fibres melt at 
170°C, with a view to managing the development of pore pressures in the con­
crete at high temperatures [60]. The fibres reduce pore pressures in concrete 
exposed to high thermal gradients, indicating that they are beneficial for dam­
age limitation in fire situations. This effect has been suggested as suitable for 
managing sealed environments in operating temperature conditions, with the 
stress strain characteristics of the concrete above the melting temperature of 
polypropylene fibres tending towards that of a concrete without polypropylene 
fibres [60]. Steel fibres have been considered in the context of arresting micro­
crack development [59, 77]. This has been supported by compressive strengths 
that demonstrate a slight improvement in maximum strength when compared 
to a concrete without fibre addition, at 600°C [59]. More notably these tests 
demonstrated a marked improvement of sustained stress in high strain, post 
maximum strength conditions (Le. the failure region of the stress strain curve) 
[59]. 

Surrounding Media and Moisture Conditions As has already been 
clearly illustrated, the nature of the surrounding media has a direct effect 
on the moisture state of the concrete and thus a direct effect on the response 
of a concrete to temperature. In the context of strength, there is a significant 
difference between the sealed and unsealed characteristics. 

It is difficult to draw clearly defined responses of concrete to sealed or 
unsealed environments, as the response is inherently dependent on the con­
stituents of a concrete. This is appropriately illustrated by Lankard et al. [39] 
showing a reduction in strength of a sealed concrete compared to an unsealed 
concrete, due to deleterious hydrothermal reactions, while Seeberger et al. [17] 
demonstrated improved strengths for sealed concretes over unsealed concretes 
with the use of FA. 

The main trends that can however be drawn for the response of either sealed 
or unsealed concretes to temperature, are in the difference between hot and 
cold (residual) testing. An appropriate illustration of this is given by Bazant 
and Kaplan's [7] interpretation of Lankard et al.'s data [39] in Figure 3.14. 

From this diagram it becomes apparent that the trends between hot and 
cold testing, for sealed and unsealed concretes, are inverted. Considering sealed 
concrete, it is likely that the hot strength of the concrete will be between 10% 
and 15% lower than the cold strength of the concrete. This is possibly due to 
the presence of high vapour pressures in pores and flaws increasing the rate of 
micro-crack development as the samples are loaded to failure [7]. 

\Vhen one considers the response of unsealed concrete it becomes apparent 
that the hot strength of the concrete is higher than that of the cold strength. 
This is most likely due to the differential shrinkage between the dehydrated 
cement paste and the aggregate on cooling of the concrete [7]. The differ­
ence between hot and cold unsealed concrete strengths was also illustrated by 
Malhotra [61] as shown in Figure 3.15 on page 49. 
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Figure 3.14: Compressive strength as a percentage of initial strength before 
heating as a function of temperature, for various test conditions [39] 
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Figure 3.15: Dependence of compressive strength of concrete at temperature 

Temperature conditions The immediate thermal factors such as heating 
rate, final temperature, and thermal cycling, have a significant effect on the 
strength response of a concrete to temperature. 

Rate of heating There are limited data available to quantify the effect 
of the heating rate on the response of a concrete to high temperatures. It has 
been suggested that provided the heating rate is not high enough to produce 
significant thermal gradients in the concrete, it has a secondary effect on the 
strength of the concrete [39]. Khoury suggests that below a heating rate of 
2°C/min this becomes a moderate effect [34]. Naus [14] discussed work by Mo­
hamedbhai [62], who carried out some tests comparing quick and slow heating 
of basalt concretes, which indicate that there is a significant effect within the 
temperature range this project is interested. This data proves difficult to un­
derstand and draw conclusions from as 'quickly' and 'slowly' heated were not 
clearly quantified. 

It should however be restated that even in an accident scenario that the 
PBMR is unlikely to experience temperature gradients significantly above 10°C 
per hour, which is well below the limits of moderate influence suggested by 
Khoury [34]. \Vhen one considers the work of Xu et al. [16] and Poon et 
al. [55] with heating rates of 1°C/min and 2.5°C/min, and that these con­
cretes demonstrated improvements in strength up to 450°C, it is likely that 
the heating rate has a limited effect on the concrete strength. 

Maximum temperature The final temperature that the concrete is ex­
posed to clearly has a significant effect on the compressive strength. Good 
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examples of this in terms of unsealed concretes have already been presented 
with the work of Xu et al. [16] (refer to Figure 3.11 on page 44) and Poon et al. 
[55] (refer to Table 3.5 on page 44). Abrams [58] clearly illustrates the effect 
that final temperatures have on the hot and residual strengths of unstressed 
concretes made with different aggregates in Figure 3.16. 

Abrams work clearly illustrates the quartz transition at 570°C for siliceous 
concretes, further supported by the significant reduction of strengths found by 
Xu et al.[16] and Poon et al. [55] between 400°C and 600°C. 

There is limited sealed data for temperatures above 250°C. Most of the 
significant work has been done up to approximately this temperature. Lankard 
et al. [39] provided data for hot and residual strengths for a gravel concrete in 
hydrothermally sealed conditions that clearly illustrates a steady reduction of 
strength up to 232°C. 

It again becomes necessary to illustrate that the response of the concrete 
to a specific temperature is highly dependent on the mix design, as supported 
by Seeberger et al. [17] finding an improvement in the residual strengths of 
concretes exposed to 250°C with high FA contents. 

The influence of thermal cycles The effect of thermal cycling is as 
varied as any of the other responses. Bazant and Kaplan [7] suggest on as­
sessment of a large group of data from various references, that thermal cycling 
generally results in a progressive reduction of compressive strength dependent 
on the number of cycles and final temperature per cycle. 

An interesting set of data in this regard is the work of Bertero and Polivka 
[63] who demonstrate both a reduction in strength for sustained temperatures 
and thermal cycles to 150°C for a sealed limestone concrete, as shown in Fig­
ure 3.17. Their findings for unsealed limestone concrete were that thermal 
cycling had little effect. It becomes necessary to again suggest the likelihood 
of hydrothermal reactions with limestone concretes producing a CSH gel with 
lower strength properties, as shown by Seeberger et al. [17]. 

\iVhen one considers the effect of thermal cycling on siliceous aggregates, 
Davis [64] reported that for a gravel concrete with cycles between 39°C and 
200°C, there was a 10% loss in strength for 1 cycle and a 27% reduction after 
20 cycles. \iVeigler and Fischer [65] demonstrated for an unsealed quartzite 
concrete that had been preloaded, that there was no effect with 3 cycles to 
300°C, and a 50% reduction when the maximum temperature was raised to 
600°C (above the a-quartz to ,B-quartz transition point). 

Time at temperature The response of a concrete to the duration of heating 
is dependent on whether one considers sealed and unsealed concretes. Consid­
ering unsealed concretes, the largest change occurs in the rise to temperature. 
This is appropriately represented by the work of Kottas et al. [66] as shown in 
Figure 3.18 (a). This demonstrates that there is still some effect of the time 
at temperature with the response of the concrete, but this is limited. 
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Figure 3.18: Relative strength development of (a) unsealed and (b) sealed 
concrete exposed to elevated temperatures [66] 

The improvement in unsealed strengths is supported by Nasser and Chakraborty, 
as shown in Figure 3.19 (a). This figure also demonstrates a time dependent 
relationship of strength at 232°C that ranges over 20% to 25% for up to 180 
days of exposure [67]. 

The work of Suzuki et al. [68], as shown in Figure 3.20, demonstrates that 
with comparatively mild temperatures of 65°C, 90°C and 110°C, the change 
of strength for unsealed concretes over long durations of heating of up to 3.5 
years is limited. 

This work does however illustrate effectively the effect that long periods of 
exposure can have on sealed concretes, with a strength ratio in excess of 150% 
for a sealed concrete at 90°C after 3.5 years. Nasser and Chakraborty [67] 
clearly demonstrated a significant time effect in the context of sealed concrete 
with a loss of in excess of 50 % strength over 180 days at 232°C, with a clear 
trend of deterioration as shown in Figure 3.19 (b). This concrete contained a 
25% FA replacement ratio with a dolomite and hornblende aggregate. 

Kottas et al. [66] demonstrated a marked difference between the time 
dependent responses of limestone and Rhine river gravel concretes in a sealed 
environment, with the limestone showing a significant reduction, see Figure 
3.18 (b). This suggests that hydrothermal reactions such as those discussed 
by Lankard et al. [39] are occurring at higher temperatures with limestone 
aggregate concretes. 

Seeberger et al. [17] demonstrated that the use of high FA contents in a 
sealed quartzitic concrete yield a significant strength gain of about 25% over 
28 days as illustrated in Figure 3.21. Indeed, it appears that the strength gain 
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Figure 3.20: Compressive strength of sealed and unsealed concretes exposed 
to various temperatures for up to 3 ! years[68] 

was most significant over the first 7 days of exposure to temperatures. This 
same concrete demonstrated an unsealed residual strength of about 90% after 
7 days of exposure at 225°C. 

Preloading concrete The stress condition of a concrete during heating has 
a significant positive effect on the strength properties of a concrete. When one 
considers unsealed concretes, the presence of a pre-loading of 0.4 (J'c has been 
shown by Abrams [58] to maintain the unheated compressive strengths to in 
excess of 400°C for siliceous aggregates and 600°C for limestone concretes. This 
is due to the compressive preload preventing the development of microcracking 
through differential thermal expansion of aggregate and cement paste. These 
results are shown in Figure 3.22. The stressed results were for concretes tested 
at temperature in an unsealed environment. 

This agrees with the findings of Malhotra [61] who carried out tests on 
unsealed concrete shown in Figure 3.15 on page 49. No literature has been 
identified for sealed concretes heated under stress. 

Conclusions on compressive strength The following conclusions were 
drawn for the response of compressive strength of a concrete to high temper­
atures: 

• A broad range of values are attainable, dependent on material con­
stituents and quantities, the heating environment, time at temperature 
and prestress applied to the concrete. Some concretes demonstrate an 
improvement in strength around 250°C, after which there is generally a 
loss in strength [52]. 
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Figure 3.21: Strength development over time at 225°C of hydrothermally 
treated quartzitic concrete [17] 
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Figure 3.22: Effect of Exposure Temperature on Residual Strength of Carbon­
ate and Siliceous Aggregate Concretes [58] 
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• In terms of material constituents the following conclusions can be made: 

- Portland cement with extenders, especially fly ash and ground gran­
ulated blast furnace slag, provide a beneficial effect when compared 
to plain Portland cement concretes [16]. 

- Aggregates with a low coefficient of thermal expansion are ideal, 
however limestone appears to encourage deleterious hydrothermal 
reactions at high temperatures [17]. 

- The use of fibres such as polypropylene and steel can provide ben­
eficial effects at temperature. Polypropylene fibres may allow for 
release of excess pore pressures [60], while steel fibres act as micro­
crack arrestors [59]. 

• In unsealed concretes the primary change in strength is due to dehy­
dration of the cement paste and differential expansions between the ce­
ment paste and aggregate. \Vith careful selection of the aggregate a 
concrete can provide a strength roughly equivalent to the room temper­
ature strength at 450°C for at least short periods of heating [16, 55]. 

• In sealed concretes the primary change in strength is due to a change 
in the CSH gel to a more crystalline species. The prevalence of this 
reaction can be counteracted with the use of high quantities of extenders 
that consume excess Ca(OHh [17,49,44]. 

• The strength at temperature is highly time dependent, with a deterio­
ration generally being the case at temperatures in the range of 180°C to 
250°C [67]. This can be counteracted in sealed concretes with the use of 
extenders, that appear to cause an improvement in strength for at least 
the first 28 days of heating [17, 66]. 

• The application of prestress to unsealed concretes improves the retention 
of compressive strength at temperature [58, 61]. ~o literature has been 
identified relating to sealed environments and prestress. 

Flexural and Tensile Strength 

The flexural and tensile strength of concrete that has been exposed to high 
temperatures also experiences a variety of factors that contribute to property 
deterioration. Here a short summary of the expected trends has be given. 
Much of the information concerning tensile strength was collected from the 
work of Bazant and Kaplan [7]. 

Broadly speaking the tensile strength of concrete is reduced with temper­
ature, without the increase up to about 2500C that can be experienced by 
compressive strength. This reduction is generally greater than the reduction 
experienced by the compressive strength although there is also considerable 
scatter in the results as shown by Figure 3.23 [7]. 
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Figure 3.23: Splitting tensile strength (as a percentage of initial strength before 
heating) of Portland cement concretes with conventional aggregates, at various 
temperatures [7] 

The concrete constituents have a considerable effect on the tensile strength 
of the concrete. It has been reported that concretes with high cement con­
tents (rich mixes) have a greater reduction than concretes with lower cement 
contents (lean mixes) [61, 69]. In terms of aggregates, it is difficult to draw 
clear conclusions although there is evidence that siliceous aggregate concretes 
retain their properties better than limestone concretes [38, 70]. 

Considering the moisture state of the concrete, there has been limited test­
ing for tensile strength on concretes that have been exposed to both sealed 
and unsealed conditions. The research of Lankard et al. [39], relating to flexu­
ral strength, included data for both environments, as presented in Figure 3.24, 
with image (a) presenting the at temperature and cooled responses of unsealed 
concretes and image (b) presenting the values for cooled autoclaved concretes. 
Considering the likelihood of hydrothermal reactions, this data suggests that 
sealed concretes experience a greater deterioration of tensile strength with tem­
perature. No literature has been identified for concretes with high extender 
contents in sealed environments. 

In terms of the heating rate, there has been no literature identified that 
can illustrate the effect that this has on the properties of the concrete. It is 
however reasonable to extend the work of Khoury [34] to this section, in that 
very high heating rates will probably cause significantly greater damage to the 
concrete than lower heating rates. The development of high pore pressures 
and thermal stresses ultimately causes localized tensile failure of the concrete, 
leading to property loss and spalling. 

It is clear that the final temperature that the concrete is exposed to has 



Univ
ers

ity
 of

Cap
e T

ow
n

-------------~~- -,---

CHAPTER 3. THE EFFECT OF TEMPERATURE ON STRUCTURAL CONCRETE59 

110r-------------~,.~--------------------------~ 

100 t--------.. __ "..,.,"'---- -=-.:~r:---------------~ 

90 

80 ~­-~ 0--0 Limestone concrete, tested 01 heot treat ternperoture :!'o-.. ~ 
70 x-x Limestone concrete, slow-cooled to room temperature before testinv 
60 0--0 Gro"e1 conerete,tested ot heat treat lempe.ctuf' 

x- -x Grovel concrete. slOw' Cooled fO 100m Temperoture before tesfioQ 
5O~------~--------~------~--------L-------~ 0(-18) 100 (JB) 200(93) 300(148) 400 (21l3) 500 

(258) Heat - Treat Temperature 'F ( C) 

(a) Flexural strength of unsealed limestone and gravel concretes after prolonged temperature exposure, 

ilt temperilture and after coolin, 

c 
100 Q.P 

u .. 
~ 90 
r.- II) 

-..2 80 
~o 

70 c :. 
Q.PII) 

'::0 60 J')C 
GI - ... 50 ::;1 Q) --:I IU 40 >( ... 

~-~o 30 

x Gravel concrete 
o Limestone concre'e 

0(-18) 100(38) 200(93) 300(148) 400 (21l3) 

Autoclave Temperature "F ( C) 

500 
(258) 

(b) Flexural strength of sealed (autoclilved) limestone and gravel concretes after prolonged temperature 

exposure 

Figure 3.24: Flexural strengths for limestone and gravel concretes for (a) un­
sealed at temperature and cooled conditions and (b) cooled autoclaved con­
cretes [39] 
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a considerable effect on the tensile strength of the concrete as supported by 
Lankard et al. in Figure 3.24 [39J. It is also apparent that there is not the 
increase in strength that is achievable with compressive strength up to about 
250°C. 

Thermal cycling has a similar effect on the tensile strength as with com­
pressive strength, in that generally the greatest deterioration happens with 
the first few cycles [64, 71, 72, 73J. The effect of subsequent cycles is debat­
able, with some authors suggesting a continued deterioration [72], while others 
suggest a fundamentally stable response after the first cycle [64J. 

Considering the effect of the duration of heating, Harada et al. [70J and 
Carrette et al. [45], suggest that above 150°C the tensile strength experiences 
a progressive deterioration with time. 

There has been no data identified that considers the effect that the applied 
stress conditions such as prestressing has on the tensile strength of the concrete. 

Conclusions on flexural and tensile strength The following conclusions 
can be made with regard to flexural and tensile strength: 

1. Tensile strength generally reduces with exposure to temperature. 

2. Siliceous aggregates (i.e. amorphous igneous aggregates) appear to retain 
properties better than limestone aggregates. 

3. Sealed concretes possibly experience a greater reduction of strength, due 
to hydrothermal reactions. 

4. It has been suggested that there is a progressive deterioration of strength 
with duration of heating. 

Modulus of Elasticity and Stress-Strain Characteristics 

A summary of some research relating to modulus of elasticity (E) was outlined 
by Freskakis in Figure 3.25 [52J. This summary clearly suggests that there is 
a significant reduction of the modulus with temperature. At the temperatures 
being considered for this project, these could range from between 10% and 
65% for 225°C and 50% and 85% for 450°C. 

Material components One of the main contributors to the modulus of a 
concrete is the modulus of the aggregate, as shown in Figure 3.26 [74J. 

This Figure suggests that, in the temperature range of interest (up to 
450°C), siliceous aggregates provide the best response. Considering the con­
clusions made in the context of strength, basically that limestone aggregates 
need to be avoided, this therefore further supports the use of siliceous aggre­
gates. Considering that limestone aggregates can be deleterious in terms of 
strength, the use of siliceous aggregates is further supported. 
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Figure 3.27: Relative Residual Modulus of a) Limestone and b) Siliceous Con­
cretes [57] 

Savva et al. [57] assessed the modulus of elasticity for unsealed limestone 
and siliceous aggregate concretes containing up to 30% FA, that broadly agree 
with the findings of Schneider [74], demonstrating less degradation of modulus 
of elasticity with siliceous aggregates. Shown in Figure 3.27. 

This work also becomes interesting when considering the siliceous results 
and the different fly ash replacement ratios. Tests were done with Megapolis 
fly ash, which has a low calcium content, and significant pozzolanic activity 
and Ptolemaida fly ash with a high calcium content and therefore significant 
pozzolanic and hydraulic activity. Savva et al.'s [57] data suggests that the 
modulus of concretes with higher quantities of FA experiences a greater reduc­
tion with temperature. This is in agreement with the findings of Ghosh and 
Nasser [49], presented in the discussion on stress conditions shortly. This is a 
difficult characteristic to explain, considering high quantities of fly ash improve 
strength retention with temperature. 

Moisture state As with the strength of concrete, the nature of the sur­
rounding material and the moisture state of the concrete has a significant 
effect on the modulus and stress strain characteristics. It is likely that mod­
ulus is also affected by the hydrothermal reactions discussed in the strength 
section, supported by Kottas et al. in Figure 3.28, who demonstrate a re­
markable deterioration of modulus and stress strain characteristics for sealed 
limestone concrete at 180°C [66]. This is adequately supported by the very 
low failure stress for the sealed concretes at this temperature. 
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Figure 3.28: Stress-Strain Diagrams of Sealed and Unsealed Limestone Con­
crete [66] 

Lankard et al. [39] provide some interesting data to compare the effect of 
moisture state on the hot modulus and the residual (cooled) modulus. Figure 
3.29 is for a gravel concrete, with the left hand figure presenting unsealed at 
temperature and residual results while the right hand image presents the sealed 
at temperature and residual results. 

It should be apparent from this that there is a significant difference between 
the sealed and unsealed modulus and stress strain characteristics of a concrete, 
with the sealed state experiencing a much greater reduction in properties both 
at temperature and after exposure to temperature above 200°C. After exposure 
to about 150°C the residual modulus appears to be unaffected, while the at 
temperature modulus appears to be between 30% and 50% of its reference 
value above 93°C. 

Heating environment There has been no data identified on the effect of 
heating rate on the modulus and stress strain characteristics of a concrete. 

In terms of the final temperature, possibly the best reference is Figure 3.25 
on page 61 which indicates the effect, and broad range of values possible, that 
the final temperature has on the modulus of concrete. An appropriate repre­
sentation of the effect that the temperature has on the stress strain response of 
an unsealed quartzitic concrete is exposed to is given in Figure 3.30 on page 65 
[75]. 

Clearly, as unsealed quartzitic concrete is exposed to temperatures in excess 
of 265°C the modulus deteriorates, probably due to differential thermal expan­
sions of the cement paste and the quartzitic aggregate causing micro-crack 
development, which accelerates significantly as the temperature approaches 
the a-quartz to ,B-quartz transition temperature of 575°C. \Veigler and Fischer 
[65] provided some insight into the difference of the stress strain behaviour 
at temperature and after cooling. It was clearly indicated that there is no 
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Figure 3.32: Long-term (3.5 year) heating effect on modulus of elasticity [68] 

The conclusions drawn in the Suzuki et al. study included [68]: 

• Loss of modulus for unsealed specimens was probably due to the forma­
tion of micro-cracks. 

• Changes in modulus stabilized after about 90 days and changed little up 
to 3.5 years. 

• Loss in modulus in unsealed specimens is directly proportional to mois-
ture loss in the sample. 

A series of experiments to assess the drying effect of high temperature expo­
sure on the relative modulus of unsealed concretes made with several different 
aggregates was carried out by Kasami et al. [76]. Considering these results 
are for a 90 day period of heating, it appears from this data that long term 
exposure suggests the use of amorphous igneous aggregates such as basalt over 
calcareous limestone, as shown in Figure 3.33. 

Confining Stress The application of a compressive stress to a concrete has 
a beneficial effect on the modulus and stress strain characteristics, as with the 
compressive strength of the concrete, appropriately demonstrated by Schneider 
in Figure 3.34 on the next page [38]. 

From this graph it becomes apparent that the application of a prestress of 
approximately 0.3au lt facilitates little change in the modulus between 250·C 
and 450·C (as the graphs have the same slope up to approximately 0.5ault). 
The prestress also facilitates some retention of strength, although there is a 
significant drop in maximum stress between 225·C and 450·C. 

Ghosh and ~asser [49] investigated the effect of different fly ash replacement 
ratios on concrete under a confining stress and exposed to temperature, with 
results shown in Figure 3.35 on page 70. These results support the data of 
Savva et al. [57], in that higher replacement ratios of fly ash lead to a greater 
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reduction in modulus. This is interesting considering the high quantities of fiy 
ash also appear to improve the strength retention with concrete at temperature. 

Conclusions on modulus of elasticity The following conclusions were 
drawn on the modulus of elasticity of concrete exposed to high temperatures: 

• Modulus generally deteriorates with temperature, with no gain up to 
250°C as may be expected from compressive strength. 

• 'Vhen considering the effect of material constituents on the modulus 
response, the following deductions can be made: 

- The use of siliceous and amorphous igneous aggregates provides a 
beneficial response over calcareous aggregates. [38, 76]. 

- The use of extenders has a deleterious effect on the retention of 
modulus [49, 57]. 

• Sealed environments provide a large deterioration both at temperature 
and with residual (cooled) tests when compared to unsealed concretes 
[39,66]. 

• Modulus generally deteriorates with length of temperature exposure, 
probably related to hydrothermal reactions with the CSH gel [67]. How­
ever an improvement in modulus has been shown to develop at temper­
atures of 110°C up to 90 days, after which the modulus stabilizes [68]. 

• Prestress generally improves the retention of modulus and stress-strain 
characteristics [38]. 

Poisson's ratio 

There is limited data available on the effect that temperature has on the Pois­
son's ratio of concrete, and the existing literature is indefinite and sometimes 
contradictory [14]. It has been suggested that the Poisson's ratio decreases 
with temperature [14, 77] whilst others state that below 400°C it is in the 
range of 0.11 - 0.25, and increases above 400°C [14]. 

If one considers the Poisson's ratio from the context of the microstructural 
response of concrete to temperature, as suggested by Bazant and Kaplan [7], 
the rupture of bonds on heating is an applicable theory. This is in agreement 
with the data for Marechal, who observed a drop in the ratio from 0.28 at 
room temperature to 0.1 at 400°C, as shown in Figure 3.36 [78]. Generally the 
Poisson's ratio reduces as the concrete dries as shown in Figure 3.37 by Lau 
and Anson testing unsealed concrete [77]. 

Bertero and Polivka suggest that with sealed specimens the drop with tem­
perature in Poisson's ratio is small, from 0.2 to 0.18, largely because of the 
retention of moisture [63]. This is in broad agreement with Hirano et al. who 



Univ
ers

ity
 of

Cap
e T

ow
n

CHAPTER 3. THE EFFECT OF TEMPERATURE ON STRUCTURAL CONCRETE 70 

120 

~ 
1fI ...... 100 
Ia tit 
;aa 80 - g =-11 60 

! I 4Q 

.~ i5 . 20 

Col') • 
0 

0 

Mil type: 2.0~ flyuh+1K CSF+70Cl{,. cement 
E9t -119.53 - O.lOt; r- 0.84 
OriJinaI E nh •• 41.22 GPt 
E is the cW1k moduIlII of 7S It 22S mm .:y1inders 

100 200 300 400 sao 

Temperature ofJoading in degrees F. (I) 
Note: 2000, lsoo. 7~O psi • 13.8. lOA. 5.2. Mp., rcs.poeti"cly 

(a) 20% FA, 10% CSF, 70% Portland Cement 

120 

Mix type: 60~ nyasb+l011 CSF ... 3K eemcn1 
E'I. - 117.89 - 0.161 ; r. 0.88 
OriSInaJ & vaJDa .... 0.&0 CPa 
E is the elastic modulllS of 75 It 21S mm eyIinders 

O+---~~---r----+---~~6-~ 

o 100 200 300 '""00 soo 
TemperatUre of 1oadi1l1 in ~ F. (l) 

Nota: 2.000. }SOD. 750 ~ = 13.1, lOA, S2 MJi .. respoctiye1y 

(b) 60% FA, 10% CSF, 30% Portland Cement 

1500 psi 

o 750 psi 

---Fi!lCd L.i.na 

o 

1500 pd 

o 7SO psi 

---Fin.od L.ine 

Figure 3.35: Static Elastic Modulus under temperature and pressure loading 
of (a) 20% Fly Ash, 10% Silica Fume, 70% Portland Cement and (b) 60% Fly 
Ash, 10% Silica Fume, 30% Portland Cement [49] 
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Figure 3 .. 36: Variat.ion of Poisson's ratio of Portla:ld cement quart.zite coucrete 
\v"ith temperature !78] 
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Figure 3.38: Poisson's Ratio Results [79] 

presented the effect of duration of heating at 175°C in Figure 3.38 [79]. This 
Figure broadly suggests that the Poisson's ratio varies dependent on the curing 
conditions and moisture state on heating of the concrete. 

It has been suggested by Bazant and Kaplan [7] that the presence of a 
confining stress or pressure on the concrete will likely support the retention of 
the unheated Poisson's ratio. This is on the basis that confining pressures will 
reduce the development of micro-cracking, which has a similar effect on the 
strength and stress strain characteristics of the concrete. 

Abrams et al. [80] presented data that suggests that thermal cycling has a 
deleterious effect with the first cycle, but that the Poisson's ratio recovers to a 
certain extent on further cycles, see Figure 3.39. This data is also representa­
tive of long periods of exposure to heat as each cycle was either 14 or 28 days, 
suggesting that the Poisson's ratio recovers with time of exposure. This is in 
agreement with the research of Hirano [79] presented above. 

Conclusions on Poisson's Ratio The conclusions that may be drawn on 
the response of the Poisson's ratio with temperature include: 

• In unsealed environments the Poisson's ratio reduces with temperature 
[78]. The ratio can be expected to recover with time of exposure [80]. 

• The ratio is relatively unaffected by temperature in sealed environments 
but may increase with time of exposure [63, 79]. 

• Prestress or a confining stress on the concrete will likely assist in the 
retention of the ratio, due to the prevention of micro cracking [7]. 
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Figure 3.39: Variation of Poisson's ratio of basalt aggregate concrete with 
number of thermal cycles from ambient to 176°C [80] 

• Thermal cycling of unsealed concretes causes a marked reduction in Pois­
son's ratio on the first cycle, recovering with further cycles and time at 
temperature [80]. 

The discussion on the Poisson's ratio concludes the mechanical properties sec­
tion. It should be apparent that the response of any mechanical property of 
interest to temperature is complex, sometimes with beneficial aspects in terms 
of one property being deleterious in terms of another. An excellent example of 
this is the use of high quantities of extenders which provides an improvement of 
compressive strength but a reduction in modulus of elasticity, when compared 
to normal Portland cement concretes. Possibly the only common conclusion 
that may be drawn was the beneficial effect of prestress that would reduce the 
development of micro cracking. 

3.2.3 Transport Properties 

Concrete is a porous medium, and as such has the capacity to transport fluids 
and gases through it. Deleterious fluids and gases can be transported towards 
steel reinforcement, leading to corrosion, which is one aspect that determines 
the lifetime of a structure. For a more comprehensive discussion on this topic 
the reader is referred to Fulton's Concrete Technology [12], however it is per­
tinent to state that in the context of carbonation and chloride transport, the 
objective is to design a concrete that hinders the ingress of these materials. 
This applies equally well in the context of high temperatures and nuclear re-
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actors, as nuclear reactors are frequently built next to the ocean, providing 
extensive exposure to chlorides, and temperature generally has a deleterious 
effect on the properties of concrete. 

In the context of durability and water ingress, generally the target is to 
reduce the ability for a concrete to absorb water. In a heated concrete this 
situation becomes more complicated as the water that is in the concrete va­
porizes and causes significant vapour pressures. It then becomes ideal to allow 
these vapour pressures to escape. 

Pore pressure development and water migration 

Moisture content and migration Concrete as a porous medium generally 
contains a fully saturated solution ofCa(OHh in its capillary and gel pores. At 
ambient temperatures and average relative humidity, massive structures can 
take many years for the capillary and gel water to evaporate from the structure 
[12], noting that the moisture content of a concrete is the sum of the moisture 
in the cement paste and aggregate. Generally the water that evaporates from 
a concrete at or below 105°e is called evaporable (or not chemically bound) 
water [7]. 

Above this temperature to about 500°C water that is chemically bound 
in the cement paste evaporates. The pore water is a mixture of gaseous and 
liquid forms above 105°C, which creates significant pressures in the pores of 
the concrete. Hungerford et al. [81] have reported that residual water contents 
for concretes exposed to 100, 200, 300, 400, 500 and 600°C are 16, 12, 8, 3, 2 
and 0% by weight of dry concrete respectively. 

There has been some work carried out to determine the time taken for 
a concrete to dehydrate at a specific temperature. Roux [73] reported mass 
loss results on specimens with dimensions 273 x 76 x 76 mm, heated to 70, 
100, 150, 250, and 400 0 e respectively. For the specimens at 70 and 100 0 e the 
concrete took more than 80 hours to dry, whereas, at temperatures of 150, 250 
and 400 0 e the times to reach equilibrium were approximately 25, 20 and 15 
hours respectively. 

These data become useful when one considers the environment being con­
sidered, namely a massive wall that is sealed on the hot face. Thus water 
will have to migrate through the concrete to escape on the cold face of the 
wall. Bazant and Thonguthai [82, 85] have developed a mathematical model 
for the migration of water under temperature loadings. In their findings it is 
suggested that although the moisture content is dependent on the tempera­
ture and moisture concentration, the migration and transfer of the moisture is 
principally governed by the gradient of pore pressures in the concrete. 

Pore Pressures The evaporation of water, inside the concrete, can cre­
ate significant pore pressures. In unsealed concretes, this becomes a relevant 
problem in high thermal gradient situations (such as fires) and can even cause 
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Figure 3.40: Profiles of pore pressure in massive Portland cement concrete 
blocks at various durations of heating [83] 

spalling of the concrete as the moisture migration and pressure causes micro­
cracking. Zhukov and Shevchenko [83] carried out thermal spalling tests on 
massive Portland cement concrete specimens, with one unsealed face heated 
while the pore pressure distribution through the specimen was measured, as 
presented in Figure 3.40 adapted by Bazant and Kaplan [7]. 

The work of Sullivan and Akhtaruzzaman [84] similarly suggested that pore 
pressures can be significant in a structure, while experimental data suggested 
that pore pressures were generally less than 1 MPa. Considering these pres­
sures in the context of the tensile strength of concrete, it is apparent that pore 
pressures can cause local tensile failure under high thermal gradients and loads. 
An interesting representation of this concept, including the different effects a 
sealed and unsealed heated face have, is given by Bazant and Thonguthai [85] 
with an implementation of their finite element model to rapid heat exposure. 
As shown in Figure 3.41 the model suggests that in an unsealed state the max­
imum pore pressures occur a short distance from the heated face, whereas in a 
sealed state, the maximum pressures occur against the steel liner. This model 
also suggests maximum pore pressures in excess of 2 MPa. 

These data are of limited relevance to the PBMR. By its nature, even in 
a LOCA accident, the heating rate would be significantly lower than those re­
quired to cause such situations. Of greater interest is the steady state response 
of a concrete to long term temperature exposure, and the implications this has 
on the moisture content and pore pressures. Significant research in this regard 
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Figure 3.41: Relation between temperature and pore pressure, and distance, 
x, from heated surface. Thermal conductivity = 1.67J /m soC, permeability = 
10-12 mis, saturation water content = 100kg/m3 , water/cement ratio = 0.50, 
unit mass of concrete = 2400kg/m3 , rate of heating = 80°C/min [85J 
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Figure 3.42: Fits of temperature and pore pressure distributions measured by 
England and Ross [46J (from [7J after Bazant and Thonguthai [82]) 

is that of England and Ross [46J and Chapman and England [47J. Figure 3.42 
contains data points of concrete with a sealed face exposed to a temperature 
of 135°C compared to the model of Bazant and Thonguthai [82], which shows 
maximum pore pressures in the region of 0.2 to 0.3 MPa [7J. 

Ichikawa and England [48J have developed a model for pore pressures and 
moisture migration that was compared against the experimental work of Chap­
man and England [47J. The work of Chapman is specifically relevant consider­
ing that the hot face of the concrete was both sealed and exposed to 200°C for 
up to 531 days. A representation of the experimental set up is given in Figure 
3.43 with the comparison between the developed model and experimental data 
for the moisture migration for up to 531 days. 

It is important to note that there is still some moisture content within 0.2 
m of the heated face for the first 50 days. The pore pressure development over 
time, shown in Figure 3.44 on page 79, demonstrates a reasonable correlation 
for the maximum pressures between the model and the experimental data of 
Chapman [47J for up to 300 days. The maximum pore pressure measured (t 
= 0) was in the region of 0.65 MPa. 
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Xu et al. [16] reported data on the increase of porosity of unsealed con­
cretes made with varying replacement ratios of fly ash of 0%, 25% and 55% 
and two different water:cement ratios of 0.3 and 0.5. These data suggest that 
lower water:cement ratios significantly reduced porosity, while higher replace­
ment levels of fly ash had a minor effect of increasing porosity, and there is a 
reasonably stable increase in porosity with temperature up to 650°C. Of spe­
cific interest is that the porosity of a concrete exposed to 450°C with a water 
to cement:ratio value of 0.3 and fly ash replacement of 55% had a porosity of 
about 22%, which was in the region of a concrete not exposed to any tem­
perature with a water:cement ratio of 0.5 and 0% fly ash replacement. This 
suggests that the increase in porosity, for a concrete with high fly ash content, 
is limited in the temperature ranges of interest for this project. 

Interestingly Bazant and Thonguthai [82] suggest that above 100°C there 
is an increase in permeability by about two orders of magnitude. A suggested 
hypothesis for the cause of this is a reduction of the surface energy of capillary 
and gel pores because of the heating, causing the widening of necks in pores 
that would, at room temperatures, inhibit the migration of moisture. 

Chloride transport 

There has been limited work identified on the chloride ion durability of con­
cretes exposed to temperature. The work of Xu et al. [16] provided some inter­
esting insights into the chloride transport behaviour of concretes with varying 
replacement of fly ash (0%, 25% and 55%) and two different water:cement ra­
tios (0.5 and 0.3), as shown in Figure 3.45. Figure (a) illustrates that both 
lower \V:C ratios and higher FA replacement ratios provide a beneficial effect of 
inhibiting the transport of chlorides. This data suggests that a high proportion 
of FA in the region of 55% and a low \V:C ratio can provide a concrete with 
lower chloride diffusivity after exposure to 450°C than an ordinary Portland 
cement concrete with a higher W:C ratio not exposed to high temperatures. 

However the relative residual total charge passed, illustrated in Figure 3.45 
(b), suggests that the presence of FA leads to a greater relative deterioration 
with exposure to temperature (i.e. after 450°C concrete with 0% replacement 
of fly ash allows 3 times as much charge to pass as unheated concrete, while 
concrete with fly ash allows between 4 and 6 times as much charge to pass 
after exposure to 450°C). 

Conclusions on Transport Properties 

The following conclusions can be drawn for the transport properties of con­
cretes that have been heated to high temperatures: 

• The PBMR has a situation whereby the hot face of the concrete is against 
a steel liner, which will prevent moisture from escaping this face. This 
creates high pore pressures in the concrete and forces moisture to migrate 
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Figure 3.44: Comparison of simulated and experimental pressure distributions 
at various times [48] 

Interestingly experimental results indicate that pore pressures are several 
orders of magnitude below the saturated steam pressures suggested in the 
ASME water tables [7]. This suggests that the pore space available to capil­
lary water greatly increases with both temperature and pressure. Bazant and 
Thonguthai [82] suggest that this is due to a significant change in the porosity 
and permeability of a concrete above 100°C. 

Porosity 

There is a significant change in the pore size and size distribution with tem­
perature [82]. It is believed this is because of an increase in pore space and 
more significantly a decrease in the adsorbed water in the solid phase of the 
binder. As Portland cement dehydrates at high temperatures it releases water 
molecules that are chemically bound at room temperature, causing a densifi­
cation of the solid phase of the material and subsequent increase in porosity. 
The amount of water that is released with the dehydration of the cement has 
been found by several authors with a significant contribution from Harmanthy 
and Allen [43, 86]. 

Kropp et al. [44] have investigated the development of pore size distribution 
with temperature for neat Portland cement pastes and pastes with significant 
extender addition in a sealed state, as shown in Figure 3.6 on page 36. It 
is apparent that hydrothermal reactions govern the pore size distribution of 
concrete heated in a sealed state, with the addition of siliceous materials such 
as fly ash reducing the impact of temperature. 



Univ
ers

ity
 of

Cap
e T

ow
n

CHAPTER 3. THE EFFECT OF TEMPERATURE ON STRUCTURAL CONCRETE81 

-~ 
.D 12(XX) Dooheatitg 

~ 1((00 fa25CrC Chloride ion pcnclnbillty 
0 

8000 
iJ45(fC based on cl13Jge p3s.iCd 

lj - ~6scrc Chuge Pi1s~d i GOOO loll 

~ 4000 >.4,000 Q, 

~ 

2000 2.()00..4 ,000 
~ 
" 1.003-2,000 .: 0 (J 100·1.000 -S ! :Q ~ ~ ;q tJ <]00 
~ ~ .,; " ~ 0' Cl' ~' <;: 9' ~ cJ (j ti v v 

(a) Total charge passed 

"0 l3 r-------------:::--~ 
bt l2 I------------,~-­
~ 11 1-------------+----

Chloride Ion 

HiGh 
Motkr.ue 

tow 
Very lo\\' 
N(~liEibJc 

D. 

~ 10 l----------~/-_;_----' -&-C-O. 5-00 
~ ~ . -9-C-O. 5-25 
C; 7 ~ (-0. 5-55 
§ 6 -*-C-0.3-00 
1 5 _c-0.3-25 
'0 .. I-----~~~--__::;;~ ;:"c'----.:;;; f~~~~;~~=~~~~~=~ -9-C-O. 3-55 
~ 3 
.~ 2 
;; 1 
~ 0 

o 200 600 800 

Exposure temperature fOe) 

(b) Relative residual charge passed 
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creates high pore pressures in the concrete and forces moisture to migrate 
through the wall of the concrete to escape on the cold face of the structure 
[82, 85]. 

• Concrete dehydrates relative to the temperature it is exposed to, allowing 
the development of further pore pressures in the concrete [73]. 

• High rates of heating can create significant pore pressures in concrete, 
where pressures in excess of 1 MPa are possible [83, 85]. This situation 
does not directly apply to the PBMR, where lower rates of heating can 
expect maximum pore pressures in the region of 0.6 MPa at temperatures 
of 200°C, gradually reducing over time [47]. 

• The high pore pressures near the hot face of the concrete are the primary 
driving mechanism for moisture migration through the wall [82]. At 
200°C it could take moisture migration in excess of 500 days to reach 
equilibrium in a 1.5 m thick wall, with little or no moisture content in 
the hot region of the concrete [48]. 

• This implies that the concrete tends towards an unsealed state after a 
significant period of time in a sealed state of high pressure and water 
content. 

• Lower water:cement ratios reduce porosity, while the use of extenders 
slightly increases the porosity [16]. Porosity increases with temperature 
exposure, largely related to dehydration of the binder causing densifica­
tion of the solid phases of the concrete. 

• A significant increase in permeability above 100°C can be expected, pos­
sibly due to smoothing of pore surfaces due to high surface energy [82]. 

• Chloride ion transport can increase up to 6 times with exposure to 450°C 
[16]. 

Considering the literature studied in this Section, it is apparent that high 
temperatures dehydrate the binder phase, cause the development of high pore 
pressures and the migration of moisture through the concrete. This has signif­
icant implications on the other properties of the concrete, with pore pressures 
and moisture migration possibly assisting microcrack development, and ulti­
mately tending the concrete towards an unsealed state. Lower water:cement 
ratios appear to reduce both the porosity and chloride ion transport, while high 
extender contents significantly reduce chloride ion transport, when compared 
to concrete without extenders. 

3.2.4 Thermal Properties 

The thermal properties of a concrete exposed to temperature are particularly 
significant in the design of the reactor structure. As such, these properties need 
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to be considered in depth. Fortunately, there is a significant body of literature 
available on this subject, with a certain degree of certainty and correlation 
with the results (unlike many of the mechanical and transport properties of a 
concrete). The thermal properties that are of interest are: 

• Coefficient of thermal expansion 

• Specific heat capacity 

• Thermal conductivity 

Of these, possibly the most important property from a material view is the 
coefficient of thermal expansion, while the specific heat capacity and thermal 
conductivity are relevant for the escape of heat from the structure (a structural 
design issue). Kugeler [33] has presented several models for these properties 
that were verified and validated against much of the literature discussed in this 
Section. 

Coefficient of Thermal Expansion (CTE) 

The coefficient of thermal expansion in a material is the normal linear strain 
caused by a change in temperature. As concrete is considered to be isotropic, 
where small differences between perpendicular planes is ignored, the CTE is 
considered to be a volumetric change, in that a unit volume of material expands 
the same amount in all directions. The CTE is significant in the context of a 
structure because different areas of concrete will likely be exposed to different 
temperatures, which will in turn create differential thermal expansions. This 
will cause stresses between these areas that can cause micro-cracking and even 
spalling. 

The CTE of a concrete is directly related to the type of aggregate that is 
used, with aggregates with lower CTE values giving concrete with lower values. 
The interaction between the CTE characteristics of the aggregate and paste 
provide insight into the thermal limits that suit a concrete. First, consider 
the expansion/contraction characteristics of Portland cement as presented by 
Bazant and Kaplan [7] in Figure 3.46 using data from Harada et al., Philleo, 
Cruz and Gillen and Crowley [70, 87, 88, 89]. 

\\Then one compares this with the expansion characteristics of common 
aggregates, shown in Figure 3.47 [7], it becomes apparent that up to approxi­
mately 200°C there is a reasonable correlation between the paste and aggregate. 
Above this temperature the paste and aggregate diverge in expansion. 

This matched thermal expansion up to 200°C coupled with densification of 
the CSH phase correlates well with the improvement, or at the very least reten­
tion, of strength experienced by concrete around these temperatures. Above 
this temperature the cement paste begins to contract, while the aggregate 
accelerates in expansion, indicating the differential thermal expansions that 
would be happening on a micro-structural level. This would likely cause the 
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development of micro-cracks in the concrete, with a subsequent loss in me­
chanical properties, even at 450°C. 

Figure 3.48 illustrates this point effectively, where aggregates with high 
silica contents and therefore high CTE values cause concrete to expand more 
than concrete with aggregate of a lower CTE value [7]. It also illustrates the 
point that up to about 200°C the cement paste and aggregate expand with 
reasonable correlation, but above this temperature the CTE characteristics of 
the aggregate dominate. This is even more clearly illustrated by the CTE of 
the quartzite concrete, with a significant jump at the transition of a-quartz 
to ,B-quartz around 575°C accompanied by a large expansion in the volume of 
the aggregate. 

Some values for the effect that temperature has on coefficient of thermal 
expansion are presented in Table 3.6 [90J. 

Table 3.6: Coefficient of thermal expansion at elevated temperatures for con­
crete made with different aggregates [90] 
I Type of aggregate in concrete I Coefficient of thermal expansion (10-6°C-1) I 

Below 300°C 300-600°C 600-800°C 
Granite 0.71 10.4 15.9 

Serpentine 4.14 4.1 1.3 
Limonite 4.86 4.5 4.2 

Haematite 5.94 11.5 16.2 
Steel Shot 4.20 8.5 16.2 

Iron and Steel Scrap 5.1 7.2 8.6 

Dimensional instability \Vhen concrete is exposed to high temperatures 
and subsequent cooling, the concrete generally exhibits a net expansion or con­
traction, i.e. it is dimensionally unstable on exposure to high temperatures [7]. 
This is due to several factors, dehydration of the cement paste and develop­
ment of micro-cracking being two of the biggest contributors. Figure 3.49 is a 
good illustration ofthis, given by Harmanthy and Allen [86], who reported the 
dimensional changes of either a siliceous or expanded slag aggregate concrete 
on heating to 1000°C and after cooling. 

An interesting point to note in this Figure is the net effect that the quartz 
transition has on the expansion properties of a siliceous concrete, causing a 
residual expansion as opposed to a net contraction found for the expanded 
slag concrete. Zoldners [91] has reported the residual linear deformations of 
several concretes that further support the observation of the impact that silica 
content has on concrete expansion. Sandstone and gravel aggregate concretes 
expanded significantly more than limestone concretes, while an expanded slag 
concrete (thus a lightweight concrete) experienced a net contraction. 

Khoury et al. [92] presented some data on the residual expansions of dif­
ferent types of concrete exposed to 600°C. Lightweight, basalt, limestone and 
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Figure 3.48: Linear thermal expansion of concretes made with various con­
ventional aggregates as a function of temperature [7] (adapted from Schneider 
[38]): a) quartzite; b) sandstone; c) limestone; d) basalt; e) expanded slag 
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Figure 3.49: Length change of concrete specimens made with various aggre­
gates during heating - cooling cycles [86] 



Univ
ers

ity
of 

Cap
e T

ow
n

CHAPTER 3. THE EFFECT OF TEMPERATURE ON STRUCTURAL CONCRETE 87 

siliceous gravel aggregate concretes were tested, with a net shrinkage of 0.4%, 
approximately 0% and expansions of 0.55% and 1.15% respectively. This 
clearly demonstrates that lightweight aggregate concretes allow the cement 
paste to control the expansion properties of the concrete, while conventional 
concretes are largely dominated by the expansion properties of the aggregate, 
where silica content is a reasonable indicator of the expansion characteristics. 

The dimensional instability of a concrete after exposure to one thermal 
cycle suggests that there will be different expansion responses of the concrete 
on subsequent thermal cycles. It appears that thermal cycling can lead to a 
phenomenon called thermal growth, namely a gradual permanent expansion 
of the concrete [23, 78, 93]. 

Sullivan [94] has stated the importance of recognizing that the expansion 
properties on subsequent cycles of heating will be different to those of the first 
cycle, and suggests that these cycles follow the cooling curve of the first cycle. 
The phenomenon of thermal growth does however suggest that there will be 
a certain amount of hysteresis with each heating cycle, largely caused by the 
differential thermal expansion properties of the paste and aggregate [7]. 

Other Thermal Properties of Interest 

The other thermal properties of concrete that are of significant interest are 
those of specific heat capacity (Cp ) and thermal conductivity (K). These 
properties have little significance in the context of the mechanical and trans­
port properties of the concrete, but are important in the context of designing 
the structure for thermal management and escape of heat. These properties 
are particularly significant in an accident situation, where the thermal diffu­
sivity (D = KjCpp) determines the temperatures reached in the wall and how 
quickly these temperatures are reached. 

Specific heat capacity (Cp ) Specific heat is the amount of heat required 
per unit mass to change the temperature by one degree, and the SI units 
are Jkg- 1 K-l. Generally concrete Cp values are in the region of 0.5 to 
1.13Jkg-1 K-l at normal temperatures [23]. Carman and Nelson [95] have 
suggested that the specific heat of concrete at normal temperatures is not af­
fected by aggregate type, mix proportions and age. It has been suggested that 
the main factor affecting the specific heat of concrete at normal temperatures 
is the moisture content at the time of heating because water has a high Cp of 
4.19Jkg-1 K-1 [7]. Up to about 150°C the moisture content plays a large role 
in the specific heat of a concrete; with concrete that is initially wet, heating 
to 90°C can cause a rapid but temporary increase by two to three orders of 
magnitude due to the vaporization of free water [96, 97]. At about 150°C Cp 

values are similar to initially dry concretes, and increase linearly with higher 
temperatures [96]. Zoldners [91] found the mean specific heats between 25°C 
and 400°C for four different concretes, gravel, limestone, sandstone and ex-



Univ
ers

ity
of 

Cap
e T

ow
n

CHAPTER 3. THE EFFECT OF TEMPERATURE ON STRUCTURAL CONCRETE88 

panded slag, to be 0.959, 0.988, 0.976 and 0.930Jkg-1 K- 1 respectively. This 
is in broad agreement with Figure 3.50 [7]. 
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Figure 3.50: Effects of temperature on measured specific heats of various 
concretes [7]: (1) Limestone aggregate concrete [86]; (2) Siliceous aggregate 
concrete [86]; (3) Siliceous aggregate concrete [98]; (4) Limestone aggregate 
concrete [98]; (5) Limestone aggregate concrete [99]; (6) Granite aggregate 
concrete [100] 

Thermal Conductivity (K) Thermal conductivity is the ability of a mate­
rial to conduct heat. It represents the uniform flow of heat through a material 
of unit thickness over a unit area subjected to a unit temperature difference 
between the two opposite faces. Generally used units for thermal conduc­
tivity are Wm-1oC-1. At normal temperatures the thermal conductivity of 
concrete depends on the water content of the concrete and the conductivity 



Univ
ers

ity
of 

Cap
e T

ow
n

CHAPTER 3. THE EFFECT OF TEMPERATURE ON STRUCTURAL CONCRETES9 

values for the aggregate. Blundell et al. [96] reported the thermal conductivity 
of concrete between 5°C and 25°C made with different aggregates that shows 
some correlation with the silica content of crystalline aggregates, as shown in 
Table 3.7. Zoldners [101] suggested that concrete that has been air dried to 
moisture content less than 50% of saturated concrete would experience a 25% 
reduction in conductivity. 

Table 3.7: Thermal conductivity for saturated concrete at temperatures be­
tween 5 and 25°C ([7] after [96]) 

Aggregate type Thermal 
Conductivity for 

Concrete (\\Tm-loGl) 
1 Siliceous rocks e.g. Quartzite and sandstone 2.4 - 3.6 
2 Igneous crystalline e.g. Granites and gneisses 1.9 - 2.S 

Sedimentary carbonate e.g. Limestone and dolomite 
3 Igneous amorphous e.g. Basalts and dolerites 1.0 - 1.6 

Harmanthy [43] has calculated the thermal conductivities of four oven dried 
concretes for between 25°C and 1000°C using aggregates of quartz, anorthosite 
and two lightweight expanded shales. These concretes had densities of 2.295, 
2.333, 1.417 and 1.173 gem -3 respectively, with the quartz representing crys­
talline aggregate and anorthosite representing amorphous aggregate. These are 
envelope values of concrete, considering Figure 3.51, the area between graphs 
(a) and (b) represents the envelope of conventional concrete and the area be­
tween graphs (c) and (d) represents the envelope of lightweight concrete. 

Various determinations of non oven dried concrete are given in Figure 3.52 
[7]. This graph indicates that there is a reasonable correlation between con­
cretes up to around 300°C. Above these temperatures, Kugeler has collated a 
large amount of data that suggests significant variation in concrete response 
[33]. 

Thermal Diffusivity (D) Thermal diffusivity is an indication of the rate 
at which temperature changes can occur in a material. It is thus a useful value 
when considering the transient response of a material to temperature. Diffu­
sivity can be calculated from D = KICpp, where K is thermal conductivity, 
Cp is specific heat capacity and p is density. 

At normal temperatures the thermal diffusivity of a concrete is largely de­
pendent on the diffusivity of the aggregate, ranging from 0.68 x 1O-6m28 - 1 for 
basalt concrete to 1.89 x 1O-6m28 - 1 for quartz aggregate concrete [7]. Har­
manthy and Allen [S6] have suggested upper and lower limits for normal weight 
concretes made with siliceous and calcareous aggregates, and lightweight con­
cretes as shown in Figure 3.53 on page 91. Tests carried out by Abrams et al. 
[SO] on oven dried normal concrete indicated a near linear decrease of about 
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Figure 3.51: Thermal conductivity of various oven-dried concretes as a function 
of temperature [43): (a) quartz concrete aggregate; (b) anorthosite aggregate; 
(c) expanded shale aggregate A; (d) expanded shale aggregate B 
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Figure 3.52: Thermal conductivity of various concretes that were not oven­
dried before test, as a function of temperature [7): (a) limestone aggregate 
concrete [102); (b) barites aggregate concrete [103); (c) gravel aggregate con­
crete [103); (d) quartzite aggregate concrete [78); (e) quartzite aggregate con­
crete [78) 
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Figure 3.53: Effect of temperature on thermal diffusivity of concrete made 
with siliceous and calcareous aggregates and with lightweight aggregates [86] 

30% on heating to 650°C, while on subsequent cooling there was a permanent 
decrease of diffusivity of about 25%. 

Figure 3.54 is a collection of data on concrete done by various authors as 
presented in the work of Bazant and Kaplan [7]. Clearly, although there is 
a significant variation in actual values, the fundamental trend of a gradual 
reduction in thermal diffusivity with temperature is apparent. There is also 
reasonable correlation with the boundaries suggested by Harmanthy and Allen. 

Conclusions on Thermal Properties 

There is an extensive body of literature available on the thermal properties of 
heated concretes that demonstrates a reasonable correlation. The conclusions 
that can be drawn include: 

• Coefficient of thermal expansion is governed by the expansion properties 
of the cement paste and aggregate. Up to about 200°C the paste and 
aggregate have similar expansions, above which the paste begins to shrink 
and the aggregate expands. The aggregate dominates the expansion 
of normal weight concretes at these temperatures, while cement paste 
dominates the expansion of light weight concretes [7]. 

• Concrete generally experiences a net contraction or expansion, dependent 
on the final temperature the concrete is exposed to and the type of 
aggregate used [7, 91]. 

• The concrete will follow a different path of thermal expansion with sub­
sequent heating cycles after the first, probably similar to the cooling path 
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Figure 3.54: Thermal diffusivity of Portland cement concrete made with 
siliceous aggregates as a function of temperature [7]: (a) siliceous aggregate 
concrete [70]; (b) Limestone aggregate concrete [104]; (c) Limestone aggregate 
concrete [98]; (d) siliceous aggregate concrete [98]; (e) siliceous aggregate con­
crete [105]; (f) granite aggregate concrete, basalt concrete [38]; porous shale 
aggregate concrete [38] 
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of the first cycle. The concrete will also probably expand with thermal 
cycling according to the phenomenon of thermal growth [94]. 

• The specific heat capacity appears to be quite variable with tempera­
ture, but is largely governed by the water content of the concrete up 
to 150°C. Above this temperature the concrete response is the same as 
dried concretes, with aggregate playing a significant role [7]. 

• The thermal conductivity of a concrete is largely related to the crystalline 
nature, and silica content, of the aggregate used [96]. For normal weight 
concretes that have not been oven dried there is a reduction from about 
100°C to 300°C, after which the conductivity appears to be relatively 
stable [7]. 

• Thermal diffusivity is a measure of the ability for temperature changes to 
occur in a material. The diffusivity generally reduces with temperature 
[7]. 

There is clearly a significant body of literature available concerned with the 
thermal properties of the concrete. As has already been mentioned, much of 
this literature has been correlated into models of each of the properties, as 
presented by Kugeler [33]. 

3.2.5 The Effect of Temperature on Steel Reinforcement 

All of the data for this section was collected from Nuclear Regulatory Com­
mission Literature Study carried out by Naus [14]. The effect of pre-stress 
on concrete at high temperatures is beneficial, as has already been clearly il­
lustrated, however steel itself and the bond strength between the cement and 
steel, are affected by high temperatures, and need consideration. Although 
this topic is not necessarily directly related to the project, it is significant in 
terms of the greater ability to design the structure and as such becomes useful 
to include here. 

The Effect of Temperature on Steel 

\iYhen one considers the response of steel to high temperature, Figure 3.55 con­
tains the stress-strain characteristics, modulus of elasticity and yield strength 
(all with respect to temperature) [106]. This Figure clearly illustrates that al­
though the temperatures under consideration for the project have little effect 
on the residual properties of the steel, there is some effect on the properties 
of the steel at the temperatures of interest (225°C and 450°C). A good exam­
ple of this is the change in modulus of elasticity up to 450°C. This will have 
consequences in terms of pre- or post- stress in the structure. This set of data 
appropriately addresses the mechanical properties of interest for steel. 
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Figure 3.55: Response of reinforcing steel to high temperatures: (a) stress 
strain characteristics, (b) Modulus of elasticity, (c) strength [106] 

Figure 3.55 illustrates that at 225°C the effect of temperature on reinforcing 
steel is limited. Apart from the yield strength which demonstrates about a 25% 
reduction, all other properties demonstrate only a slight decrease. There is a 
greater change when the steel is exposed to 450°C. All of the properties appear 
to experience a significant, deleterious change at this temperature, including a 
drop in yield and ultimate strengths and modulus of elasticity. This could have 
implications on the response of a structure exposed to these temperatures. 

The thermal properties were effectively considered up to the melting point 
of steel by Schneider et al. [74], as shown in Figure 3.56. Ultimately, matching 
of the thermal responses of all of the constituents of a structural concrete 
under high temperatures will lend itself to improved properties of the concrete 
material and the overall structure. 
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Figure 3.56: Thermal properties of structural steel: (a) Density, (b) Thermal 
conductivity, (c) Specific heat, (d) coefficient of thermal expansion [74] 
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Bond Strength Between Concrete and Steel with Temperature 

''''hile the properties of the steel are important, in terms of pre-stressed con­
crete, the bond strength between the steel and concrete is of equal or even 
greater significance. The bond between steel and concrete primarily arises out 
offriction and adhesion with the cement matrix [12]. In terms of bond strength 
the primary focus of literature appears to have been on comparing ribbed and 
plain round bar, with ribbed bar showing a significant improvement in high 
temperature property retention over plain round bar. Figure 3.57 indicates 
the response between plain and ribbed bars [107]. 
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Figure 3.57: Bond Strength of Ribbed and Plain Round Bars [107] 

This figure clearly emphasizes the necessity of using ribbed bars in a con­
crete design for high temperature. The diameter of steel bar has a small effect, 
with the optimal selection in terms of bond strength being highly dependent 
on the target temperature while not considering the effect the temperature 
has on the mechanical properties of the steel [108]. Figure 3.58 supports this 
point, and the necessity to use ribbed bars, with the conclusion that 12 mm 
ribbed bar is probably the most ideal. 

The selection of aggregate has a substantial effect on the bond strength of 
a concrete, as shown by Figure 3.59 [110]. ''''ith the exception of limestone 
aggregates that had a bond strength in excess of the room temperature bond 
strength to about 300°C and above 90% for 450°C, the bond strength for all 
other aggregates tested was approximately 80% at 450°C. 

The effect of different curing conditions (sealed/unsealed; water/air) on 
bond strength for extended periods of heating at 175°C is shown in Figure 
3.60 by Hirano et al. [79]. This Figure indicates that bond strength increases 
with time in sealed conditions, while unsealed conditions have lower bond 
strength. 
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Conclusions on Steel Reinforcement 

\Vith this summary of some of the key aspects around steel reinforcement 
it should be apparent that the use of steel in concrete at high temperature, 
both as reinforcement and pre-stressing, does require careful assessment. It 
is apparent however that it should be possible to design a concrete with steel 
reinforcement at the temperatures being considered. Some of the key consid­
erations are: 

• Special consideration needs to be given to the mechanical properties of 
the reinforcing steel and prestressing cables, namely the yield strength 
and modulus of elasticity [106]. This is needed to ensure that the condi­
tions of reinforcing and stressing that are designed for the structure are 
maintained. 

• The thermal properties of reinforcing steel also require careful assessment 
to ensure matching of properties such as thermal expansion. 

• The use of ribbed bars is strongly recommended, probably in the region of 
12mm diameter for reinforcement [108]. This has been shown to provide 
the best response to temperature. 

• Aggregate choice, moisture condition, and time at temperature all have 
an effect on the bond strength [110]. Limestone appears to have the 
best response to in excess of 450°C, while a sealed condition appears to 
significantly increase the bond strength with extended periods of heat 
exposure [79]. 

The literature study concludes with this summary of the key aspects concerning 
steel reinforcement. It should be apparent that there are a multitude of factors 
that require consideration in the design of both the material and the structure. 
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Chapter 4 

Testing and Modeling Techniques 
and Systems 

4.1 Introduction to Testing and Modeling 

Testing of concretes at high temperatures can be complicated and due care 
needs to be taken to ensure that the correct data are collected, as explained 
by Pihlajavaara [36]. The correct collection and presentation of data, as well 
as the importance of well thought out testing processes, is a key lesson learned 
from this project, with some attempts at testing proving to be insufficient 
against these criteria, as explained later in this Chapter. 

One also needs to consider the depth and breadth of literature available on 
the subject that indicates that many avenues of research have been considered 
in depth. An excellent example of this are the thermal properties of a concrete, 
for which there is a significant body of literature that correlates fairly well, 
allowing for the development of models and functions to predict the material 
response to temperature. 

The development of testing processes and apparatus can also use this body 
of literature as there are many publications that describe the testing methods 
used [7,53]. Care does however need to be taken with this approach, as trans­
lation from a brief discussion in literature to a complete testing methodology 
can lead to problems with testing, as experienced with the sealing methods in 
this project, described in Section 4.4. 

Keeping in mind the ultimate goal of this project was to research a concrete 
that could withstand temperatures of 225°C for operation and 450°C for acci­
dent scenarios, such as a LOCA, Figure 4.1 was developed to summarize the 
work that needed to be done for any concrete mix design. Ideally at least all 
mechanical and transport properties should be physically tested for a concrete 
to be qualified for use in nuclear reactors, however, practically this proves to 
be difficult and unnecessary while still at the point of testing the mix design 
philosophy, as carried out in this project. 

The property of primary interest for testing, strength, was focused on to 

100 
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1I1.'ctc.llH?ss uf P',I(>S, lnicf<!cmcking). 

Figule 1.1 in di\a t. ~'s the appwpri1\tc areas .rherl' iiwrai. ut('. tt'~t,illg!lt' mod­
eling: were w be uS(>{{ to analyze t.he concrete re",punsc to temperature. U~illg 

tllf'sc three in t.andt:m ultimately would allow the cost. <lJJd time dfedi\"c ;mal· 
.n.if: aw l d,~\-t' lopme1Jt of the materiaL 

The key ~tagl's uf heatiu~ t hat w ,<·d to be as~'ss~'« [ wI" any pl"lJpert~ being 
CI/H"idc (I'u a n.': 

• Init ial ruum t('m peratur(' IJ roperty - T he unheated pru?crty of the ron­
ITde . 

• Properly ai H'lI\fwrat.un' - Tlw rcspoTl~e of the property "0 fir'jt hl'a ting 
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of the concrete. 

• Time dependence of property at temperature - The changes that occur 
to the property with length of exposure to high temperatures. 

• Residual property - The property once the concrete has been cooled from 
temperature. Residual properties can also be used to assess the response 
to first heating and time dependence of the property of interest, while 
keeping in mind the effect that cooling would have on these results. 

Herein lies one of the first concepts drawn from literature. Concrete testing 
for this project was all done after cooling, i.e. were residual properties. This 
was for varying durations of heating, to address the property at temperature 
and time dependency of the property. Although cooled testing does not give 
the same results as a concrete tested hot, trends derived from literature sug­
gest that unsealed concretes experience a drop of between 10% and 20% with 
cooling, while sealed concretes experience a recovery of strength of about the 
same amount with cooling [7]. This is discussed in Section 3.2.2.1, supported 
by Figure 3.14 on page 48. \\lith this in mind it became appropriate to only 
consider the cooled response of the concrete at this stage. With confirmed 
concrete mix design parameters, the testing at temperature would become a 
necessity, but was beyond the scope of this project. 

A brief summary from literature of the response that can be expected for 
all of the properties of interest, is now given. There are two assumptions about 
the state of the concrete that require explanation with a view to defining a 
constant state through which properties can be defined. These assumptions 
are: 

• The moisture state on testing of a concrete is either sealed or unsealed. 
Although there is a continuum of states between these two, effectively 
defining the response of a concrete in these states should define the en­
velope to the response of concrete. 

• Specifically the response of the concrete will be considered without pre­
stress. This is because, apart from the effect on creep, pre-stress generally 
provides a beneficial effect with all properties [7]. Strength retention and 
modulus of elasticity have clearly been shown to be positively affected 
by the application of pre-stress. It is also noteworthy that pre-stress will 
likely have a positive effect on the retention of transport properties, as 
the development of micro-cracks will be reduced. 

Interestingly ACI 349 [3] places a stipulation that the response of a concrete 
exposed to temperatures higher than the limits imposed by the code has to 
be proven to be sufficient in both a stressed and an unstressed state, further 
supporting the consideration of unstressed concrete. 

Literature relating to the properties of interest are now summarized, with 
focus on temperatures of 225°C and 450°C. 



Univ
ers

ity
of 

Cap
e T

ow
n

CHAPTER 4. TESTING AND MODELING TECHNIQUES AND SYSTEMS 103 

4.1.1 Mechanical Properties 

Strength Concretes can give a wide range of strength response to high tem­
peratures [52], dependent on both intrinsic factors such as material constituents 
and on the environmental conditions of exposure. There can be an improve­
ment in strength up to 250°C after which there is generally a deterioration 
with higher temperatures. The causes of this improvement of strength were 
given particular focus. 

For concretes with fly ash replacement ratios in excess of 50% that have 
been exposed to temperatures around 225°C, Seeberger et al. [17] and Kropp 
et al. [44] have illustrated that there can be a significant increase in strength 
in sealed states, when compared to normal Portland cement concretes. This 
strength gain can be anywhere in the region of 20% to in excess of 50%. 
There has been no data identified on what happens to a concrete with these 
mix proportions at temperatures in excess of about 250°C in a sealed state. 
Xu et al. [16] and Poon et al. [55] have sufficiently demonstrated that for 
unsealed concretes with high fly ash contents and short term transient heating 
environments, a concrete should be able to achieve about the same as the 
unheated strength between 400°C and 450°C. This response was better than 
the response of a normal Portland cement concrete, which suggests that the 
use of high pozzolanic extender contents is ideal for high temperature concrete. 

Aggregates with a low coefficient of thermal expansion are useful in limiting 
the development of microcracking, specifically amorphous igneous rocks [7]. 
Limestone, which has the lowest coefficient of thermal expansion of all common 
aggregates, appears to encourage hydrothermal reactions relating to calcium 
oxides in sealed concretes [17], causing a significant reduction in strength. 

The use of fibres in the context of strength would suggest steel fibres im­
prove the strength retention and ductility of concrete, especially once the con­
crete is developing microcracking above 250°C [59]. 

The time dependency of strength is difficult to determine as it is intrinsi­
cally related to the mix design used, and specifically related to hydrothermal 
reactions in the paste and aggregate-paste expansion [39, 67]. While some liter­
ature has presented concretes that have shown a marked reduction of strength 
[45, 67], a concrete may be designed to gain strength with temperature expo­
sure in the region of 225°C [17]. Kropp et al. [44] have demonstrated cement 
pastes experience a strength gain in excess of 100% with high fly ash content in 
sealed environments. This strength gain is effectively complete within 20 and 
40 hours of temperature exposure. The primary distinctions to make in this re­
gard are reducing the effect of deleterious hydrothermal reactions in the paste, 
the thermal stability of the aggregate and the aggregate-paste interaction. 

Practically, it appears that using high quantities of fly ash reduce dele­
terious hydrothermal reactions in concrete, while the use of aggregate with 
very low thermal expansion properties, such as amorphous igneous rock will 
minimize the differential thermal expansions of aggregate and paste. 
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Modulus of Elasticity Modulus of elasticity also has a broad response to 
high temperatures [52], but generally deteriorates with temperature, with no 
improvement as demonstrated with compressive strength. Around 225°C the 
modulus could be between 80% and 30% of the original value, while at 450°C 
it could be between 50% and less than 20%. This illustrates the importance 
of understanding the response of this property to temperature in the context 
of designing the reactor cavity structure. 

The use of siliceous or amorphous igneous aggregates gives the best re­
sponse to high temperatures [38, 76], especially when compared to calcareous 
aggregates. The use of extenders appears to cause a reduction in modulus at 
temperature when compared to plain Portland cement concretes [49]. 

Sealed environments cause a large reduction at temperatures in the region 
of 225°C and on cooling when compared to unsealed concretes [39, 66]. Sealed 
environments demonstrate a reduction at temperature of up to 60% of its 
unheated value when heated above 93°C [39]. This could recover when cooled, 
except at higher temperatures in the region of 232°C where the modulus still 
demonstrates a marked reduction in the region of 50%. Unsealed concretes 
show more similarities between at-temperature and cooled results, being in 
the region of 80% at 232°0[39]. 

The length of exposure at temperature appears to have a deleterious ef­
fect on both sealed and unsealed concretes at 232°C [67], probably relating 
to hydrothermal reactions that caused a similar effect on the strength of the 
concrete. Suzuki et al. have shown a slight increase in modulus with length 
of exposure at 110°C for sealed concretes, correlating well with a significant 
improvement in strength [68]. This correlation does not however extend to un­
sealed concretes that demonstrated a reduction in modulus, while the strengths 
improved over time. Suzuki et al. reported that changes in the modulus are 
effectively complete after 90 days up to temperatures of 110°C, while Nasser 
and Chakraborty [67] demonstrated a continued deterioration up to 180 days 
for temperatures up to 232°C. 

Poisson's Ratio Literature suggests that the Poisson's ratio is not signif­
icantly affected in a sealed state [63], while an unsealed concrete can expect 
a gradual reduction of the Poisson's ratio value with temperature [78]. Time 
dependency suggests that Poisson's values generally recover over time at tem­
perature [80]. 

4.1.2 Transport Properties 

The conclusions from literature relating to the effect that temperature has on 
the transport properties of a concrete are as follows. That the concrete is 
moulded against a steel liner on the hot face of the structure implies a sealed 
state where excess moisture in the concrete, and moisture from the dehydration 
of the cement paste, cannot escape [85, 73]. This creates high pore pressures, 
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in the region of 0.6 MPa, in the concrete that drive moisture away from the 
hot face towards the exposed cold face of the structure over a long period of 
time [47}. 

The ability for the water to migrate away from the hot face of the struc­
ture is governed by the porosity and permeability of the concrete. This in 
turn is governed by the constituents of the concrete, with low water:cement 
ratios significantly reducing porosity, while the use of extenders slightly in­
creases porosity at a given water:cement ratio [16}. High aggregate contents in 
a concrete do however increase the permeability of a concrete through intercon­
nectedness of the interfacial transition zones. The addition of polypropylene 
fibres that melt at 170°C can be used to reduce the pressures developed in the 
concrete and increase the ability of the water to migrate from the highest tem­
perature regions of the concrete by creating large, interconnected capillaries 
[60}. 

The use of extenders provides a significant improvement in the resistance of 
the concrete to chloride ion diffusion. Although the relative deterioration with 
temperature, and subsequent increase in diffusivity, is greater for concretes 
with high extender quantities, the actual value still significantly lower than a 
concrete with only Portland cement [16}. 

Considering that air permeability is directly affected by the presence of 
micro-cracks and increased porosity of a concrete, it is reasonable to suggest 
that with a sufficiently low water:cement ratio, the porosity growth at the 
temperatures of interest can be counteracted, reducing the permeability of a 
concrete [16}. Bazant and Thonguthai suggest that there is an increase in 
permeability of around two orders of magnitude above 100°C, most likely due 
to smoothing of pore surfaces [82}. Microcracking in a sealed environment with 
high levels of fly ash could lend to autogeneous healing of the concrete through 
further pozzolanic reactions and exposure of unreacted Portland cement, in 
turn reducing the permeability and porosity. 

4.1.3 Thermal Properties 

In terms of thermal properties, there are three properties that need consider­
ation, coefficient of thermal expansion, thermal conductivity (K) and specific 
heat capacity (Cp ). A fourth property, thermal diffusivity (D), is a measure 
of the rate at which temperature changes can occur, and is calculated from 
thermal conductivity and heat capacity by D = KICpp. 

Considering the coefficient of thermal expansion, the factors of primary sig­
nificance are the type of aggregate chosen and the amount of aggregate used 
in this concrete. This will directly affect the expansion properties of the con­
crete, and likely have a significant influence on the amount of microcracking 
that will occur in an accident scenario. Basalt and limestone offer the lowest 
expansion properties in terms of conventional aggregates, with limestone be­
ing ruled out because of the possibility of increased deleterious hydrothermal 



Univ
ers

ity
of 

Cap
e T

ow
n

CHAPTER 4. TESTING AND MODELING TECHNIQUES AND SYSTEMS 106 

reactions [7, 17]. Up to approximately 200°C the binder paste and aggregate 
expand at similar rates, while above this temperature the paste begins to con­
tract and the aggregate continues to expand, with the aggregate characteristics 
dominating the concrete characteristics [7]. 

Concrete generally demonstrates a net contraction or expansion after heat­
ing [91]. This is strongly related to the type of aggregate used. Subsequent 
cycles of heating see the concrete following an expansion path similar to the 
cooling path of the first cycle [94]. 

At temperatures below 150°C the specific heat is strongly related to the 
water content of the concrete. Above this temperature the response is the 
same as oven dried concrete, which is generally governed by the aggregate [7]. 

Thermal conductivity is governed by the crystalline nature and silica con­
tent of the aggregate used [96]. Normal weight concretes either demonstrate a 
gradual decrease between 100°C and 300°C or are stable at these temperatures, 
and are stable above 300°C. Thermal diffusivity, as a function of specific heat 
capacity and thermal conductivity, generally reduces with temperature [7]. 

4.2 Mix Designs 

Using the literature study and the previous summary of expected properties 
the following deductions have been made with regard to the concrete material 
constituents and quantities: 

1. Normal Portland cement of CEM type 1 42.5 or 52.5 is suitable as a 
primary cementing compound in the concrete [22]. Although clearly 
there are many different reactions that take place, it should be possible to 
achieve a material within the limits required for the design of a structure 
using Portland cement as opposed to any other material. The use of a 
CEM 1 52.5 may be justified to ensure the concrete achieves suitable 
mechanical properties by 28 days. 

2. The Portland cement content in the concrete should be limited to as low 
a value as possible while still giving acceptable mechanical properties, as 
it is apparent that the primary constituent that changes properties with 
exposure to temperature is Portland cement [7]. 

3. The addition of a large quantity of fly ash (FA) or ground granulated 
blast furnace slag (GGBS) is necessary to combat the chemical trans­
formation that CSH gel undergoes in a sealed state [17, 49, 44]. Using 
condensed silica fume can lead to excessive pore pressures due to the re­
finement of the pore structure in a concrete, and should not be used as the 
primary extender in the binder [56]. The choice between FA and GGBS 
appears to be relatively unimportant in the context that both provide a 
beneficial effect, when included in large quantities, at high temperatures 
[55]. The FA to total cementitious compounds ratio (FA:C) should not 
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be less than 0.5 [17, 16]. A corresponding value for GGBS has not been 
identified. 

4. The water:cement ratio and water content playa small role in the con­
text of unsealed concretes [16]. There is limited data available on what 
the effect water content and water:cement ratio has on sealed concretes. 
However with high FA:C ratios in excess of 0.5 and a low content of 
Portland cement, it is likely that a low water:cement ratio will have to 
be used to attain acceptable mechanical properties. 

5. Coarse aggregate requires careful selection, with the first priority being 
selecting a natural aggregate as opposed to a manufactured and more ex­
pensive substitute. An amorphous aggregate like basalt is ideal [7], while 
granite can possibly provide acceptable properties. Aggregates with high 
contents of silica, such as quartzite, have very high thermal expansion 
properties which are not ideal, while limestone aggregates increase the 
availability of calcium oxides to encourage the chemical transformation 
of the CSH gel [17]. Using local natural aggregates from the \Vestern 
Cape region suggests the use of granite [12]. 

6. Fine aggregates require similar careful selection, with avoidance of lime­
stone and excessively high silica contents. Selection of fine aggregates 
also needs to be on the basis of a good grading to ensure maximum 
packing considering the desire for low cement content [17]. \Vith this 
in mind, there were two primary candidates for fine aggregate in the 
Cape Town region, Philippi dune sand (that has about 30% shell con­
tent that is lime rich) and klipheuwel sand, with Klipheuwel providing 
better grading properties. 

7. The addition of steel fibres may be justified in terms of limiting the 
damage experienced by the concrete at accident temperatures (450°C). 
This would be in the form of acting as micro-crack arrestors [59]. Steel 
fibres only provide significant benefits in high strain environments at and 
beyond the maximum failure stress of the concrete, and as such can be 
removed from consideration at this point. 

8. Similarly, the studies carried out in this project were not related to pore 
pressure development and moisture management of the concrete. As such 
polypropylene fibres, which could be used to manage the development 
of pore pressures in the concrete, were not considered in this project. It 
has been clearly shown that the addition of these fibres has little impact 
on the strength properties of a concrete when compared to one without 
fibre addition [60]. 

So, in summary, considering the conclusions reached above, the primary con­
crete constituents that were used in this project were: 
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• CEM 1 42.5 

• Fly ash (high content 2 0.5) 

• Condensed silica fume may be used as a secondary extender 

• Igneous coarse aggregate - Cape granite, 6mm grading (as limited by 
sample size (Section 4.3)) 

• Siliceous fine aggregate - Klipheuwel sand 

• Superplasticizer to improve workability of mixes with low water contents 

Confirmation of the concepts gained from literature was required, specifically 
the improvement of strengths with very high extender quantities and that 
granite was a suitable aggregate. 

\Vith this in mind, two concrete mix designs were selected for testing, with 
the main difference between the two being the binder content, in that one 
contained a normal binder content and the other a low binder content. These 
were drawn directly from literature with minor adjustments, to facilitate a 
direct comparison with literature that was readily available. 

Furthermore, two mortar mix designs were developed using the concrete 
mix designs, with the same proportioning of constituents but the coarse aggre­
gate phase removed, in an attempt to isolate the changes that were happening 
to the microstructure of the binder phase. . 

At this stage it becomes appropriate to briefly discuss a terminology issue 
around calling a concrete 'conventional' or 'low cement'. The strict guidelines 
for refractory concretes as given by Bazant and Kaplan [7] are 12% to 25% 
calcium aluminate cement for conventional concretes, 6% to 9% for low cement 
concretes and 1% to 2% for ultra low cement concretes. \Vith these definitions 
in mind (and ignoring the differentiation between refractory and Portland ce­
ment concretes), both of the mix designs suggested here fall between these 
ranges when either considering Portland cement content or total binder con­
tent. As such a differentiation that is less rigorous has been applied here, 
calling the concrete with the higher Portland cement content 'conventional' 
and the concrete with the lower Portland cement content 'low cement'. This 
differentiation was useful in practically identifying the concretes. 

4.2.1 Conventional Concrete Mix Design 

The first mix design considered was that of Xu et al. [16], with a 55% replace­
ment of Portland cement with fly ash, as shown in Table 4.1 on the following 
page. This concrete contained 9.5% Portland cement and 21% total binder 
content, by mass. The corresponding mortar mix design is also presented, 
having removed the coarse aggregate and, keeping the same ratios, scaling the 
values to 1m3 . 
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Table 4.1: Conventional concrete and mortar mix design (per m 3 ) 

FA 
Cementitious 

Coarse Super-
\V/B Materials Sand 

Ratio 
(kg/m3

) 
Aggregate plasticizer 

(%) oPC FA Total (kg) (kg) (L) 
Q,) ...., 
Q,) 
I-< 
U c: 
0 

0 0.3 55 225 275 500 634 1086 10.5 
~ ...., 
I-< 
0 
~ 0.3 55 380 465 845 1071 - 17.7 

Xu et al. reported that the concrete mix provided an unheated 90 day 
cube compressive strength of approximately 80 MPa, an increase when heated 
in unsealed conditions up to 250°C of approximately 15%, and 450 °c strength 
approximately the same as the unheated strength. 

The mix designs presented in Table 4.1 are for 1m30f concrete or mortar. 
In the laboratory much smaller volumes of material were manufactured, with 
Table 4.2 presenting the same concrete and mortar mix designs scaled for 
different volumes. Set 1 is suitable for a full moulding of 40 compressive 
specimens (with dimensions and mould presented in Section 4.3), and set 2 
being suitable for four 100mm cubes with which one can manufacture one set of 
durability index samples. In the testing phase these scaled mixes were adjusted 
according to what was required, an example being the need to manufacture 7 
sets of durability index samples for various temperature exposure conditions 
requiring 28 100mm cubes. 

4.2.2 Low Cement Concrete Mix Design 

The second mix design that was employed was similar to that of Ghosh and 
Nasser [49]. This mix design had a 60% Portland cement replacement by fly 
ash, and 10% by condensed silica fume, as presented in Table 4.3. A mortar 
mix based on this concrete mix is also presented in this Table. 

Most significantly this concrete had a very low Portland cement content of 
4.6% by mass of concrete, with a total binder content of 14% by mass, in order 
to determine the effect that very low contents of Portland cement had on the 
concrete. 

The mix design was adapted from Ghosh and Nasser as the mix determined 
from literature was found to have poor workability. As such, more superplas­
ticizer and a higher content of water were used to improve the workability of 
the mix. 

As with conventional concrete, a summary of the low cement mix designs, 
scaled to a 40 sample set of moulds for compressive strength or a set of four 
100mm cubes is presented in Table 4.4. 
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Sample Mix Cementitious Sand Coarse Water Super-
Materials Plasticizer 

(kg) 
Volume Volume OPC FA (kg) Aggregate (kg) (L) 

(L) (L) (kg) 
Set 1 - 40 

Concrete Compressive 1.70 3.00 0.68 0.83 1.90 3.26 0.45 0.03 
Specimens* 

Set 2 - 4 
100mm 2.00 2.20 0.50 0.61 1.39 2.39 0.33 0.02 

Cubes** 
Set 1 40 

Mortar Compressive 1.70 3.00 1.14 1.39 3.21 - 0.76 0.05 
Specimens* 

Set 2 - 4 
100mm 2.00 2.20 0.84 1.02 2.36 - 0.56 0.04 

Cubes** 
* - As only one mould of 40 samples was available, this mix had to 

have a large volume of excess concrete to enable manufacture. 
** - In practice more than 1 set of 100mm cubes would be manufactured, allowing 

for greater excess volume of concrete (maintaining 10% extra volume manufactured) 
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Table 4.3: Low cement concrete mix design (per m 3 ) 

FA 
Cementitious 

Coarse Super-
\V/B Materials Sand 

Ratio 
(kg/m3) 

Aggregate plasticizer 

(%) OPC FA CSF Total (kg) (kg) (L) 
Q) ..., 
Q) 
I-< 
U 
::: 
0 

0 0.42 60 117 234 39 390 878 1072 10.6 
ca ..., 
I-< 
0 

::E 0.42 60 196 391 65 652 1468 - 17.7 

4.3 Specimens 

Testing in this project largely considered two sets of properties, compressive 
strength, and durability index tests. Testing of these properties required spec­
imens of different dimensions, and are each discussed in turn in this section, 
along with special mould designs, manufacturing and sample preparation meth­
ods. 

Compressive strength specimens Conventional compressive strength spec­
imens such as 100mm cubes or 0100mm x 200mm cylinders could not be used 
in this project for a variety of reasons. One set of 080mm x 160mm cylinders 
were prepared and tested at room temperature to draw a correlation between 
the special specimens and conventional specimens. The special specimens were 
primarily limited in dimensions by three factors: 

• Limited space in the available heating furnaces. 

• The sealing method used to create a sealed environment for the sample. 

• The maximum force allowable on the selected testing machine (100k~). 

The third factor proved to be the limiting issue. ~oting that high strength 
concretes were being considered, a maximum expected stress from the samples 
in the region of 100MPa was selected. This resulted in a maximum diameter 
of 35mm as shown below. To allow for an adequate safety margin a maximum 
sample diameter of 30mm was used. 

(J = ~ where A = 7r~2 
Therefore, rearranging: 
o =!4F = r-4-X-"'1O-0-x 1-()3- = 35 7 mm 

max V -;;; 100 X 106 X 7r • 

Thus, rounding down: 
0= 30mm 
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Super-
Sample Mix Cementitious Sand Coarse Water Plasticizel 

Materials (kg) 
Volume Volume Aggregate 

(L) (L) OPC FA CSF (kg) (kg) (kg) (L) 
Set 1 - 40 

Compressive 
Concrete Specimens* 1.70 3.00 0.35 0.70 0.12 2.63 3.22 0.49 0.03 

Set 2 - 4 
100mm 

Cubes** 2.00 2.20 0.26 0.51 0.09 1.93 2.36 0.36 0.02 
Set 1 40 

Compressive 
Mortar Specimens* 1.70 3.00 0.59 1.17 0.20 4.40 - 0.81 0.05 

Set 2 - 4 
100mm 

Cubes** 2.00 2.20 0.43 0.86 0.14 3.23 - 0.60 0.04 
* - As only one mould of 40 samples was available, this mix had to 

have a large volume of excess concrete to enable manufacture. 
** - In practice more than 1 set of 100mm cubes would be manufactured, allowing 

for greater excess volume of concrete (maintaining 10% extra volume manufactured) 
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rh~ lllan\lf~Nm~ of rlw,*, sp<'rinwHs. 1'w" atrem P(8 W('C(' made at lllall ufill'1 ur­
iIlg moulds. 

Th,' Ji"t ~tt<"IUpt lIm)lwd '''ing PYC pipi11g "f "\lt~r rli~lll~t~r :r2mm 
hnnrl~d ro a LaO>" nf perspex, as call b<c :,cell ill i-1gurc 4.:1 (a). Th~ draw;Ilj.(S 
f(Jr this monl,l al'(, ;Il Apl",mhx B. L:JIg(' '111~m;tie8 of 1110111ds w~r~ pr~parf'fl 
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Figure ·t 3: Mould attempt 1: (a) mould aIld (b) !'aml'lel' with eXt·E's,.,h'c void 
rUl I(.('lI i. 

and bonded to b(\$(-'s of plywood, \\·ith the right Illllllber of !Op<'cimens rC'quin·'(1 
for a ~ll~·ifk l'>et of ~mpl{'S on a particular base. 

This desi~1l proH"d to han- se\"eral prohlE'lll;'. T II(' fir.,t was a rou nd usbg 
P\ ·C pipillg. in that the pipin~ used had varying illl*",r n,,1 d imells ions due to 
t wo d iffen'lLt fl,Tadl'" of pipe being used, gi\ing a sample diameter of Vl.'tW{~1I 
27.2mlll and 28.8mm. The lIloulds Wefe also found to b<, too nns tablt' and 
I.wk ing in ri~dity to allo\\" for propef compaction o f spl."dmrns on ;\ dbri\ti~l g 
tabl(', wilh lhe tnUIlI<:I., shakillg It )tJl>(' from till' p l\·\\·ood ba.<ie. Tlds (·;\1I.<i(>r\ the 
spedmclIs to ha\c lal ge \uirl siz("j a:l(i l·ollt('Uj), a:; showll ill Figure -I .:J tb). 

The M'cond att(>mpt at manufacturing moul<:ls was ,",uried Ollt aft.(-'r rp('eiv­
ing ad\"in.: frum supervisors and workshop staff, and was rnnnuf,wtur('d in the 
ridl (,llgin(,l'ring workshops of ueT. This mO\llrl cou!'ist('(\ of i). block of P\ ·C 
f[ om whi")) I() hnh'~ 'If diamd.er .3Umm and d("pth 601ll1ll \\"ere Bli\('hilU'rl. The 
bkwk of PVC WiL~ IJJfHlIl[i'H'tUrt'r1 using fin' :3UUmm long t.y 75JIllll wide sliL"e,> 
of P"C she(>t with a t.hickness ,jJ)mm. bonr1rd togE'I.I1('r with P\'C gluE'. There 
was 110 PVC shf'ct fI\"ailable with a thkkness grealE'T thM 5011lln, rC'quiriIlg 
tlli" mOll' C()nl pli ... "lcrl approach to enable the rnaIllifadurE' of Snlllpkl"- with 
till' d('l'tTed dimellsions. A ste{J was bond('rl (jJllo f'itlwr sidp of lilt, mould to 
allow for Mlal"1Lllwlll to a vibrating table using damps. -imm hules \\"(-'re ,\1M) 
dnlled into d Ie va."e of each large hole to allow for the deHlOuldi ng of !'n.!1lple~ 
usi ng eornprc.<;.<;eJ air. 

Th is mould prow'd t o be siga ifkallt ly morl' rigid and f'asy {.O Ilianufadure 
::-ampl('S wi th. and racilitated good \-ihraliOIl of tllf' sall1\Jlf'~" .. \ n image of l.hi,<; 
mould IS givcn in Figure .JA. along with a picture o f an impro\·ed spedmen, 
whih' d rawings of the mould aTe gl\"cn in Appe:1dix 0 " 
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!b) Sam~le 01 Improved quali ty 

FiguI't' 4.-1 : (a) Filial :nr)ldd aud (I~) illlprow·d <;pP\'illl('n Ijuality f"r ('lllll jlI'l'fi<;jw 

~!wdmclls 

Durabilit y lildcx Specim ens Til<' rlur,1hihry infi('x spc.-imcns w('r(' IllQuldN\ 
usi ng \'ol\\f'nl,ioll;'\ l IOO:!llll CUhN, froIll \\'}.icl. 1 hI' ~1" 'ci lll'~I1~ \\'('fl' nIt , 

4.3.2 Casting 

Castill~ o f t h€' \'ollne'f'S wa..., l'a rried ou t in bakhe ... alT.)rdi ll~ 10 t hI" <liffNc'lI1 
pha."e rlf til(' pro jP" t. Th{,ff' werf' t~ref' d ifff'Tf'nt phases: 

• P r(': imi uarl pha:.e: T his 1-'h<1-<.(' ('OUSiSH'd of thp LOanufar u lf(' of M'tt. nf 
!-iampt(·s for cO)O\,{'ntiunal concret E' and morla r, and low fPtn(lll t (',Jll C're!(' 
awl Inllrtar. T lt j" p hil,," wa.<; used to dl'TPrmi lll' th{' nllidity of tl1lw(>IJts 
fwm HWtatuH' and tlte d'f{'c tion of lest illg, COIU}Jr('Ssi\"c s!Jl'dlllen~ 
fur th i~ )Jl la.~{' wI:'re manufatiured nsiug t.he first mould dcsib'll, wllile 
darabili ty il.Ld,'x !'ijJp\'im"ns we-:-p mannf:-l.!' t urf' d u~illg 1()IJtnBI C\lhf'~, .-\ 

~~ : of tbr('f' l,(rw' i"1'f'rimf'lls ":en' lIl;Ulnfaetufi'd fllf !'llliH'lItit)llal roll ­

nNe to ass{'ss the r(':spouse of the L'OUlTete llf> iu J.;' l)JlI\'elltiollal IIhl1lld:s of 
OSOmm x lG I}mm against t he smaller SlJedlllens, 

• S('c()!lCl pha~: This jJ}l.'lSC consistf'd of 1 he in d f'l ,t h :,1 tlJ~ of \'Oll\('nt iOll,\1 
\'l)/l(.:rN!' tx»o:-oed to ,"adOllS d iffeTelJt thermal ell\ iWllIuell t s, Cutnl)re .... "'i H' 
""rdlnt'us wrTe Il);\llllfal'tnrrd t;Slllg the impronx l moul d de:;ign, willie a 
!';('t uf d u rtl bility i:l rlc'x svrl'ilIlens was manufact ured to a5S('SS ti ll' C'lIll'fl'te 
1'!' '' ]XmSI' at 28 d.1.Y", in lin(' W:t!l nlllwllI llIlllll pra~,t i ("!'" 

• T hird phill>f': Tks I'h(lS{' ('CJl lsistro of tl lC' maunfactur(' of ("Ollwutional 
'"OIH.:rete :-:3I11plt'i> tu a."~.:i> t he room t cm peralun' ('].aracterist in ; uf the 
' "OIKrN c" ui l1llt'ly , II(' ~treTlgth dewloplIlclil un'r 28 da~s, and the shrin k­
<lgf' of t ill' n >nn("f'" 
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As the third phase of the project was also based on conventional concrete, 
these results have been included in the section considering the in depth testing 
of conventional concrete. A summary of the number of samples produced is 
given in Table 4.5. 

It is worth keeping in mind that in the first phase of the project many sam­
ples had to be discarded due to excessive void content, considerably limiting 
the number of samples that were available for testing. In phase two and three 
a full set of 40 samples were produced, even if this was not required, to allow 
for excess in case further testing was required. 

Casting of the concretes was carried out according to the following process: 

1. Oil and prepare moulds. Plug blowholes in the bottom of moulds with 
tissue paper. 

2. Proportion all constituents separately. 

3. Place the fine and coarse aggregate into the mixer, and start the mixer. 

4. Place the extender and Portland cement into the mixer. 

5. Ensure that all constituents are being mixed well. Allow mixing to occur 
for about 1 minute. 

6. Place the water into the mixture. Ensure an even distribution of water, 
and allow for mixing for about 30 seconds. 

7. Place the superplasticizer in the mixer, ensuring all constituents are being 
mixed thoroughly. 

8. Allow mixing to continue for about 1 minute. 

9. Stop the mixing machine, load moulds half full of concrete. 

10. Vibrate moulds for 30 seconds. 

11. Top up moulds until full. 

12. Vibrate moulds for a further 30 seconds. 

13. Place moulds under black plastic and allow to set. 

The concretes were checked approximately every 12 hours after moulding for 
readiness for demoulding. The compressive specimens for the first mould de­
sign were de moulded by breaking off the perspex base of the mould and bending 
open the PVC using the slit cut into the mould. 

The specimens from the second mould design and 100mm cubes were de­
moulded by removing the tissue in the bottom hole of the mould and using 
compressed air to force the specimen out of the mould. The compressive 
strength samples proved to come out of the mould at speed, so tissue and 
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Compressive Specimens Durability 
1 s~Mould Design 20a Mould Design Large Mould Cubes 
(030mm x 60mm) (030mm x 60mm) (080mm x 160mm) (100mm x 100mm) 

Phase 1 
Conventional Concrete 102 - 3 28 
Conventional Mortar 60 - - -

Low Cement Concrete 102 - - 28 
Low Cement Mortar 60 - - -

Phase 2 
Conventional Concrete - 80* - 3 

Phase 3 
Conventional Concrete - 40 3 -

*Two sets of samples were manufactured, two days apart. 
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black plastic were used to catch the specimens without causing damage. The 
samples were then wiped down with tissue to remove any excess oil from the 
mould, and allowed to cure. 

4.3.3 Curing 

It was discovered that the concrete did not generally set after one day, but 
had to be left in the mould for usually two days, but occasionally for three 
days before being demoulded. This was likely due to the high quantities of 
superplasticizer and klipheuwel sand, which are known to delay setting of a 
concrete. This was to allow the demoulding of samples without causing exces­
sive damage to the material. If a concrete proved to take longer than 2 days 
to achieve a suitable level of cure to allow demoulding, the mould was placed 
in a water bath until demoulding the following day. 

The demoulded samples were placed in a water bath at a temperature of 
21°C for the entire duration of curing. Concretes were cured for either 28, 70 
or 90 days in this environment before testing. 

It was discovered at one stage that the temperature control element had 
blown, and it is believed the concretes may have spent some time being cured 
at a temperature lower than 21°C. This loss of curing was difficult to rigorously 
quantify (as the temperature history of the bath while the element was blown 
was unknown), however ~eville has discussed the issue of concrete maturity 
[111· 

Maturity of concrete is measured in °C-hours with a common reference 
value for maturity being after 28 days cured at 18°C, giving 19800°C-hours. 
Concrete generally has a limiting curing temperature of between _lo°C and 
-12°C, in that the concrete will not cure below this temperature. Thus when 
calculating the maturity of the concrete, one has to take the value from this 
origin and not O°C. Calculation of maturity is as shown below: 

Curing temperature = 18°C 
Origin temperature = -11 °c 
Temperature difference = curing temp. - origin temp. = 29°C 
Time of curing = 28 days = 672 hours 
Therefore concrete maturity = temperature difference xtime of curing 

(hours) 
= 29 x 672 
= 19488°C - hours 
This value is very similar to the value of 19800°C-hours suggested by Neville 

[111· 
For a concrete cured at 21°C for 90 days (the maximum curing cycle), 

a maturity of 69000°C-hours will be achieved. Assuming the blown element 
occurred for the whole period of cure, and the bath was at a temperature of 
15°C for this duration, a maturity of 56000°C-hours was achieved. This allows 
a difference in cure of 13000°C-hours. 
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2. The samples were numbered and underwent the heating cycle. 

3. Once cool, the samples were placed into a desiccator. 

4. The samples were then capped with Pratley's Quickset putty in the test­
ing rig. Care was taken to ensure the samples were placed in the machine 
in a defined position and orientation. 

(a) The samples were marked to indicate orientation by scribing a mid­
dle line at the base of the sample and two lines 90° (along the axis 
of the sample) either side of the middle line. 

(b) The centre of the testing rig was identified with a marker. The 
testing rig had the centre scribed on it already. 

(c) Pratley quickset was mixed together. 

(d) Two small balls of putty were placed on the ends of the sample. 

(e) The sample was placed and closed into a plastic bag to reduce the 
amount of dirt created in the crushing process. 

(f) The sample was placed on the center of the testing rig, with care 
taken to ensure the middle line was facing directly forwards. 

(g) The testing machine platens were closed slowly to compress and 
squash the putty over the end surfaces of the sample. Care was 
taken to not load the sample above 500 N. 

(h) Once the putty had spread over the whole surface and could be 
seen around the edges of the sample, the platens were separated, 
the sample removed and placed aside to allow the putty to cure. 

5. Once the putty had set (Pratley's Quickset has a 6 hour cure time) the 
samples were loaded into the machine and crushed according to Section 
4.5.1. Care was taken to ensure the samples were placed in the same 
position and orientation as when capped. 

This methodology facilitated significantly improved results for the rest of the 
testing. 

4.3.5 Durability Index Sample Preparation 

All of the samples for the durability index tests were prepared according to 
the Durability Index Testing Procedure Manual [29]. As these samples had to 
be cut from 100 mm cubes, with two samples per cube, the process that was 
undertaken is outlined below: 

1. Cubes were removed from the curing tank approximately 8 days before 
the durability index testing was to occur, and grouped into sets of four 
(as eight samples were required for one durability index test). 
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'bl(uttin~m"n "" 

2. Cun's tif di<lm(>ter <1 pproximateJy G8 nun \\"I' T(' mfloe lISilig llit, I.:orih!:\ 
m.\I."hiue ~buwn ill F i","urt' 1.5 (a ). 

:1. T IJf' core .. were f;)("f'(j usiug Ihe ("u ttill~ lII ,whine !lhown ill F'i~urc ~ .5 (IA 
.\Pl'rVX iltl it IPly 5 1I1II1 WilS t ilkcli off {'ilC!J faLc. 

-I . T II(' ollt'5idl' fat;t.'S of the cores \\"{' f(, irlCHtified II'ill! i-l ma rkN. 

5. Shc\'~ vf Ihll"klle~.; 1)('111"("11 :JII mlH aud J:!lJ lIlI I\'en.' 011 fr .)l1I ,he IIlr1 rkeJ 
t"un~ lLSUlg th(' (;ut( iug: madline. T bC' two out~id(' ral"('~ II'CH' cw;ur('.i to 
bc 011 a ~alllplr , wi th a middle iJiece uf aboui 1thnm r bickllf'~S left. lwer. 

6. If Ilw SilIl ljll!·S w~'n' to! IIf' u"sied at fOJOlJl , puljlf'r;HllP', thl'Y l\"f' r f' r,I;IO ' f'<I 

ill l.) it dr.dI Ll''; (jl"f' lI at .'i(j"(" f()r aplJfoxilllalf'ly 7 fbys. Sarll]!lr~ fM 11(>[11 

(')\1 " 1511 1"" w('r(' plao:,d in Ihe heatill,!l; f'u\'i rotJl jJe nt dircct l~ . 

At thi s 5tilge the Sfll11pies are rpady for H>sting:. 

4..4 E ll viro lllll c lllai Exp os ure 

The elld rUllIuellt of t("w jJl:'rature expOSlIH' Il('{'d('(1 to) uc ('a refully ma nag('fj and 
d l.K:ll lllcll ted to CII (l.bl(' a ('umpr('h(,tJ~ iH> lllld('rstalJdi1J),( of tilt' Te<; jJ.)n<;e of thl' 
('(jIH.; rt' lt' . T Ins CIi\trvIL tul'ttl i:-. <;lrotJgl ~ fPlalf"d to Ihe eU\iWIlI1lCl tt the PI3 1>.1 11 
w(}uld 1)1:II:e oil th(' concrete as discussed ill Sectiun :.$.1 .2. Tlw t ran,'::I!l tiou 

vf t be healing: ell\' trvlllut"1!l of ti ll:" PIHIR im.o an ell\ ir,lIl lUl'nt of te')ti llg: is 
(JlIllill l'{l in I hi~ SC'1:t if )1\. 
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4.4.1 Thermal Environment 

In terms of the thermal environment that the concrete is exposed to, two 
primary temperatures were defined by PBMR: 

• 225°C operating temperatures for the operational lifetime of the structure 
(40 years) [10] . 

• 450°C accident temperatures for 30 days [10]. 

These temperatures translate into three different scenarios, with a continuum 
of environments between scenario two and three possible: 

1. Plant operates for its lifetime (40 years) at 225°C and is then decommis­
sioned. 

2. Plant experiences an excursion/LOCA on first heating. The LOCA takes 
the concrete to 450°C for approximately 30 days, with a gradual reduc­
tion of temperature from 450°C. 

3. Plant operates for its lifetime and experiences an excursion/LOCA at 40 
years. 

\\lith these three scenarios in mind thermal modeling of a wall section was 
undertaken to fully understand the environment the PBMR would place the 
concrete under. 

Modeling of the Thermal Environment 

Basic modeling was carried out during the project, in terms of the thermal 
properties of the concrete, to develop an idea of the heat distribution through 
the structure during operation and in the case of a loss of coolant accident 
(LOCA). From this heat distribution qualitative statements based on literature 
can be drawn in terms of the strength properties of the concrete. This model 
was implemented using Dassault Systemes ABAQUS finite element program. 

The thermal property models that were applied were accessed from the 
work of Kugeler [33]. These models are fairly comprehensive in a statistical 
format, utilizing several sources of data from literature. 

These thermal properties were applied to a 30° quadrant of a cylinder, inner 
radius 5m, outer radius 7m. This is broadly representative of the expected 
structure of the PBMR, and is a direct representation of the HTR-Modul 
reactor cavity structure upon which the PBMR is based. 

A surface film condition to represent external air temperatures of 25°C was 
applied to the outer surface of the section, while the hot face had a boundary 
condition of the respective temperature of interest applied to it. An image 
illustrating the section once it has reached steady state operating temperatures 
is given in Figure 4.6. 
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( 

.. ...., .. "-,,,.,.., """ 
~ .. , ....... "..-< .... -~.- <~" 
~'W_ ._ .... , • • ,,..., _. ,. .,." 
o.~ ... .. ..... ""~ __ ' '''' .... ,. 

ThL,> tempC'tilture di~trihlltiull is giH>lJ ill Fi~un~ Li in a ¥;tH]Jhkal farm. 
Tht? nut<:ide face of tht' coner~'e \\".'111 achien>Q a tpmperature of 29 ·C. The 
lJNlirl('llt il1\1~trali\"p I'nillt frum this gralJh is that tile h'mpl'rall1r(' ill III(' \\';111 

durili~ ("-,rm,,] operaliolL wuuld OIJy be at 125"C a t ti l!> hut fal'l' of till' Cou­
ITt '\(" ilnd would (Irop al most linearly thwugh t he '·O!lfH;'te. This mp[lI)C; that 
th .. pru!'f'ftit>f, hetwt-'t'll m om t t'mpt?ratllrP alii ] 2'l5 "C a n' o f "rimar), i1L\t,(tost. 
.·\ -.suming a li!lenr interpvl<l t ion 'Jf properi .\" \"alllf><,. ])pI \\"eel l (1)(',,(' tw.) p u il ltc; 

is Hot TI'iL<:()na l)ll! a.c: this tr<lll<:ct:'tids the lOwe Loiling H'mpPTlHu re f(jr wat .'T. 

rt'::;uJt ill~ ill ditft"H'nt prul'prty n~r>(m~~ ahow' anrl I)plow th i~ p()im, 
Con<;iJf'r ing t he wurk of Chapman and England ["HI , (llid khika\\";j aud 

EU g'JnrH II.,l8J, it i., rf'a.~ !) ll a blf' to a',~Ulnt' tJHlt wilh a \{·tnj.H'ra tllr(' (li<;trilJu I;on 
;\. ... ~hu\\"n aiJ.I\'" tIll' OJIlCTf't p would pxpf'riPIl!'f' i1 g,radual llIigra1 ioll .l lll,lbl1lfP 
away frow the hut faCl' of tIlt' structurP. Chapman awl Ellghwd 1171 11;\\" 
s llgge-:ted thel t \\"ithin the first 50 days of temperature e:qJ0Su rt' thert> will ~till 
be ~(1llH! If'v ... 1 <l 1llobt 'lff' ;l\"ailable witllill f).2m o f a fan" IW(l.wd It) 'lUwe. Thi'i 
eff('tti\'cly f>U~p;!.:::. IS a f>caled statc witll high moisture cuntcul for at [ea..,\ ~uw 
dq~ret of timt'. Tl,f> '"O J,crete \wJuld tend towards an UIl!>calcd t-tal e ill tlli .. 
arl':l , \\'jlh In'Ji:;ture C()I IIf'1l1 and pore jJn.~!>ures reducing u\er tj)))('. 

'I he 1 etll]>(' r:'l \ llrt' di~f,fiIJlltio ll also carrif's imp1ieatilJlJs ill \1'1"1n<: of aLOe. \ . 
GCII\'rl'l.lly it ,';Hl II\' ItI) .... i11Iatt>(i tl,il\ sud, all at;l'1flPllt \\"IJuld 0111, Ol"('1ir .. nlll l'· 
tilTl!' durin~ thl' lifetitnc of the reactor aud 1I0t on firf>t h("ati 1J ~. This. II lIpli ... " 
that \111' C"t,I,nl'I{' \1."unl<1 ] t.'ln· ~pent .'I COIl~idl'ra hk' tililC (up (u .,l () n·ar:-) WIth 
I·XI''':'U I"I' (\t 22,j°C, nndergoillg hydrothermal reactiollS O\'er (l. .,hort 1)\'l'i.)\1 of 
tf>l11p.>ralUr(' (~,po~lln' thell ~r.)wly tendi ng towards all UllS("dk-d "lid It)\\'{'\' POT{' 
" r""-"Ufl' !'.UI( , ' III 'for" ,'xI>\'rit' \Jci tlg Ih(' nSf' in t(' lIlp('rilluH', Thus ti ll ' ,'Ol nTt 't(' 
would I,.. d~1'r 10 a :-ot .'at" '" a l l ' 1l1l;;f'i1!l'd nmdit iUlI I hat \\"Imld IIf' II',., WiI,"1 in' 
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"" no 
200 

E 
180 

160 , 
I~O , 

i 120 

100 

• " • 60 

" " 0 

5 5.1 SA 5.6 5.8 6 G . ~ 6A 6.6 6' , 
Dj~t ,, [)c e from tclll rl' 01 '''II: (m) 

1<) ,III' irl<"rN~ in temperature (i ll both a positiw' and hP/o\atin' \\" (1 \ ") . 

. \ Irall .... lI'nl l]lOfld l"Ppr""" '1I1i n,[: a inCA wa." aJ"-D illlplt'lIlf' tll ' .o . This \\"a.\ 

' l"i h~ dat;l fl O .... l tIL(' IIT R ?l lofJlI1Hlll d tI le t he h~Il):!/,lN rCIN r! [:jJ]. nanwly zoo 
hOllIS t o [~';:\dr In<&..'i:iUIlLlJl lempl:'rature thl'1l a .,;radual ("vul du\nl ovt'[ a fUlther 
lUtllI hum", ,\ plot '.If the t , ' mJ)rr~lun:: distrihut i')IL f'if the nod 'll I>"iut ::. Ii) 

gh f'1l in Figure .. 1.8. 
] hi;.; history is interesti ng ill that it suggests tbal olliy about ! of Ihe 

{.'Olic rt'I C \\'all is eXI)lJsrd to tcmpt'ratuws (,ull~iJt'ral;ly ill t'XCt~ of 300°C ( t],e 

"rl 't iolL fro,1H :;' Uru t o ::' ,6m). Thi~ ~ ll~O('st" Owl m UM uf the f'trU(;lurC ("a ll 1.0" 
(',\IW(" NI. 10 confor m ilIon' c\osdy io) the 2'25'C n.,:p.)Jl!\(' \I f the conCl't'u: t hall 
t he I~'C !'l'sp, mS\..' , 

Testi n g Thermal E nviro n ment 

With II well dc\'doIJed uuckrstanding of the PB~1n thermal cnvir()Jllut'llt as 
l'x\JlaiJll.'d. the folluwing tl'sting thermal ellyiwlJ l)lClLt" \\"\,.' I"l' define,l: 

• ::ns"C fur \'ilrying duraiiUlIs (as explailH'd ill Sectioli .1. .1.2 ), 

• -I GU'C fur \ ,Hying durations, 

• :l25"C for a period, tlim a ris!! t o 4SU 'C 

• T lw[1 l)al ,'yding toJ 225~C 

• Therm:tl cyding to n~·C witl, till' last t1lt'rma1 'Td .... tv 450' C 

.-\ <lc/ill ite ruf US \\'as lIC('<lcd VII the ('espouse to n 5"C <\ue lO ih is loellig il l Ih .. ' 
fl'lP OII I)f f h. , Tn;txunnm \{'mpl'ra t ll[C that IllO!'o\ of t he !'oT ,II,., nrc WIll be eXI"r.-o 'd 

t l}, :\ " (,<lI ill!; ra{(' 1.,( Jere per \umr wa~ employed . I, ) mod('1 t i.e cUlIdit i' III ... 
(' ,-':1'("': 1'>(\ with the POt>.IR \\'hile .allo wing for a nn e h igh,' r thall exvc<:h.:d . 
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Fi.c;uro> -1 .8: :\oclal t,·tlljJf'ra ture history of S('(:tiOTJ uf n 'at.:t.u r t:iJ.\·ity "'nll'jurl' 
(hiri ng a LOCA 

4.4 .2 Duratiou 

Th(> du rat ion of heating was c rucia l to dewrminbg t he ultilll3t.:: I't'SI'OllSl.' of l lw 
nma cl.e to high lempnature!>. II. i ~ hO\H' \'er Ullff'a,....ol1able LO carry 0 111 t1'~ IS 

of up to tlw lifetime of Ihe <; rrUClUf{' (-10 .reM;,. :·or o l'n nt io H (Iud 10 ~ ('ar" for 
cuol dO\\, ll) due to 1110' p raCliral implic:uions inH,lw:d i ll doillg: so. Signifi call t ly 
short er tesb I hat d~nlOllslratc a tre"d \,'ere cmploy{'(1 with it \ jew to wr ifvjng 
1 he ('OilccptS d{' \'clopeol from li t crflotllre. 

:\ ht'<lling raw of ]t)"C per huur was em ployed. requirinl!: :!'2.o hou rs tu r(,:leh 
225' C And ·15 honrl'< to Tt"flodl -1;}U "C. T 11e ~ph:i lllf'IJ" Wf'r\' kept at t('mpcr:{tllff' 
for til l' durat ion!' I!utlilH'ri lidow (,yith 1 day = 24 h' HIr!, ). awi tlwlJ t'uo]('d at 
the same ratc of ]I I·C per huur, 

Te~is wen" carried out accordillg to the durat.io w, out.\ined uC' \ow: 

• Siugle tCtnperaimc t L .... tS: 

225'C - J <lay. Zt days. 7 days, 1--1 day~. 

·I;)(J"C - J da~-. 5 rl"ys. 

• ~Iultjpl (' ' ('llI p"rii l llr(' aud thermal cycliug te<=ts: 

225·C 10 -I5(tC - 0 days at 225°C a.nd ,'3 clays at 150'C. 

225°C · \ " d<lYs at 22j°C. ooulCfI and WI) cycles o r 1 day to 22j"C. 

2'lS"C t.o ' .-)WC· I-I ([,IYS itt 225·C. l"Oolr>d , 011(' cycle of ulle day to 
2:lS·C alTci OliO' cycle uf I day to -I:)U ·C. 
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OJy'i C , , 3 , ; 

Tf'mpe'''tu,e Hour< 0 " " n % no 
[x~mple " b , b , I b 3 b , b , b 

~SO'( 
, , 

))~'( 

Foom Tf'mpet~turf' I 
i ns' C " ' cmpk I [ ;SJoC Examp le I 

Figu re -1.9: Example test t;('hf'dllles (a) 4::J(J"C fo r 1 dil.Y ilnd (b) nYC fur 1 
day 

One t.hermal cyell' involved hrating tlle s(lmples to tf'mperatllrc <It a r(lte of 
10 °C/ hr, )(';wing thrm at the trlll]Jrratmr for thr allott.rd t.ime awl cooling 
them back down to ambient. This prucess was repeateo for each cycle. Two 
examples, one of a heating t;('hedule for a sample heated for 1 day to '2:25"C 
awl <I t;ccund uf it t;.1 mplr J, r<ltcd for 1 day at 45WC a~f~ ¢wn in Fi)!;nrc -1.9. 

As cal l be seen, the total test time for the 2:2,'j"e amounteo to: 
22.5 + 24 + 22.0 = G9hoUTS (Ramp lip T at temjJrrature - cool down 

tutal test tiaH") 
Likewise, the "150"e example had a total test time of 114 hours. 

4.4.3 J\i oist llr e State 

T\\'o muistnre t;tatcs wrre investigated, sealed anrlllnSfalfc\. 
Unsfalr<! samples wf'[p wei;!,herl, numbrred \yir.h a prIlci l and placrd ill tile 

ki ll!. Using a pellcil allowerl the markings tu star un the samples through the 
heaL exposure, f'nabling easy identiliration of the sam ples OJI relll<)val from the 
ki ln. Pf'nnauent markt'I pnl\'ed tu llOr. withst.anrl higll tflllperat.ure expusurf. 

Two attplll pts \yere made Ull achie\-ing a sealed state with concrete. The 
fin;t WI\.S an aikmpt f()r an Nl<;y sealing methud for 22.)"C IlSillg aluminium 
foi l and a hi).{h tfIlJperat.me gaskri silicone sralant . Sewral iterat,ions werr 
undertaken. wir.h the aluminium foil generally rupturing. These samples failed 
to haw characteristics any riifff'rpnt frum those 0-: llIlSfalf'd spfc1mens (mass 
If)sS was thf Silmr <1.';; unsealrrl samples" allrl trst.eri proprrties wrre rJa.c;ically 
tlJl-~ Si\IlJr a.c; ti le l111Sl-'alrrJ sam1-Jles). \\'hru unr cUllsidPfs that these samples 
may wry \\'PI ] rradl purr pH'SSl1re ill the fI~gilln of U.S j\IPa [-Ii], t lw fai]uH' uf 
this spaling mfthori is unrif'rstillH\arJlt' , 

Thr second mfthod ufsealing &amples was similar to one user! in li terature 
br :\"asser and a&sociates 153. 5-1 1. This involved TIC welding car;:;; onto steel 
pipe. with the sa mples insi r!.e the pipe, as shown ill Figure --1.10 (b). \\"ith the 
dra\\"inw> for the design ill Appendix F!. The primary rlifferfnce was that. in 
literature the caps were weirled on by brazing. The colltainers were placer!. 
in a bath of water to tr,\" and keep the container. an d the samples wi th in, 
cool. A hole was drilled in thp lid of lhe containrr t.o allow excess preSSllfP to 
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(b) ~e~1ed (onl~iA('l 

('~:apt' froUl t ht' ('ont-ainer whi le wt'lding the cap. with the hole veing <::1:'alt'f1 
uy weld ing lI rter t he ('<IV had Lf.'t"n weldeJ un_ T heS€' Cuutaillt'N held a M't of 
th rl'C <;amfJles ('adl. effectin'ly eOlJlprisin~ a unit tha t eould Le ('xVo~1 to a 
specific temperature eU\-irulllllt'nt , 

, \Ithou~h th i~ M'aling nl('thod a pPf'M('t\ to prO\'i, l(' a 1'>igllllicaut pr,-'VNty 
change in t('rrllS of ~t rt'llgrh \\'hen com part'(i to unsealed sarnl>lt~. the eOllt ainer<; 
],~t !lW.~:-; d llrlng hea t,ing ( a~ ..-\i~on'rt'..-\ by \\'eighing the St'aler\ ('OIlt..lIl tr lJ('fo r(' 
and aft" r h'ml ,('ratur(' ('xp~ur(' , re-ults <!.r(' ~huwn in AVV{'udix .-\ ). As \\'el1 as 
this. Ollce the salllvles Wf'[e remuved from the coltrainer by ..:utting the ..:ap o tf 
with a hackSllw. it was fo und that mass loss for the samples was \t' ry similar 
io that of t he utlsl'ail'd sa mples, This implies t.haj, moisture was escaping 
from the containers, most likely t hrough porosity or microvoids in the \\"elds. 
This i~tl(: \l'a.'i 1I0t resoh'ed uy the end of the proj ed and as f'. uch all data 
pt't'~nt ed t't'latilll{ to sealed concretes had this issue. As alH'ady IIH: utio ll('d. 
tlw~ "a mple!'! did (\(>mOIl!:' t. ratt' a s ibTnificantly difft'H' nt propert\' d langt' frOIll 
tht' Im"ealed s~mple", indicatiug that ,hl' 1m." of moi~t llr(' alld yres'SlIr(' may 
I!a\'c been grad ual, ~llowing a c('[ tail! veriod of t.imf' a t, it' lIlpcr~ture i ll .'1 \'('ry 
IIlo i ~t f'tI\' irOIlIlH'II\ for this ch ange to occur . 

4.5 Testing 

Testing of concrete took two main d irectionf':. namely compr('c::si\'c ~t rength alld 
peftupabil tty relating to t he Sou t h African durabili t.y inli('x te<lt<;. Ahhou,.;h at· 
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tempts were made to test modulus of elasticity using the compressive strength 
specimens, it was determined that the output from the tests did not account 
for compliance of the testing machine and rig, and as such could not be used 
to directly determine the modulus of the concrete. 

4.5.1 Compressive Strength 

The compressive strength of the samples was determined using a Zwick univer­
sal testing machine with a compressive test rig attached. Once the curing of 
the capped samples had been completed, after 6 hours, the samples were placed 
into the compressive rig in the same position and orientation as the capping 
had occurred in. Care was taken to ensure that the plastic bag used to keep the 
machine tidy when the samples failed did not fold over or crease between the 
sample and machine platens, which would have caused stress concentrations 
in the sample. 

The tests were carried out with displacement rate control, with a constant 
rate set at 0.42mm/min for all testing. This rate allowed a maximum stressing 
rate in the region of 10 to 15 MPa/minute for unheated samples, although 
this rate varied depending on the temperature exposure the sample had expe­
rienced. 

4.5.2 Durability Index Tests 

The South African durability index tests assess the permeability of the concrete 
with water, gas and chlorides. The results from these tests allow the statistical 
prediction of the lifetime of a structure. One of the primary concerns the 
tests account for is corrosion of steel reinforcement, using the data relating 
to permeability of the structure to predict how long carbonation and chloride 
diffusion fronts will take to reach the reinforcement steel. This allows the 
designer to set a minimum depth of the reinforcement in line with the lifetime 
requirements of the structure. It should be noted here that one should refer 
to the durability index testing procedure manual [29] for a complete summary 
of the procedure applied as it is outside of the scope of this masters to present 
this theory here. 

Oxygen Permeability 

Oxygen permeability tests are used to determine the gas diffusivity of a con­
crete, which is directly related to the ability for carbon dioxides to reach steel 
reinforcement and cause corrosion. The methodology of carrying out the test 
is outlined below. For a more comprehensive document describing these tests 
and the calculation of the properties of interest from the results, refer to the 
Durability Index Testing Procedure Manual [29]. An image of the testing 
apparatus is given in Figure 4.11 (a). 



Univ
ers

ity
of 

Cap
e T

ow
n

CHAPTER 4. TESTING AND MODELING TECHNIQUES AND SYSTEMS 129 

1. Four samples that had either been oven dried for 7 days at 50 °C or 
exposed to a temperature regime were used. 

2. The samples were loaded into the top cylinder caps as shown in Figure 
4.11 (a). 

3. The cylinder caps were placed on top of the cylinders and loosely secured. 

4. The oxygen line was charged, and each cylinder had some pressure let 
into it. 

5. The cylinder cap was released briefly and secured again, in order to flush 
out normal air. 

6. The bottom release valve was briefly released to flush normal air out of 
the system. 

7. The cylinder caps were tightly secured to the cylinders. 

8. The cylinders were charged with approximately 100 KPa of oxygen, with 
100 KPa being the minimum pressure. 

9. All valves were checked to be closed, and each cylinder checked for leaks. 

10. The data recording system was checked to be operating, as shown in 
Figure 4.11 (b). 

11. The tests were allowed to run for either 6 hours or until the pressure 
dropped to 50 KPa. 

12. The samples were removed from the cylinders and the data collected 
from the recording system. 

The data garnered from these tests were then processed according to the 
mathematical formulae presented in the durability index testing procedure 
manual [29]. This calculation is an application of the D'arcy coefficient of 
permeabililty equation using the slope of linear regression calculated from the 
results of testing. The oxygen permeability index rating is calculated by taking 
the log of the average of the calculated coefficients of permeability. Thus, the 
output data presented is the coefficient of permeability and related oxygen 
permeability index (OPI) rating. 

Chloride Diffusivity 

The permeability of the concrete to chloride ions is determined by the rapid 
chloride diffusion test for the durability index. This test involves applying 
a potential difference across a sample that has been saturated in a sodium 
chloride (NaCI) solution, and measuring the current. This gives an indication 
of the ability of a concrete to resist the transport of chloride ions. The test is 
outlined below: 
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J 

Figlll"f> ., II. Oxygen pPrllleability to'S t appar<ltll~: (<I) cylinder, cylind,.,r i ' ;j 1J 

\\·tl.11 ~"\IIlJ!le 1II;d (L) data n'('urdiug system 

1. Four sallll-'les that. \\"{'r(' either 0\'(,11 dried ur hall o('ell .... \pu<icd tv lClII­

pera turf' were !'elC"etro. 

2. These- samples were weighed. 

:j Th <oonp1", 'me p1ac'<,<1 ;n a ,,,'num ' hamb<", ",,1 a ,'"UUn, was d"wn 
oJlI the ~amlJks. 

I. Aft.cr thrE'E' hours under \'aCUUlll a,) mol solution of :"IaCl was (IraWll into 
til(' chamher, and the \"lH."lllltn redrawn. 

5. AftN I hour the Hl("Ulllll IHIS rekflsed and the ~amples left on.'rnigbt to 
soak ill lli(' \'HCI solutioll. 

,. Tltl' t.e:-tiug ajJparatus was luaded wit.h \1"Cl SOluliull. 

S. TILl' sample was phwed into the test ing aIJPar<ltu~. ThE.' IIPPflr(ltus and 
SlilUpll' M(> ~h(j\\"Il ill Figltn' 1.12 (il). 

U. TIll' I/.'St ing apparatus was a5Selllbl{'f1. 

10. TI.l:' t(>Stillgcircuit showlJ ill Figure -I. I"!. (b) was a.s.~f'mble .. 1 and a put('u­
t ial ,liff"'n'ul'(' appli('ol ;u-ros..o.; t h(' salnpl('. 
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~-[r ·n 
f····· ·_·.ld -- ,-,,,. 

-'-" -~ ---.-.-

Jill (iU'l l ;' Illagrl~m 

rigur!;' 1. 1 '2: Chloricte diffu .. "i\·ity testing-: (a) Sample and tl."' ti ll)/, "'!)pariltu<I 
imd (h) lP!'tl h~ d Tt"lll t 

II Th(' (·UTren! in the c irClli t was IIwa.'>ur('(1 and m:orded. 

12. The "'ample Wo\'o; reHluH'd from the alJP"l,ratus. dablwd dQ with p3p.' r 
luwe!.., aud \\'l'i).;'lied. 

13. --\ntll hC't sam ple \\"3" tes\c<i fruln puint 8 unwards. 

In t his tC'Sting great care had to be taken to {'n,~ure t he l'ircuil had gOQd ('011-
Ilectiolts, as !nal lY of the conn('din~ \riTes had corrOlJion Oil tlwlll . Tilt, r('l'.ult~ 

of the te .. t iug were ilpplied into hl"O equations as pr('~t,ntl'd in tIl(' d1!rtll;i1it~ 
index t~tins prorf'dure mallual [29]. The equation of ehlori.!e conducti\'ity 
(mS, em) as dC"cribed in tile durability testing procedure mallUA.! j" ~ilnp !y till' 
equatic)!l for spcciflc conductance. Poro!;ity (0/.:.) i!; caklll<tt ('rI by ill!' diffl'f('n,"!' 
u ctwcCI"I the lllASS of t.he dry ami sarnratC'1"1 sampi('f, uf nJ1lrrl'1 f'" 

\Vater So rpliv ity 

Thl' w(lter o;lJrpth"ity IJf th(' sample- if> a ml'3.<:;tlrl' uf the ratC' at which water is 
drawII iut.) th(' samVi(> th mllgh ("apillary at"tinl!. TI](' 1~ling lIIethodolog~ WO\'3 
ru; follc l\\"~ : 

• T lt(, f' ,Uf sample!; frum the OPT tf'sts \n' re \I!ol'rl 
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• Each sample had its circumferential surface sealed with brown plastic 
tape, with special care taken to ensure the tape was in line with the base 
of the sample (the outside face of the sample), see Figure 4.13 (a). 

• A tray had four sheets of paper towel placed in it, and a 5 mol solution 
of calcium hydroxide (C a( a Hh) placed into the tray to the level of the 
paper towel. Care was taken to ensure the paper towels were saturated. 

• The samples were weighed and recorded. 

• The samples were placed in the tray, with the base of the sample on the 
paper towel. 

• The weight gain of the sample was measured at regular intervals up to 
25 min. 

• The samples were then placed in a vacuum chamber, and a vacuum was 
pulled on the samples for three hours. An image of the vacuum apparatus 
is given in Figure 4.13 (b). 

• The solution of Ca(OHh was drawn into the vacuum chamber, and the 
vacuum reapplied. 

• After 1 hour of soaking in the solution under vacuum it was released and 
the samples allowed to soak overnight. 

• The following day, the samples were removed from the chamber, dabbed 
dry and weighed. 

This data was applied into a series of equations presented in the durability 
index testing procedure manual [29] to give readings of sorptivity (mm/ Jhour) 
and porosity (%). 

4.5.3 Shrinkage Testing 

Shrinkage testing was carried out on the concrete to assess the effect of drying 
shrinkage on the concrete, with a view to assessing the shrinkage properties of 
the concrete. The use of very small coarse aggregate (6 mm) could suggest this 
concrete would have very high shrinkage tending towards the characteristics of 
mortar. This needed to be verified, with the method of testing outlined below. 

• Three concrete cylinders of dimensions (0100mmx200mm) were moulded. 

• The samples were demoulded after 2 days, and placed into the curing 
bath. 

• 3 days after moulding the samples were removed from the bath and 
allowed to have excess moisture on the samples evaporate. 
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(al ~'PINltySilmplt' ""th t~p ing Ib] V;)(uum chamlle! 

Fhpnc ~ . 1 3: S'ir~t,i\'ity t('~t 3VP<lWtU<; (lnd tlldll'Jdulot;Y: (a) l ;lp illgof :"]JI'ti-

1Ilf'1l.<; <1 1\(1 [Ill t est in I ,rogr('."., 

• The Mmpie!' \wrt? scribed with a '~C'ntre linC'. An i lIla~{' of a saln v1e i'l in 
Figur(' -1 .1·1. 

• Two 1rl.€'<I. ... uring !Joint,,, were a Lta('hed wiLh e?oxy pa,"ll' (,II cadi !'am\Jic. 
o n oppm:it€' sides of the sampif'. un t he centre line, appro.'(imateiy 1 3 of 
t he way up thf' s,unple. 

• Two more IIH'asur ing points were attached 011('/' th€' nr<: t two had ~t, 
approximatp\y l OOrnm fwm the ])[e\·jous measuri ng p,)int.'l. The loeation 
of the measuring p'linr WitS ('OfrE'cted to thl:' {'xact rli<:t flnee needed \Ising: 
the !'hrinkag;e llwasuring tooL 

• Once the epoxy paste han Sf't, the sample~ were plnceo in <'l. m,)derate 
humidity rL.l'.JUl aud [he distance b etween meas uring puint$ was meas\lf",o 
\1~i1Jg t.he ~hrinkage measuri ng tool at reg:lIiar il lteryals lip tu 60 d;.tys. 

Tlle net shriukage, ill llstnlin, of the samples was calcu la ted llsinp; thf' 
1Ilf' a,<, m('Hlt' 11 t:. til h'B. 

4. 5.4 Testi ng Matrix 

It should bE' npparE'llt that a II'ide range of test ing II'as undertaken in t.his 
project, of wtlkh i\ Ctll nprehellSivf' list of the tests and number of tests un· 
derta kE'n a re gil'en in Tnblf' ..\ .6 fur shrill~ge and durabili ty tE'1'=ts and Tabll':"S 
..\ . 'j' (\lId -1.8 fllr ('nJ).l)Jrcssin:' strength (single tcmperature tt"' ts und 10u!t iple 
tf'lJ lp(,nltnre t~t s r('~pectiwly) . For each test idemified in til(> TallIe, llir('(' 

t'olupr('S. ... h·e i-!J('('i llJ(' ll~ wPre test eo for strengt h tests. t hree spedlllen.c; for a 
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Fi~ur{' -1 . ].1 : Shrink<lge 1<atnple with poiHts moumen 

<;llTillkag(' tl'<.:t, il nd four durabi1it ~· index ~J.J('d lHelis were te~t l'cl for durabilit\" 
in(h'x tes \..';. 

T his tahle ap l)ropri at Ply summarizes all of t il{' l('Sli nc; t hat was (arri(>d Out 

durihg till' p.olcd. :\ poim wort h noting is that only cOIln:.>ntional COTh'rl't (> 
\\'as dea lt with after t il(> fir.,t Im i t:h of H~t ilJ~ 1 hal wa. ... n u rit'd out u!:-ing ~allljJ les 
lnil.l l l1f;l.('tUTN] with t il{> tirst mould dn:;ign. Thil'> \\'<l.~ d ll (> 10 !\(>\"('ral fiu"tors: 

• T h(' first swgl' of t cs ting i llustratcd tha t low c(:!IJ(>nt conl'r(>! r ;\ \l( \ mort <'If 

hn r\ 11 11 llu iu.: n 'pl;l. hi" r "sponse wi t h expo~ur(' 10 4ijU'C wit II uoth strl: lIg1 h 
and mon' '~ l)o'c i jicallr t hO' durahili!'y illd('x test!;, as \\ill be dC~: J' i bcd in 
the rp~u l l S section . 

• Tll; s a llowed speci fic focus to 1)0 )i,in~ lJ to ('ollwni ional !'OIwrl' ti' 1,0 l'll~llre 

an Hl)j)H)priate number of l'm-;ronlllf'nts Wf'rf' n ssf'~c;f'd fl cc·ord iu!,;ly. 

• Tl u~ limit ed lIUl n!,,,r of c.:asti ngs th in couk! be produced from the ill)­
I'fV\l'() mould pla("('(\ limitatioll:, 011 the number ofsamplec; thM eould ue 
proou(wJ in one uat{"h (n'ca ll thai tile conCfNf' took il t ka~t:2 rI ;I)"!> from 
c.:m'! illg br'fOtl' cielillJulding). 
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Table 4.7: Testing Matrix - Compressive Strength Tests* (a) - Single Temperature Tests 
Test Temperature Curing Exposure Conventional 

Exposure Age Durat.ion :\lortm' 
(Days) 

Oom2ressive St.rengt.h ~fould ~fould 

Single Temperature Tests Design 1 Design 2 
:\loist.ure St.ClteU US S US S 

Room Temp. 7 
14 
28 1 
70 
90 1 

225°C 28 1 day .0 

70 1 day 
90 1 day 1 
90 5 days 1 c 

70 7 days c 

70 14 days 
450°0 90 1 day 1 

90 5 days 1 
... - ~ .. . . -

*Note - each value in the table represents 1 test with 3 samples 
a - Moisture state: US - Unsealed, S - Sealed 

Conventional 
Coneret.e 

:\lould :.vIould 
Design 1 Design 2 
US S US S 

1 
1 

1 2 
1 

1 1 
.1) 

1 
1 1 
1 c 

c 1 1 
In In 

1 1 
1 1 

b - 28 day temperature tests exhibited excessive variation and were discounted 

Low Cement 
:.vIOIt.ar 

:'\lould :\lould 
Design 1 Design 2 
US S US S 

1 

1 
,I) 

1 
1 c 

c 

1 1 
1 1 

c - Sealed tests attempted at 225°C using aluminium foil and silicon sealant, all sealing failed 

Low Cement 
Concret.e 

:.\fould :\Iould 
Design 1 Design 2 
US S US S 

1 

1 
.1) 

1 
1 c 

c 

1 1 
1 1 

d - Thermal cycling tests continued after steady state temperature exposure of 14 days (i.e. 1 Btcycle is single temperature test) 
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Table 4.8: Testing Matrix - Compressive Strength Tests* (b) - Multiple Temperature Tests 
Test. Temperatnre Curing Exposure Conventional Conventional Low Cement Low Cement, 

Exposure Age Duration :.YIortar Concrete :Mortar Concrete 
(Days) 

CornpreBBive Strength :Mould :Mould :Mould :\fould :\fould :Mould :Mould :Mould 
Design 1 Design 2 Design 1 Design 2 Design 1 Design 2 Design 1 Design 2 

:.vloisturc Statea US S US S US S US S US S US S US S US S 
:.vIllItiple Temperature Tests 

225°C t.o 90 5 days 1 1 
450°C (225°C) 

and 1 day 
(450I1C) 

90 5 days 1 1 
(225°C) 

and 2 days 
(450!lC) 

90 5 days 1 1 
(225°C) 

and 5 days 
(450I1C) 

Thermal Cycling 
70 ptcycle - Id Id 

14 daYfI at 
225°C 

2250 Cc 70 2nacycle - 1 1 
1 day at 
22511C 

70 3rucycle - 1 1 
1 day at 
22511C 

4500 ce 70 3r<I(Tcie - 1 1 
1 day at 
450°C 

*Note - each value in the table represents 1 test with 3 samples 
d - Thermal cycling tests continued after steady state temperature exposure of 14 days (i.e. 1 stcycle is single temperature test) 
e - 450°C third temperature test after two cycles to 225°C 
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4.6 Microstructural Scanning Electron Microscope 
Studies 

In order to gain an understanding of the effect that temperature was having 
on the microstructure of the concrete several samples of concrete exposed to 
either 225°C or 450°C were used for microstructural studies using the scan­
ning electron microscope unit at UCT. The samples were shards of concrete 
from previously crushed compressive strength specimens. Three temperature 
regimes were considered: 

• 225°C for 1 day and 7 days, in both sealed and unsealed states. 

• 450°C for 1 day in an unsealed environment. 

The methodology used in testing the samples is as follows: 

• The crushed samples were in plastic bags as mentioned previously. A 
bag was selected and opened. 

• An appropriate piece of concrete was selected, ideally having a relatively 
flat surface, and a piece of aggregate in the piece. 

• The sample was bonded to a SEM viewing disc using double sided tape, 
and given an easily identifiable code on the viewing disc with a fine felt 
tip pen. 

• The disc was placed in a dessicator and taken to the scanning electron 
microscope unit of UCT. 

• The sample was more firmly bonded to the disc using a mixture of carbon 
and glue. 

• The glue was allowed to set. 

• The disc was then placed in a vacuum chamber that coated the sample in 
carbon dust to prevent the sample from charging up in the microscope. 

• After being left under vacuum overnight the sample was transferred to 
a dessicator, taken to the scanning electron microscope and loaded into 
the microscope. 

This method allowed the samples to be viewed in the microscope while not 
requiring excessive vacuum drawing times for the microscope and preventing 
excessive charging of the sample in the microscope. Excessive charging leads to 
very bright spots on the microscope images, reducing fine detail of the images. 
Images were taken of points of interest, namely aggregate-paste interfaces, 
microcracks and formations of new calcium silicate hydrate (CSH) gel. 
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The SEM work was not a comprehensive study of the microstructure of the 
concrete, but was rather used to complement the compressive testing results. 
The studies were used to further develop an understanding of the response of 
concrete to temperature, and as such are presented in the discussion Chapter. 
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4.6 Microstructural Scanning Electron Microscope 
Studies 

In order to gain an understanding of the effect that temperature was having 
on the microstructure of the concrete several samples of concrete exposed to 
either 225°C or 450°C were used for microstructural studies using the scan­
ning electron microscope unit at UeT. The samples were shards of concrete 
from previously crushed compressive strength specimens. Three temperature 
regimes were considered: 

• 225°C for 1 day and 7 days, in both sealed and unsealed states. 

• 450°C for 1 day in an unsealed environment. 

The methodology used in testing the samples is as follows: 

• The crushed samples were in plastic bags as mentioned previously. A 
bag was selected and opened. 

• An appropriate piece of concrete was selected, ideally having a relatively 
fiat surface, and a piece of aggregate in the piece. 

• The sample was bonded to a SEM viewing disc using double sided tape, 
and given an easily identifiable code on the viewing disc with a fine felt 
tip pen. 

• The disc was placed in a dessicator and taken to the scanning electron 
microscope unit of UCT. 

• The sample was more firmly bonded to the disc using a mixture of carbon 
and glue. 

• The glue was allowed to set. 

• The disc was then placed in a vacuum chamber that coated the sample in 
carbon dust to prevent the sample from charging up in the microscope. 

• After being left under vacuum overnight the sample was transferred to 
a dessicator, taken to the scanning electron microscope and loaded into 
the microscope. 

This method allowed the samples to be viewed in the microscope while not 
requiring excessive vacuum drawing times for the microscope and preventing 
excessive charging of the sample in the microscope. Excessive charging leads to 
very bright spots on the microscope images, reducing fine detail of the images. 
Images were taken of points of interest, namely aggregate-paste interfaces, 
microcracks and formations of new calcium silicate hydrate (CSH) gel. 
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The SEM work was not a comprehensive study of the microstructure of the 
concrete, but was rather used to complement the compressive testing results. 
The studies were used to further develop an understanding of the response of 
concrete to temperature, and as such are presented in the discussion Chapter. 
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Chapter 5 

Results of Testing 

This chapter presents data from the testing that has been carried out. The 
compressive strength results are presented first, beginning with the preliminary 
stage of tests. These tests were used to determine how fruitful the approach 
taken towards testing was and take some key lessons on the response of the 
concretes and mortars, resulting in a decision to focus on conventional con­
crete. This allowed more in depth testing using specimens of better quality, as 
presented in Section 5.1.2. The durability index data is presented next, with 
oxygen permeability, chloride diffusivity and water sorptivity results for one or 
five days of temperature exposure in an unsealed environment. SEM studies 
are included in Chapter 6 as a complement to the discussion. 

5.1 Compressive Strength 

As discussed in Chapter 4, the compressive strength of specimens was tested 
on the Zwick universal testing machine after capping the samples with Prat­
ley's Quickset putty to ensure the samples had plane ends. The testing phase 
consisted of three different series, with the first using the first mould design 
and testing two concretes and two mortars. The second and third testing se­
ries used the improved mould design and considered conventional concrete in 
much greater depth, including strength development over 28 days and various 
heating regimes at either 70 or 90 days of curing. Testing series two and three 
were combined into Section 5.1.2, the in depth assessment of conventional con­
crete. It is worth reiterating here that each data point presented in this section 
represents the average of three specimens, and the trend lines illustrated in the 
Figures are based on these averages. Most of the data here is presented as a 
percentage of the unheated strength, and error bars are placed in the Figures 
to illustrate the range of results for a given test. 

140 
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5.1.1 Preliminary Tests 

The first stage of tests was used to assess the different concrete and mortar 
responses to temperature while drawing direct comparisons between each, and 
furthermore to determine the direction to progress with testing. The points 
focused on with this testing included: 

• The effect that different aggregate contents in the concrete had, namely 
what was the impact of higher contents of aggregate (and subsequently 
lower binder contents) . 

• The impact the inclusion of coarse aggregate had on the response of the 
concrete when compared to the mortar, keeping in mind the different 
thermal expansion properties of the binder and aggregate phases, and 
the likelihood of micro crack development. 

\-\lith the motivation behind the testing appropriately outlined, four issues 
became apparent from the testing. 

1. The tests were carried out using samples manufactured with the first 
mould design, which resulted in samples with excessive void content, non­
plane end surfaces and some variability of sample dimensions. The non­
plane surfaces and variability of sample dimensions were counteracted in 
the 90 day results with greater care in the sample preparation, but not 
the 28 day tests. 

2. Sealing of samples proved to be difficult, with attempts to seal samples 
exposed to 225°C using aluminium foil and gasket sealant completely 
failing, and samples sealed in steel containers exposed to 450°C also 
losing mass, implying a loss of moisture. However the samples exposed 
to 450°C had sufficiently different properties from the unsealed specimens 
to require consideration. 

3. The orientation of the steel container (either vertical or horizontal) in the 
furnace exposed to 450°C for 1 day may have caused excessive variation 
in the 90 day results. It is possible that this caused the bottom side 
of the sample to be lying in liquid water with the upper part of the 
sample in a gaseous mixture of water and air, while the container was 
being heated to temperature (note that the critical point of water, above 
which it is a super critical fluid, is 374°C). This could have encouraged 
differential strength and stress-strain characteristics to develop over the 
section of the sample, allowing for an increased shearing effect to occur 
in the sample during crushing. 

4. Another issue that became apparent in hindsight from this testing was 
that the unheated samples were not tested in a saturated state, but 
were rather tested in a partially dried state. This was because samples 
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Figure 5.1: 28 day unheated compressive strengths of all concretes and mortars 
(preliminary tests - see point 1 Section 5.1.1) 

were selected from the curing tank and placed to one side while the 
heated samples were exposed to their respective environments, allowing 
the samples to dry during this period (between 1 and 3 days). This will 
have caused higher strengths to be attained, possibly in the region of 10% 
to 20% above the fully saturated values [12]. This issue was accounted 
for in subsequent testing series with samples removed from the curing 
tank on the day of crushing, and closed into plastic bags shortly after 
being removed from the tank and capped. 

These issues placed a certain limitation on the quality of the data generated, 
demonstrating large variability and sometimes contradictory trends. Keeping 
in mind that a purely qualitative assessment of the responses of different con­
cretes and mortars was being taken with a view to improving the subsequent 
methodology, broad conclusions could be made on the responses and to further 
motivate testing in a specific direction. 

28 Day Unheated Results 

The first set of data worth considering is that of the unheated 28 day strengths 
of the concretes and mortars. This is presented in Figure 5.1. Conventional 
concrete and mortar both demonstrated strengths of 33 MPa while the low 
cement concrete and mortar demonstrated strengths of 23 MPa and 20 MPa 
respectively. These results are significantly lower than the reported results 
that the concretes were based on [16, 49], which is understandable considering 
differences in aggregate grading, size and fineness modulus. The fundamen­
tal motivation behind the testing does however stay the same, in that the 
constituent proportioning (fly ash: cementitious compounds) is the same. 
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The high variability of the sample strengths is clearly apparent, with the 
results for conventional concrete being particularly notable with a range of over 
15 MPa for a strength of 33 MPa, giving a maximum to minimum range of 
approximately 50%. Some tests were carried out with exposing the concrete to 
temperature, however, due to the inherent inconsistency of the tests (between 
30% and 50%), the results were removed from consideration. 

The unheated strengths of the concrete support the different water:cement 
ratios used in the concrete (0.3 for conventional concrete and 0.4 for the low 
cement concrete). 

90 Day Results 

The 90 day test results showed a significant improvement in quality, largely 
because of greater care being taken in preparation, capping and crushing of 
the samples. This enabled the successful testing of concretes exposed to either 
1 day or 5 days at 225°C or 450°C. These durations of testing were used to 
give a reasonable indication of the response of the concrete to first heating (1 
day) and the time dependency of the response (5 days). 

As has already been mentioned, attempts at sealing concrete at 225°C using 
aluminium foil and high temperature gasket sealant failed, requiring they be 
removed from consideration at this point. The use of steel containers provided 
a notable property change at 450°C, suggesting that this was a more effective 
method of sealing specimens, however it was discovered that the containers 
lost mass on heating. This was on average 24 grams per container (holding 
3 specimens), while unsealed samples lost 6 grams on heating. This suggests 
that the containers still lost moisture, in fact more mass per sample than 
an unsealed sample, probably due to excess moisture inside the container. 
With this stated, as already mentioned, the property change demonstrated by 
these samples was sufficiently different from the unsealed samples to warrant 
consideration. 

Low cement content mortar and concrete are considered first, followed by 
conventional mortar and concrete. Conclusions and trends that can be ob­
served from this data, along with probable causes, are also discussed. 

Low Cement Content Mortar Three lines of testing were considered for 
low cement mortar, namely: 

• 225°C unsealed tests at 1 and 5 days. 

• 450°C unsealed tests at 1 and 5 days. 

• 450°C sealed tests at 1 and 5 days. 

The low cement content mortar had an unheated strength of Ie = 32 M Pa 
with an average range from minimum to maximum of 23% for the testing 
series. The results are presented in Figure 5.2 on the next page. 
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reasonable to conclude that the response of the binder dominates the response 
of the concrete at this temperature. 

\Vhen the concrete is exposed to 450°C in an unsealed environment, it also 
demonstrates similarity to the response of the mortar for 1 day of heating, 
giving 55% of the unheated strength. The response to 5 days appears to have 
stabilized at the 1 day response to temperature, within the range of the results. 
At this temperature it is likely that differential shrinkage/expansion between 
the aggregate and paste dominate the response of the concrete, especially con­
sidering the high fly ash content [44], causing microcracking in the concrete. 
This would be effectively complete once the sample is at temperature, and 
would show limited time dependency. 

The most interesting results are those of the sealed response to 450°C. 
These demonstrated a marked increase with temperature exposure, showing a 
30% improvement with 1 day of exposure and a 50% improvement with 5 days 
of exposure. It is important to keep in mind the results of Seeberger et al. [17J 
and Kropp et al. [44J in this case (although their results are for 250°C), who 
demonstrated an improvement in strength in hydrothermal conditions due to 
pozzolanic reactions forming new gel-like phases. The high aggregate content 
of the low cement content concrete would likely have caused microcracking at 
450°C, which may have exposed unused fly ash and Portland cement. This 
would have allowed the formation of new CSH via pozzolanic and normal ce­
menting reactions due to the moist environment. The limiting case to this 
hypothesis is the extent of microcracking and the amount of unhydrated Port­
land cement and fly ash available, as Kropp et al. [44J showed that the relative 
CH content of paste drops to zero in about 20 hours in an equivalent concrete 
heated to 180°C. Provided the microcracking exposes unhydrated Portland ce­
ment, normal cementing reactions will form new CH for pozzolanic reactions 
beyond this time frame. 

Conventional Mortar Due to limited availability of sealing containers and 
samples of sufficient quality, only two lines of testing were carried out for 
conventional mortar: 

• 225°C unsealed tests for 1 or 5 days. 

• 450°C unsealed tests for 1 or 5 days. 

The conventional mortar achieved an unheated compressive strength of Ie = 
65 M Pa with an average range for the testing set of 9%, as presented in Figure 
5.4. 

The conventional mortar demonstrated a reduction of 14% after 1 day 
at 225°C in an unsealed state, and 29% after 5 days of exposure. This is 
roughly in agreement with the response of the low cement mortar, which is 
understandable, as the main differentiator between the two mortars was that 
low cement mortar had condensed silica fume and a higher content of sand. 
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C Ull vent.ional COlllTet e Com'entional C"oUC"Tcte was te~teJ ao.:o.:ortl iug to tile 
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prcscldcd in Figure 5,5. 
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10\\' valucs of thi~ M't of samples, TOllgbly t he sa,me as the uliscale<l !oalU)Jlcs, 
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Large conventional concrete specimens Three large (080mmx 160mm) 
conventional concrete specimens were tested to assess the difference between 
the small and large specimen strength response. These were tested in the 
Amsler compressive strength machine in the civil engineering department of 
the University of Cape Town. The results are presented in Table 5.1. These 
samples had a compressive strength of 60 MPa. 

Table 5.1: Compressive strength of large concrete specimens 
Units Sample 1 Sample 2 Sample 3 

Mass kg 2 2 2 
Diameter mm 80 80 80 
Length mm 147 152 152 
Load kN 330 242 326 

Strength MPa 66 48 65 
Average MPa 60 

Recall that the small conventional concrete samples had an average com­
pressive strength of 56 MPa, showing that the use of the samples with smaller 
dimensions did not have a substantial effect on the strength of the concrete. 
There was however still a large range in the results from the specimens of 30%. 

Deductions From Preliminary Testing 

Several deductions were made based on the results obtained from the prelimi­
nary testing, as outlined below: 

• Managing the sealing of the concrete was of paramount importance. The 
use of aluminium foil and sealant was ineffective, and greater care needed 
to be taken to ensure sealing with steel containers was effective. 

• The inclusion of 6mm granite aggregate into the mortar had a limited 
effect in terms of the unsealed response of the concrete to high tem­
peratures, especially at 225°C. At 450°C the concrete appears to have 
developed microcracking, dependent on the aggregate content, however, 
the binder still appears to govern the response of the concrete. 

• The inclusion of coarse aggregate in sealed concretes exposed to 450°C 
demonstrates either a lower reduction of strength, or even an improve­
ment in strength with duration of exposure. This appears to be related 
to the development of microcracking in the concrete facilitating further 
beneficial hydrothermal reactions. 

• Interestingly the use of higher aggregate contents and lower binder con­
tents in a concrete suggests a greater improvement of strength in sealed 
concretes exposed to 450°C. This is most likely due to more extensive 
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development of micro cracking in concretes with a greater aggregate con­
tent, exposing unreacted Portland cement and fly ash that then reacts 
to autogeneously heal the concrete and even improve the strength. This 
extensive microcracking is supported by the durability index tests pre­
sented in Section 5.2. 

'Vith these deductions in mind, it was decided to further investigate conven­
tional concrete. This decision was based largely on the durability index results, 
presented in Section 5.2, that supported the theory of increased microcrack 
development in low cement concrete. The development of micro cracking in a 
concrete is an undesirable property when considering other properties such as 
modulus of elasticity, creep and all transport properties. Although the possi­
bility of autogeneous healing could enable the recovery of these properties over 
time at temperature, this could have implications for the dimensional stability 
of the structure. Similarly, although autogeneous healing may provide signif­
icantly improved strengths, and indeed probably occurs in the conventional 
concrete to a lesser extent, it is difficult to justify sacrificing other properties 
(such as modulus or creep) for this. 

The testing that solely considered conventional concrete is now presented. 

5.1.2 In Depth Conventional Concrete Testing 

This Section is concerned with the in depth strength testing that was un­
dertaken for conventional concrete. The sole consideration of conventional 
concrete was justified by enabling a more comprehensive testing of various 
exposure environments such as thermal cycling. 

Several differences in the sample manufacturing, curing and testing method­
ologies were implemented in this phase of the testing. Most notable was the use 
of an improved mould design, allowing significantly improved sample quality. 
'Vith this said, issues that became apparent in this testing phase included: 

• The unheated strengths of this set of concretes proved to be consider­
ably lower than the preliminary phase of testing, suggesting a difference 
in the moulding and curing environments. Although it was difficult to 
isolate the exact causes of these low strengths, it may be attributed to 
manufacturing inconsistencies that may have lead to a different water 
content in the concrete. It was discovered that the curing tank temper­
ature was not controlled as the heating element for the bath had blown 
at some stage in the curing cycle, probably causing significantly lower 
temperatures in the tank. Further discussion on the possible causes of 
these low strengths is given with the 70 day results. 

• All sealed tests were undertaken with the steel containers used in the 
preliminary stage of testing. Although due care was taken to prepare 
the containers to ensure effective welding, the containers still proved to 
lose mass on heating, 25 grams on average. This unfortunately suggests 
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that the containers did not seal effectively, allowing the escape of mois­
ture. With this said, as with the preliminary stage of tests, there was 
a significant difference between the sealed and unsealed responses of the 
concretes, warranting consideration of the results. 

Strength Development, Durability Index and Shrinkage Results 

The first set of data presented is related to the unheated properties of the 
concrete, with a view to assessing the suitability of a concrete with similar 
proportions for application in the PBMR. Table 5.2 presents a summary of 
the 28 day properties of the concrete relating to strength and the durability 
index tests (although the effect of temperature on the durability index tests is 
discussed in Section 5.2, it is appropriate to include these here in order to ef­
fectively suggest the commonly accepted properties of the unheated concrete). 

Table 5.2: 28 day results for various properties of conventional concrete 
Property Value 

28 day compressive strength 29.7 MPa (variance 
7 MPa) 

Durability Tests 
Oxygen Permeability Test Permeability 1.8*10-11m/s 

Coefficient 
OPI Value 10.7 

Chloride Conductivity Test Chloride 0.21 mS/cm 
Conductivity 

Porosity 5.7% 
Sorptivity Test Sorptivity 7.3 mm/hr1/ 2 

Porosity 6% 

\\Then one considers the 28 day strength of the concrete, a strength of 
29.7 MPa was achieved. This was considerably lower than the 40 MPa design 
strength, but in order to maintain consistency with the testing process this 
was determined to be acceptable. At this stage the project was attempting 
to isolate the effect that temperature had on the strength of the concrete, 
as opposed to designing a concrete to the suggested requirements. \\Tith an 
appropriate understanding of the effect of temperature, the design of a concrete 
giving the appropriate properties would be considerably simpler. 

In terms of the durability index tests, a permeability coefficient of 1.8 x 
lO-llm/ s affords an oxygen permeability index of 10.7, which is an acceptable 
value for the concrete, being near the higher end of the range of OPI values. 
A chloride conductivity of 0.21mB/em is a very low value, indicating that the 
concrete had a very low chloride diffusivity, while a sorptivity of 7.3mm/ v'hi 
is also considered to be acceptable. A porosity of between 5.7% and 6% is 
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Two ages of concrete were tested to determine the response to high tem­
peratures, namely 70 days and 90 days. This was to allow a broader range of 
heating environments to be tested with the limited apparatus available, but 
also gave an indication of the effect that age of concrete may have on the 
response to temperature. 

70 Day Results 

The testing carried out after 70 days of cure are presented in this Section. This 
consists of two different tests, with the second a continuation of the first. A 
single temperature test at 225°C was carried out for 1, 7 or 14 days. Extra 
samples that had been heated for 14 days were cooled and then subjected to 
thermal cycles either of twice to 225°C, or once to 225°C and once to 450°C. 

As such these results are split into single temperature tests that consider 
the results collected up to 14 days, and thermal cycling tests that consider the 
results from 14 days onwards. 

Single Temperature Results The single temperature tests are for sealed 
and unsealed concretes exposed to 225°C for 1, 7 and 14 days at temperature, 
keeping in mind the heating and cooling rate of 10°C/h. These results are 
presented in Figure 5.8 on the following page. 

Considering Figure 5.8 (a), a remarkable improvement in strength of a 
sealed concrete exposed to 225°C for up to 14 days is demonstrated. After 
1 day the strength is 60% higher than the unheated strength, and is 133% 
higher than the unheated strength after 7 days, staying roughly at this value 
after 14 days. This is in reasonable agreement with Kropp et al. [44] who 
demonstrated a 100% strength gain of a cement paste with a similar fly ash 
replacement ratio. The results suggest the formation of new gel-like phases. 

The unsealed concretes interestingly demonstrate a 24% to 53% increase 
in strength after heating. This is markedly different from the response of 
the concrete in the preliminary stage tests which demonstrated a 9% to 17% 
reduction in strength with exposure to 225°C. Interestingly, these two values 
appear to be converging in terms of actual value, i.e. the first stage strengths 
were between 49 and 52 MPa, while the tests presented here were between 40 
and 49 MPa. 

\\lith this said it should be noted that qualitatively a significant improve­
ment, of the order of 130%, in strength of a concrete in a sealed state has 
been demonstrated, which was in line with the concepts gained from literature 
[17,44]. 

Thermal Cycling Results After the concretes had been exposed to 14 days 
of 225°C, three thermal cycles were undertaken to assess the impact of thermal 
cycling on the concrete, as shown in Figure 5.9. The cycles consisted of either 
two cycles to 225°C or 1 cycle to 225°C and 1 cycle to 450°C. 
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Figure 5.8: Compressive strength results for (a) Sealed and (b) Unsealed con­
ventional concrete, Fe = 32 M Pa 
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Figure 5.9: Thermal cycling results 

When one considers the unsealed response of the concrete (the square mark­
ers), it is apparent that there is no significant effect with thermal cycles to 
225°C. After the third cycle to 225°C the concrete demonstrated roughly the 
same strength as after 1 cycle. '\Then this concrete is taken to 450°C on the 
third cycle (the dashed line with square markers), a decrease in strength to 
94 % of the unheated strength is demonstrated. This is a reasonable decrease, 
in line with expectations. 

Considering the sealed response (the crossed markers), it is apparent that 
for the first two cycles there is a limited effect of thermal cycling, most likely 
relating to the inherent variability of concrete strengths. The third cycle re­
sponse is particularly interesting. Considering the 225°C third cycle response 
(the solid line with crossed markers) there is a clear deterioration of strength. 
This is uncharacteristic with the other tests (the unsealed response and the 
first two cycles of the sealed concrete) and suggests that the container the 
samples were sealed in may have failed, allowing the escape of moisture com­
paratively more quickly. This would have caused the concrete to not achieve 
the first cycle strength of about 230%. 

The sealed response to 450°C (dashed line with crossed markers) demon­
strated a decrease to 162% of the unheated strength, from between 230% and 
250% after 225°C. This is in line with the expected response of the concrete, 
in that exposure to 450°C will exhibit a decrease from the 225°C response. 
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90 Day Results 

The tests carried out after 90 days of curing were used to assess the impact 
of different ages of concrete, and the effect of exposure for up to 5 days at 
225°C followed by 3 days at 450°C. Recall that the heating rate was lOoC/hr, 
requiring an additional day as the concrete was heated from 225°C to 450°C 
(22.5 hours). This day has been included in the graph presented under the 
450°C response, as it was in the middle of the test. This data is presented in 
Figure 5.10 on the next page. 

Considering Figure 5.10 (a) the sealed concretes demonstrated a strength 
increase of 100% over the unheated concrete for the first 5 days of heating (at 
225°C). This was about 30% lower than the strengths achieved after 70 days of 
cure, suggesting that the concrete was less responsive to temperature exposure 
after a longer period of cure. After 5 days of heating at 225°C the concrete 
was heated to 450°C at the heating rate of lO°C/hr, followed by 3 days at this 
temperature. This demonstrated a marked decrease of 50% from the 225°C 
strengths, followed by a slow recovery to 170% of the unheated strength of 
the concrete. This supports the hypothesis of microcracks developing in the 
concrete at this temperature, exposing unreacted Portland cement and fly ash, 
followed by further hydrothermal formation of gel-like phases. 

The unsealed results demonstrated an improvement in strength with expo­
sure to 225°C of around 50%, stabilizing after the first data point of 2 days 
of heat exposure. This is about the same as the 70 day results, if not higher 
than some of the data points, suggesting that the age of the concrete had a 
limited effect on the unsealed concrete, at these ages. On further heating to 
450°C the unsealed concrete experienced a reduction in strength, to 106% of 
the unheated strength, but then also demonstrated a recovery to 123% of the 
unheated strength with duration at 450°C. 

\Vith the strength test results appropriately considered, it now becomes 
necessary to consider the durability index testing that was carried out. 

5.2 Durability Index Testing 

Durability index testing was carried out with the preliminary phase of testing 
to help identify the fundamental differences in the responses of the conven­
tional and low cement concretes to high temperatures. These tests provided 
some very interesting insights into the response of concretes with high fly ash 
contents to extended periods of heating. 

Recall that with the durability index tests all tests were done in an unsealed 
state, at temperatures of 225°C and 450°C, for either 1 or 5 days. 
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5.2.1 Oxygen Permeability 

The permeability of the concrete to gases is of particular interest here because 
of a requirement stating that the permeability shall be such that the leakage 
rate shall not be higher than 5% volume/day at 172.5 kPa (g) [10]. There are 
two ways of presenting oxygen permeability data, namely presenting the per­
meability coefficient values and the corresponding oxygen permeability index 
(OPI) values. It should be noted that the OPI value is an inverted log scale 
value of the permeability coefficient. As such, when one considers the graphs 
presented in this Section, the permeability coefficient values rise (giving an 
indication of the increase in permeability), while the OPI values drop. The 
permeability coefficient values are presented on a log scale here as well. 

Both the permeability coefficient and OPI values have been presented to 
enable assessment of the response of the concrete in terms of the permeability 
according to the design requirements, and according to the conventionally 
applied durability index. In effect, the OPI value is a more accessible way of 
determining the permeability of a concrete with respect to durability. 

Keeping in mind the importance of the structural integrity of the PBMR, 
it should be noted that as high OPI value as possible was desired, especially 
considering temperature exposure has a deleterious effect on the permeability 
of the material. 

Low cement concrete The oxygen permeability results for low cement con­
crete are presented in Figure 5.11, with (a) showing the permeability coeffi­
cients of the concrete on a log scale, and (b) showing the oxygen permeability 
index. 

From Figure 5.11 (a) it is apparent that there is an increase in permeability 
by about an order of magnitude with exposure to 225°C, and a further increase 
by another order of magnitude with exposure to 450°C. It appears that the 
permeability increases slightly with length of exposure. 

The significant increase in permeability is possibly due to the development 
of micro cracking in the interfacial transition zone and the high content of ag­
gregate in the concrete. Higher aggregate contents indicate that the aggregate 
would be more closely packed, allowing greater interconnection of the ITZ's. 
The presence of fly ash and silica fume would lead to a denser ITZ, which 
is beneficial at room temperatures. However a denser ITZ would allow less 
differential thermal expansion on heating between the aggregate and binder 
phase before developing microcracking. This would then lead to more exten­
sive microcracking in a heated concrete than one with a less dense ITZ. 

The unheated OPI value of 10.9 was ideal, and the reduction to approxi­
mately 10 with 225°C can be acceptable if the time dependency of the prop­
erty is correctly understood. However, with exposure to 450°C, the concrete 
demonstrates a marked reduction in OPI value to below 9, which is generally 
considered to be undesirable, allowing the carbonation front to progress at a 
very high rate. However when one considers the concrete will be heated in 
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Figure 5.11: (a) Diffusivity and (b) oxygen permeability index results of low 
cement content concrete 
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this state it is likely that moisture will migrate away from this area and tend 
the material towards a dried state. A dried concrete undergoes very little 
carbonation. 

Conventional concrete The results from the oxygen permeability tests of 
conventional concrete are shown in Figure 5.12, with (a) showing the perme­
ability coefficient and (b) showing the OPI value. 

This Figure illustrates the same trends as low cement concrete, although 
there is a significantly lower increase in permeability with temperature. Con­
sidering the permeability coefficient, an increase from 3 X 10-11 m/s to 6 X 10-11 

m/s when the concrete is taken to 225°C is most likely due to a densification of 
the solid phase of the binder paste and increase in pore size, allowing greater 
flow of gases. The more significant increase that occurs when the concrete 
is taken to 450°C suggests the development of interconnected microcracking 
in the concrete that significantly increases the rate that a gas can transport 
through the concrete. This is in agreement with the low cement concrete that 
had a higher aggregate content, leading to a greater development of microc­
racking and subsequently greater increase in difi'usivity. 

The initial unheated OPI value of 10.4 is in-line with expected values, with 
a moderate decrease to between 10.2 and 10.1 with exposure to 225°C, which is 
still a high OPI value for this concrete. There is a significant reduction in OPI 
with heating to 450°C, to between 9.4 and just below 9, however, the concrete 
will likely dry out due to moisture migration, and as such reducing the rate of 
carbonation to a small value. 

5.2.2 Chloride Conductivity 

Chloride conductivity is a measure of the ability of chlorides to transport 
through a concrete, with units of mS/cm. The conductivity is presented in 
Figure 5.13 with (a) showing the results for conventional concrete and (b) 
showing the results for low cement concrete. 

Firstly, considering the unheated data, these values in the region of 0.2 
mS / cm demonstrate a fundamental aspect of the use of high fly ash contents, 
in that it provides a very low conductivity when compared to normal Portland 
cement concretes (that generally achieve in the region of 1 mS/cm [12]). 

'''hen one considers the 225°C results it becomes apparent that there is 
a significant increase on first heating, and then a subsequent decrease over 
time of exposure. This is more pronounced for the conventional concrete, 
reaching values of 0.8 mS/cm and reducing to 0.3 mS/cm, and less so for the 
low cement concrete, increasing to 0.7 mS/cm and reducing to 0.5 mS/cm. 
This is interesting in that it suggests that the property recovers with length of 
exposure to temperature. 

In terms of the 450°C data a similar case occurs for conventional concrete in 
that after 1 day of exposure a conductivity of 1.8mS / cm was achieved, and after 
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5 days of exposure a conductivity of 1.55mS/cm was achieved. These values 
are high in terms of acceptable everyday structures, but considering these are 
the values relating to an accident they can be deemed to be acceptable. 

The low cement concrete interestingly did not demonstrate a similar be­
haviour of recovery with time at temperature for 450°C, increasing from 2.0 
mS/cm after 1 day to 2.2 mS/cm after 5 days. Considering the low rate of 
recovery at 225°C and the continued increase in conductivity with 450°C, this 
suggests that a certain 'limiting' temperature has been reached whereby the 
recovery of the property no longer occurs. 

5.2.3 Water Sorptivity 

The water sorptivity test is a measure of the ability of a concrete to absorb 
water that may carry deleterious chemicals. The results for (a) conventional 
concrete and (b) low cement concrete are shown in Figure 5.14. 

The sorptivity data from the concretes shows a similar trend to that of the 
chloride conductivity when one considers the 225°C data. A slight increase 
in sorptivity followed by a reduction over time occurs with both conventional 
concrete, shown in Figure 5.14 (a) and low cement concrete, shown in Figure 
5.14 (b). Very low sorptivities were achieved after 5 days of exposure, with 
conventional concrete being below 2mm/ v1Vi and low cement concrete being 
below 1mm/v1Vi, although, by the nature of the test these values were difficult 
to determine. This does however suggest that the concrete experiences a den­
sification of the solid phase, while not developing microcracking and capillaries 
large or interconnected enough to accelerate the transport of water through 
the paste. 

The 450°C data does not however correlate very well with the chloride con­
ductivity (except in that there is a significant jump between 225°C and 450°C). 
The sorptivity of both concretes increases significantly on first exposure, con­
ventional concrete achieving a sorptivity of approximately 11 mm / v1Vi and low 
cement concrete achieving approximately 19mm/hr. This continues increasing 
with time at temperature, conventional concrete achieving about 16mm/ v1Vi 
and low cement concrete achieving in excess of 21mm/v1Vi after 5 days. This 
is most likely due to the growth of microcracks in the concrete with time of 
exposure, as well as dehydration of the cement and densification of the solid 
phase, creating a significant jump in porosity and interconnected capillaries 
available for the transfer of water. 

5.2.4 Porosity 

Porosity is measured in two of the durability index tests, namely the chloride 
conductivity and water sorptivity tests. This is by weighing samples once 
dried, and comparing this to the saturated mass of the samples. The results 
of the sorptivity test porosity are given in Figure 5.15. 

" 
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Figure 5.14: Sorptivity of (a) Conventional and (b) Low cement concrete ex­
posed to temperature 



Univ
ers

ity
 of

 C
a

Tow
n

-------------------------------------- - -----

CHAPTER 5. RESULTS OF TESTING 

20 

18 

16 

14 

~ 12 

i 10 

° ~ 8 ... 

4 

0 

)( 

)( 

0( 

)( 

Room Temp 225'C -1 Day 225'C - 5 Day 450"C - 1 Day 450'C - 5 Day 

(a) Conventional Concrete 

20 

18 

16 

14 

12 

10 

6 

4 

0 

-

165 

Room Temp 225'C 1 Day 225'C - 5 Day 450'C 1 Day 450'C 5 Day 

(b) Low Cement Concrete 
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Figure 5.16: Average porosity calculated from chloride conductivity test for 
(a) conventional and (b) low cement concrete 

The results in this Figure are particularly remarkable when one consid­
ers the 225°C results. Considering the conventional concrete in Figure 5.15 
(a), 1 day of exposure leads to an increase from 11.5% to 15%, which then 
shows a marked reduction to 5.4% after 5 days of exposure. This is interesting 
in that this strongly supports the reduction in water sorptivity and chloride 
conductivity that was demonstrated previously. It is difficult to explain this 
phenomenon, although one possibility is that the moisture in the concrete, 
which is a saturated solution of Ca(OHh, forms calcium hydroxide crystals 
in the pores of the concrete. This would effectively reduce the porosity of the 
concrete. The drop in porosity is supported by Figure 5.16, determined from 
the chloride conductivity tests (which were different samples exposed to the 
same environment). 

Clearly the trend is supported by this data, with length of exposure at 
225°C significantly reducing the porosity of the concrete. It should be noted 
that chloride conductivity tests generally yield a lower reading of porosity than 
water sorptivity tests. 

The low cement concrete results, presented in Figure 5.15 (b) and 5.16 
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(b) illustrates a less significant decrease in porosity after 5 days at 225°C, 
supporting the lower recovery of chloride diffusivity at this temperature. 

\Vhen one considers the porosity at 450°C, it becomes apparent that there 
is probably a different mechanism driving the porosity, as there is an increase 
with first heating and a further increase with duration at temperature. This 
possibly suggests that the dehydration of the binder pastes is creating signif­
icantly greater pore spaces, coupled with the development of microcracking. 
This would support the steady growth of porosity with length of exposure to 
450°C. 

5.3 Summary of Testing 

Here a brief summary of the key aspects determined from the testing are 
outlined. The results of the testing indicate that the response of a concrete 
to temperature is a complicated phenomenon that is primarily driven by the 
binder and aggregate type and content, and interactions between the two. In 
terms of compressive strength the following characteristics were noted, while 
keeping in mind the concerns over the quality of the sealed test results: 

Compressive strength 

• Considering the conventional and low cement content mortars that were 
tested: 

- On exposure to 225°C in an unsealed state, the mortars experienced 
a reduction of about 10% after 1 day and 25% afterJ> days. 

- On exposure to 450°C in an unsealed state, a reduction of about 40% 
after 1 day and in excess of 50% after 5 days was demonstrated. 

- The low cement mortar demonstrated a much lower reduction at 
450°C in a sealed state, losing about 10% after 1 day and staying 
at this value to 5 days. 

- The response of the mortar is governed by hydrothermal reactions 
in a sealed state, and dehydration in an unsealed state. 

• Considering the preliminary testing of conventional and low cement con­
tent concrete: 

- \Vith exposure to 225°C in an unsealed state, conventional concrete 
strength demonstrated stability after 1 day of exposure at between 
85% and 90%, while low cement concrete demonstrated a continued 
reduction from 90% to 75% between 1 and 5 days. 
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- On exposure to 450°C in an unsealed state, the conventional con­
crete demonstrated a continued reduction from about 60% to about 
40% between 1 and 5 days, while the low cement concrete demon­
strated stability around 60% of the unheated strength. 

- \Vith exposure to 450°C in a sealed state, the conventional concrete 
demonstrated a reduction of greater than 50% after 1 day, recovering 
to a reduction of around 15% after 5 days. The low cement concrete 
demonstrated an increase of 30% after 1 day, and 50% after 5 days. 

- The unsealed response of the two concretes to 225°C is most likely 
governed by dehydration of the binder phase, whereas the response 
to 450°C appears to be governed by both micro cracking and dehy­
dration of the binder phase. 

- The sealed response of the two concretes to 450°C is governed by 
both microcracking and hydrothermal reactions in the cement paste. 
Higher aggregate contents appear to cause more extensive microc­
racking, exposing greater quantities of unhydrated Portland cement 
and fly ash that subsequently undergo hydrothermal reactions form­
ing gel-like phases in the concrete. 

• Considering the in depth testing of conventional concrete: 

- The sealed concrete demonstrated a remarkable improvement in 
strength with the first 7 days of heating at 225°C, in excess of 100%. 
The effect of the loss of moisture from the containers was difficult to 
quantify in this case, however following Kropp et al. [44], only small 
amounts of water are required to enable hydrothermal reactions to 
occur. 

- The unsealed concrete in this phase demonstrated an improvement 
in strength of between 20% and 50% on heating to 225°C, likely due 
to low unheated strengths of the concrete. The unsealed strengths 
after exposure to 225 °C were similar to that of the preliminary phase 
of testing. 

- Thermal cycling to 225°C has a limited effect on the unsealed re­
sponse to temperature. 

- Thermal cycling to 225°C could have a limited effect on the sealed 
response of the concrete, however some deterioration was demon­
strated in the 3rd cycle of testing. The cause of this deterioration 
was difficult to identify, as the first two cycles demonstrated a sim­
ilar response. 

- A thermal cycle to 450°C for both sealed and unsealed states caused 
a deterioration in the strength from the 225°C strength. This was 
still either at or above the room temperature strength. 
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- An increase to 450°C after a period at 225°C for both sealed and 
unsealed states shows a loss of strength on first exposure to this 
temperature, followed by a recovery, over time, to some extent. 

Although several issues were apparent in the compressive strength testing of 
the materials, not the least the concern over the effectiveness of the sealing 
method of the samples, the fundamental trend of a significantly improved 
response to temperatures in a sealed environment is apparent. 

\Vhen one considers the transport properties and the tests relating to these, 
the following conclusions were drawn: 

Transport properties 

• Oxygen permeability, which is a measure of the permeability of the con­
crete to gases deteriorates with temperature of exposure. Considering 
the two concretes tested: 

- Conventional concrete experiences a lower increase of permeabil­
ity, doubling with exposure to 225°C and increasing by an order of 
magnitude when exposed to 450°C. 

- Low cement concrete experiences an increase of an order of magni­
tude with exposure to 225°C, and a further increase of an order of 
magnitude with exposure to 450°C. 

- These results suggest that higher aggregate contents and subsequent 
interconnectedness of the ITZ, and a denser ITZ caused by silica 
fume cause greater microcracking on exposure to temperature. 

• Chloride conductivity demonstrates the following characteristics: 

- An increase (i.e. deterioration) with first exposure to 225°C, recov­
ering to some extent with length of exposure for both concretes. 

- Conventional concrete demonstrates a similar response to 450°C, 
experiencing a significant increase with first exposure but recovering 
with length of exposure. 

- Low cement concrete demonstrates a significant increase with ex­
posure to 450°C, increasing with length of exposure. 

- These results suggest that low cement concrete reached some limit­
ing temperature after which a recovery with length of exposure did 
not occur. 

• \Vater sorptivity for both concretes demonstrated a slight increase with 
exposure to 225°C, followed by a significant drop with length of expo­
sure. On exposure to 450°C both concretes demonstrated a marked and 
continued increase with initial exposure and length of exposure. 
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• Porosity demonstrated an increase on first heating to 225°C for both con­
cretes, followed by a substantial drop with length of exposure. Exposure 
to 450°C caused a significant increase which continued to rise with length 
of exposure. This response of the porosity strongly supports the water 
sorptivity results, and shows a reasonable correlation with the chloride 
conductivity results. 

This summary of the testing results and trends completes the testing Section. 
The results will be discussed in detail in Chapter 6, with a comparison against 
the requirements outlined for the project. 
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Chapter 6 

Discussion on High Temperature 
Concrete 

This Chapter will discuss the literature and testing results collected during 
the project and compare them to the requirements of the PBMR heating envi­
ronment as outlined in Section 3.1.2. This will be complemented with results 
from the SEM studies to illustrate relevant points, with all images presented 
at 2000x magnification. All SEM studies were carried out on conventional 
concrete that had been cured for 70 days and had been prepared according to 
Section 4.6. 

Section 6.1 Material Constituents will focus mainly on lessons from liter­
ature and how the mix designs were selected, while Sections 6.2 and 6.3 will 
focus on the results of the testing and how these relate to both literature 
and the PBMR environment. Section 6.4 will discuss aspects of the heating 
environment that had little impact on the material selection, but may prove 
important in the design of the structure. 

Designing a concrete for high temperature service requires consideration of 
multiple factors to ensure a successful material. Similarly, strictly adhering to 
design codes places significant limitations on this design, two examples being: 

1. The use of high aluminate cements (HAC) has been restricted in South 
Africa for structural concretes [12]. Thus this material has to be re­
moved from consideration early in the design phase, and its excellent 
high temperature response cannot be used to benefit the design. )J"ote 
that HAC's are regularly used in refractory insulating concretes well in 
excess of 1000°C. 

2. ACT 349-01 [3] limits the amount of extender content that can be added 
to a concrete to standard practice limits such as 30% for fly ash. 

\\lith such limitations in the material design it should be recognized that a very 
strong case needs to be made if the Codes are not to be followed, as )J"uclear 
Regulators would require substantiated evidence to justify this move. 

170 
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Designing a concrete for high temperature service can not however follow 
a prescriptive approach due to the numerous factors that play a role in its 
response. Some of the factors that affect the response of a concrete include: 

• Rate of heating 

• Time at temperature 

• Maximum temperature 

• Moisture state 

Each of these factors has an effect on other factors; for example a very high rate 
of heating will affect the maximum temperature the concrete can withstand 
before experiencing significant damage. 

Possibly the most important factor in the context of the PBMR is the 
moisture state of the concrete, in that the hot face of the concrete will be 
moulded against a steel liner which will prevent moisture from escaping from 
the concrete (a sealed state). As has been shown from literature and in the 
testing, this can produce a remarkable difference in response of the concrete 
when compared to an unsealed concrete. This difference can be accounted for 
in the selection of the material constituents. 

6.1 Material Constituents 

The requirements of the project were to determine the material constituents 
of a mix design for application in the reactor cavity structure of the PBMR. 
As such, the effect that different material constituents have on various aspects 
of the concrete at temperature is discussed below. 

6.1.1 Chemical and Physical Changes 

The first point that needs to be made with chemical and physical changes 
relates to the different moisture states of the concrete. An unsealed state is 
representative of concrete where water has the ability to escape freely, while 
sealed concrete is where water is inhibited from escaping from the concrete 
either by surrounding concrete, or a steel liner as in the case of the PBMR. 
This definition of different moisture states is also highly dependent on the other 
aspects of the heating environment, for example in an environment where the 
heating rate is extremely high such as a fire, concretes are prone to spalling, 
partly due to the steep thermal gradient and partly due to high pore pressures 
(a sealed state phenomenon) near the heated face of the concrete [7]. As has 
already been mentioned, the PBMR is representative of a sealed environment 
at the hot face of the concrete. 
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For completeness sake a discussion surrounding both unsealed and sealed 
states is carried out throughout this discussion, to draw comparisons and to 
give a better picture of the overall response of concrete to high temperatures. 

In unsealed states the primary changes relating to a concrete are the dehy­
dration of the binder phase, causing the paste to shrink and thermal expansion 
of the aggregate [7]. This differential shrinkage/expansion between the binder 
phase and the aggregate leads to the development of micro cracking [39]. It ap­
pears that the cement paste and aggregate both expand up to between 200°C 
and 250°C, after which the paste begins to contract and the aggregate continues 
to expand, generally at an accelerated rate. 

This accelerated expansion above 250°C of the aggregate is related to 
the silica content of the aggregate. Aggregate can be broadly split up into 
quartzitic, igneous crystalline, igneous amorphous and sedimentary carbonate 
groups, with thermal expansion generally related to the silica content and size 
of silica crystals. As such, quartzitic aggregate, having the highest silica con­
tent in large crystals experiences the greatest expansion, while sedimentary 
carbonate (limestone) and igneous amorphous (basalt) aggregates experience 
the lowest thermal expansions. 

In sealed states there are several effects to consider: 

• On first heating high pore pressures will be experienced near the hot 
face of the concrete. Chapman et al. [47] suggest this could be in the 
region of 0.6 MPa for a temperature of 200°C. These pore pressures will 
encourage the development of microcracking . 

• New binder phases are formed in a hydrothermal environment. These 
reactions appear to be dependent on temperature, mainly above 150°C 
and include: 

- For neat Portland cement pastes the phases that are formed are lime 
rich, crystalline and are fairly coarse particles [39]. These reactions 
appear to be related to the amount of free calcium oxides that are 
available in the concrete. At 250°C the predominant phase is a -
C2SH [44], while there is still evidence of CH in the binder. The 
phases that are formed are [39, 44]: 

1. Hydrogarnets (HG) - C3 (A, F)SH4 

2. Hydroxylellestadite (E) - CalO(Si04h(S04h(OHh 

3. adicalcium silicate hydrate (a - C2S H) - C2S H O.3- 0 .1 

- For Portland cement pastes with high quantities of a siliceous addi­
tive (such as fly ash or ground quartz) the formation of fine gel-like 
dominates, dependent on the amount of siliceous additive. Evidence 
of C H disappears from these concretes, most likely being consumed 
in pozzolanic reactions. The phases that are formed are [44]: 

1. Hydrogarnets (HG) - C3 (A, F)SH4 
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6.1.2 Mechanical Properties 

The mechanical properties of interest are strength, modulus of elasticity and 
Poisson's ratio. Creep is another very important property, but has not been 
considered in depth in this project. Strength and modulus of elasticity appear 
to be primarily dependent on the material constituents selected for the con­
crete, while Poisson's ratio appears to be governed by the moisture state of 
the concrete. 

Strength The strength response of a concrete to high temperatures is differ­
ent considering either the sealed or unsealed response. In terms of the unsealed 
response of a concrete, this is primarily governed by the dehydration of the 
binder phase and the development of microcracking through the differential 
thermal expansion of the paste and aggregate. In this case the goal is to 
minimize the shrinkage of the binder phase and expansion of the aggregate 
phase. There are varying data in this regard with it being shown that siliceous 
aggregates generally provide a similar or better response over limestone and 
quartzite up to approximately 450°C [57, 58]. Kropp et al. [44] state that the 
amount of extender addition needs to be limited for unsealed environments as 
this leads to excessive shrinkage of the binder phase. However Xu et al. [16] 
and Poon et al. [55] have shown for short term heating with high heating rates 
the use of high quantities of extender (40% fly ash or 40% ground granulated 
blast furnace slag) offers a beneficial response over ordinary Portland cement 
concretes. 

Figure 6.2 is an image of conventional concrete that has been exposed to 
1 day of 225°C in an unsealed condition. It is worth noting that there is still 
clear evidence of fly ash particles present with little spheres throughout the 
cement paste. The cement paste is also still very dense like that of the room 
temperature cement, however a slight increase in pore and void size may be 
evident. This is supported by the following two images, where Figure 6.3 a) il­
lustrates the dense nature of the cement paste and some micro-cracking around 
an aggregate particle, while Figure 6.3 b) illustrates an anomalous region of 
new CSH gel formation (the region in the centre of the image). New CSH is 
characterized by a fibrous and 'needle' like formation. Although areas of new 
CSH formation were very few and far between, these do support the sometimes 
impressive gain in strength that the unsealed concretes demonstrated after ex­
posure to 225°C (up to 50% improvement in strength). This is possibly due 
to the slow heating rate allowing an increased rate of reaction in voids in the 
concrete before the moisture evaporated from the paste. 

The selection of mix constituents was however more based on the expected 
strength response from a sealed environment, as this is more representative 
of the PBMR environment. For this environment deleterious hydrothermal 
reactions relating to calcium oxides forming more crystalline phases govern 
the strength response of neat Portland cement, causing a significant reduction 
relating to the maximum temperature reached [39, 49]. The addition of high 
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1. Tensile strength generally reduces with exposure to temperature [7]. 

2. Siliceous aggregates (i.e. amorphous igneous aggregates) appear to re­
tain properties better than limestone aggregates, although this is highly 
dependent on the other mix constituents of a concrete [7, 39]. 

3. Sealed concretes possibly experience a greater reduction of strength, due 
to hydrothermal reactions [39]. No literature was identified that investi­
gated the tensile strength of concrete with high quantities of extenders 
in hydrothermal conditions. 

4. It has been suggested that there is a progressive deterioration of strength 
with duration of heating, although this is probably related to hydrother­
mal reactions in sealed concrete and dehydration of the cement paste in 
unsealed concrete. 

Modulus of Elasticity The modulus of elasticity of a concrete is related 
to the modulus of the binder phase and the aggregate, with higher contents of 
the stiffer phase (aggregate) giving the concrete a higher modulus. Literature 
suggests that modulus generally experiences a significant deterioration with 
exposure to temperature in both unsealed and sealed states. 

Considering unsealed states, the aggregate plays a vital role, with siliceous 
aggregates being most beneficial up to 500°C, and limestone aggregates be­
ing more beneficial above this temperature [74]. The response below 500°C is 
largely dependent on the higher modulus of siliceous aggregate, which above 
this temperature undergoes the transformation of quartz from a-quartz to (3-
quartz, expanding and damaging the concrete [7]. Lankard et al. [39] presented 
data on gravel concretes up to 250°C, suggesting that the modulus at temper­
ature and after cooling is similar, and deteriorates from about 90% at 75°C to 
80% at 250°C. 

The data presented by Lankard et al. [39] is also particularly useful when 
considering sealed concretes. This mix design demonstrated a loss of compres­
sive strengths after exposure to 260°C due to hydrothermal reactions in the 
binder phase, which correlate well with a significant reduction in modulus at 
this temperature. Interestingly this reduction (between 50% and 70% of the 
unheated modulus) appears to occur from about 90°C for a heated concrete, 
however the modulus recovers for heating temperatures below 140°C. This sug­
gests that below 140°C a reduction in modulus is not dependent on chemical 
changes of the binder phase, but rather physical changes such as moisture in 
pores evaporating. Above this temperature the modulus is governed by both 
physical changes at temperature and hydrothermal reactions of the binder 
phase, which is in agreement with the finding of Kropp et al. [44] who suggest 
hydrothermal reactions occur predominantly above 150°C. 

Considering literature relating to concretes with high fly ash contents, 
Savva et al. [57] demonstrated for unsealed concretes that fly ash contents 
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of 30% may experience a greater reduction in modulus than lower fly ash con­
tents. This is probably due to increased shrinkage caused by the modified 
binder phase [44]. 

In sealed states limited literature is available, with the work of Ghosh 
and Nasser [49] being representative of a hydrothermal environment under a 
confining pressure. The data suggests that there is a greater reduction of 
modulus with higher fly ash contents, while the same concrete demonstrated 
an improved strength over one with lower fly ash contents. This appears to 
be counter-intuitive, and requires further investigation both in testing and 
literature. 

Poisson's Ratio The Poisson's ratio appears to be more dependent on the 
moisture state of concrete than the specific mix constituents. In unsealed envi­
ronments the ratio drops with initial temperature exposure [78], while it can be 
expected to recover over duration of exposure [80]. In sealed environments the 
ratio experiences little change, however may increase with duration of exposure 
[63, 81]. 

6.1.3 Transport Properties 

The transport properties of the concrete have implications with regard to the 
pore pressures experienced near the hot face of the concrete and subsequent 
moisture migration, as well as the ability for the structure to resist aggressive 
environments such as coastal environments. 

Pore Pressures Pore pressures in heated concrete are caused by the evap­
oration of pore water. This occurs in both sealed and unsealed concretes, 
however, the ability for this pressure and subsequent moisture to escape is the 
basis of the difference between the states. Bazant and Thonguthai [82, 85] 
suggest that although moisture migration is dependent on moisture content 
and temperature, it is primarily governed by pore pressures. As such the 
pore structure is of particular importance to the transport properties of the 
concrete. 

Chapman and England [47] have suggested that pore pressures of 0.6 MPa 
can be experienced at the hot face of a sealed concrete specimen exposed to 
200°C, and that this pressure is still in the region of 0.15 MPa after 531 days. 

Moisture Migration As has already been mentioned, pore pressures are 
the governing factor behind moisture migration. It follows that a more dense 
concrete with limited interconnectedness between pores and ITZ's will take 
longer than a concrete with a more porous structure. Chapman and England 
[47] suggest that there is still some water left 0.2m from the hot surface of 
a sealed concrete after 531 days, and that there are still pore pressures at 
this stage, suggesting that moisture migration will continue. The presence of 
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moisture near the hot face of the concrete after 50 days suggest there is ample 
time for hydrothermal reactions (deleterious or beneficial) to take place. After 
a certain point of time the concrete would reach an effectively dried state, after 
which the response should stabilize to the newly formed properties. 

Porosity The porosity and interconnectedness of the porosity are fundamen­
tal to the pore pressures and moisture migration in the structure. In this regard 
the use of extenders such as fly ash or silica fume slightly increase the porosity, 
while reducing the average pore diameter of unheated concrete [12, 16]. 

Xu et al. [16] analyzed several concretes with two water:cement ratios (0.3 
and 0.5) and either 0%, 25% or 55% fly ash replacement in an unsealed short 
term heating environment. Their findings suggest that high replacement of fly 
ash (55%) shows a steady increase up to 450°C, from about 20% to 27%. At 
250°C a porosity of about 22% was achieved. 

Testing results provide an interesting insight into the changes of porosity 
with temperature and length of exposure. For a concrete similar to that of 
Xu. et al., having a 55% fly ash replacement and water:cement ratio of 0.3 an 
increase in porosity of about 6% was observed on unsealed heating to 225°C 
for 1 day. This value then dropped to about 5% below the original value after 
5 days of exposure (Le. reduced by about 11% from the 1 day exposure value), 
indicating that further temperature exposure to temperatures of 225°C reduce 
porosity. The cause of this is difficult to explain, however may be related to 
the formation of Ca(OHh crystals in the pores of the drying concrete. 

In terms of sealed concretes, the porosity of a concrete is determined by 
hydrothermal reactions. It has been suggested by Kropp et al. [44] that 
deleterious hydrothermal reactions in neat Portland cement paste lead to the 
formation of coarse, poorly connected, crystalline particles with an increase in 
pore radii from 20nm to between 100 and 1000nm on heating to 200°C. This 
is coupled with a significant decrease in specific surface area, to less than 1/10 
of the original area. 

Kropp et al. [44] also investigated binder pastes with either ground quartz 
or fly ash replacement. It is indicated that there is a limited increase in pore 
radii, and a significant increase in specific surface area of 70% for ground quartz 
and 300% for fly ash. This is due to the formation of new gel-like phases due 
to pozzolanic reactions. 

The formation of hydrogarnets and 11A tobermorite in binder phases with 
fly ash replacement will likely have a significant effect on the interconnectedness 
of pores, thereby reducing the ability for moisture migration. 

Gas and Media Transport Considering the hot face of the concrete is 
sealed, the risk of the ingress of deleterious chemicals here is negligible. Sim­
ilarly, over time the concrete will tend towards a dried state due to moisture 
migration, further limiting the risk of carbonation. Investigations were how­
ever carried out to identify the effect that temperature has on the transport 
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properties of unsealed concrete, with a view to identifying certain characteris­
tics of the material (for example the development of microcracking). 

Bazant and Thonguthai [82] suggest that the permeability of an unsealed 
concrete increases by an order of magnitude above 100°C. This is broadly in 
agreement with the results from testing at 225°C, where a doubling of the 
oxygen permeability was observed for conventional concrete, while low cement 
content concrete increased by an order of magnitude. These results do appear 
to increase over time. The difference between the response of the two concretes 
can be attributed to different aggregate contents. Low cement concrete, hav­
ing a higher aggregate content would have experienced greater microcracking, 
especially in the ITZ that would be denser considering condensed silica fume 
was used. At 450°C both concretes exhibit an increase of an order of mag­
nitude over the 225°C results, indicating that microcracking is becoming the 
dominant cause of oxygen permeability. 

The OPI values for both concretes are between 10 and 10.2 after 225°C 
and 9 and 9.4 after 450°C. These results are still acceptable in the context of 
durability of the structure considering extended periods of heating will lead 
to drying out of the concrete, which would substantially reduce the ability for 
carbonation. 

The requirement to consider the permeability in terms of the leakage rate 
for the PBMR[10] would be un-representative with the values obtained, as 
these are for an unsealed concrete while the concrete in the structure would 
be sealed. It is entirely possible that, with the hydrothermal reactions forming 
new gel-like phases, the OPI values would increase (i.e. permeability would 
reduce further). 

Very interesting results were observed with the extended exposure to 225°C 
(5 days) of the chloride conductivity and sorptivity samples, where a drop was 
observed over the values originally attained at 225°C (1 day of exposure). This 
recovery over length of exposure is difficult to explain, but may be due to den­
sification of the solid phase of the concrete while not developing micro cracking 
to an extent which might accelerate the transport of water through the paste. 
This is in agreement with the porosity results from the testing. 

The 450°C results for chloride conductivity of conventional concrete demon­
strate a similar recovery over time, while low cement concrete demonstrates an 
increase with time of exposure. This suggests a 'limiting' temperature has been 
reached for low cement concrete, whereby micro cracking and the development 
of interconnected capillaries become the dominant case. 

This implies that a high aggregate content may not be most beneficial for 
a concrete exposed to temperatures, in that the development of microcracking 
will be exacerbated due to the close packing of the aggregate. 

Thermal Properties The thermal properties of concrete exposed to high 
temperatures were considered solely from literature. This body of literature 
appears to be fairly comprehensive and correlates reasonably well. The ther-
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mal properties considered were coefficient of thermal expansion, specific heat, 
thermal conductivity and diffusivity. 

Coefficient of Thermal Expansion The coefficient of thermal expansion 
of a concrete is directly related to the type of aggregate used. \Vith conven­
tional aggregates (that have a significantly higher modulus than the binder 
phase), these properties dominate over the expansion properties of the binder 
phase [7]. Lightweight aggregates are affected by the thermal expansion prop­
erties of the binder considerably more, due to the lower modulus of these 
aggregates. 

The binder phase of a concrete generally experiences an expansion up to 
between 150°C and 300°C, followed by a contraction above these temperatures 
[87, 88, 89]. Aggregate generally expands with temperature, where the rate is 
dependent on the silica content and crystalline nature of the aggregate. This 
differential thermal expansion between the aggregate and paste above about 
250°C leads to micro cracking in the concrete. This is part of the reasoning 
behind selecting amorphous igneous aggregate (the other part relates to hy­
drothermal reactions caused by limestone aggregate). Generally this aggregate 
demonstrates the lowest coefficient of thermal expansion. 

As concrete is made with water, and in unsealed concretes this water is 
allowed to evaporate, a concrete generally demonstrates different expansion 
paths with first heating and cooling [92]. There is also generally a net expansion 
or contraction of the concrete after cooling, which has been referred to as 
dimensional instability [7]. Sullivan [94] suggests that subsequent heating of 
the concrete follows a similar expansion path to that of the cooling path of the 
first heating cycle. 

Specific Heat Capacity The specific heat capacity of concrete up to 150°C 
is dependent on moisture content [7] as evaporable water expelled. The high 
specific heat of water of 4.16Jkg-1 K-1governs this response. Above this tem­
perature the specific heats rise linearly with temperature, most likely due to 
the release of chemically bound water [7]. 

Thermal Conductivity The thermal expansion properties of a concrete 
appear to be related to the crystalline nature of an aggregate [101]. Har­
manthy [43] demonstrates the enveloping values of thermal conductivity, with 
quartzite (representing the crystalline bounding values) dropping gradually to 
a similar value for anorthosite up to about 800°C and stabilizing thereafter, 
while anorthosite (representing the amorphous bounding values) appears to be 
reasonably stable with temperature. 

Thermal Diffusivity The thermal diffusivity of a concrete is a function of 
the specific heat capacity, thermal conductivity and density of a concrete [7]. 
These values generally drop with temperature, with an envelope relating to the 
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crystalline nature of the aggregate also applying. As such amorphous aggre­
gates represent the lower bound, while highly crystalline aggregates represent 
the upper bound. 

6.2 Heating Environment 

The heating environment of the PBMR fundamentally determines the response 
of a concrete. As such the results from testing are discussed here, compared 
with the requirements and conditions of the PBMR environment and correlated 
with relevant literature. 

6.2.1 Heating Rate 

Khoury [34] has considered the effect of the heating rate on the response of a 
concrete, and has suggested that below 2°C/min the heating rate has a moder­
ate effect on the response of a concrete, while above 5°C/min the heating rate 
has a large influence with the risk of explosive spalling. This set of conditions 
adequately support the need to focus on relevant literature - the response of 
a concrete exposed to fire will be significantly different to that of one exposed 
to a more gradual heating rate. 

Kugeler et al. [33] have suggested that the maximum heating rate expected 
from the HTR Modul (during a LOCA), upon which the PBMR is based, is 
approximately 7°C /hr. Following this, the heating rate for testing was set at 
lOoC/hr. 

This heating rate appears to have had little effect on the results of testing. 
Considering the in-depth strength results for conventional concrete, the results 
correlate reasonably well with those of Xu et al. [16] who used a heating rate of 
1°C/min (i.e. an improvement in strength around 225-250°C and roughly the 
same strength as unheated after exposure to 450°C). This correlation suggests 
that the heating rate had a limited effect on both of these sets of results. 

6.2.2 Final Temperature 

The limits stipulated in the project Scope of Research \\lork [10] were 225°C 
and 450°C, which will occur in a sealed state. 

The results indicate strength of a sealed concrete experiences a large in­
crease with exposure to 225°C, in excess of 100%. This is in agreement with 
the results for binder samples tested by Kropp et al. [44], that achieved a 
strength of 100%, while a concrete with similar mix proportions demonstrated 
a 25% increase. The difference between the binder and concrete response, and 
that the results from this project correlate more with the results of the binder, 
may be related to the size of aggregate used in the samples. 6mm aggregate 
was used in the testing phase due to the conditions outlined in Section 4.3, 
which is small compared to sizes used in general construction, and indeed the 
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6.2.3 Thermal Cycling 

The effect of thermal cycling appears to be limited for unsealed concretes ex­
posed to 225°C, possibly showing a slight reduction. A reduction over thermal 
cycles is in agreement with literature [63, 64], with Bazant and Kaplan sug­
gesting a gradual deterioration related to the number of thermal cycles after 
assessing a large body of literature [7]. The results for sealed concretes exposed 
to 250°C showed an increase over the first cycle of 20% for the second cycle 
and reduction of about 50% after the third cycle. These results are difficult 
to interpret, however it is likely that any hydrothermal reactions will be ef­
fectively complete after the first cycle, and the response to subsequent cycling 
will be quite similar to that of an unsealed concrete undergoing subsequent 
cycles. Following conclusions from literature, a gradual deterioration may be 
expected. 

6.3 Duration of Heating 

The duration of heating for the PBMR is enveloped by the following three 
cases: 

1. Plant operates for its lifetime ( 40 years) at 225°C and is then decom­
missioned. In this case, the results for sealed concrete exposed to 225 °C 
for varying durations are relevant. It has been shown in the results for 
the in-depth testing of conventional concrete that a large increase in 
strength can be expected within the first days of heating to this tem­
perature, and the strength appears to be reasonably stable after this. 
This is in agreement with Kropp et al. [44] who suggest that the raise 
in strength is due to hydrothermal reactions with fly ash and Ca(OHh, 
and that the C a( 0 Hhis effectively consumed within 20 hours of heating 
to a temperature of 250°C. 

2. Plant experiences an excursion/LOCA on first heating. The LOCA takes 
the concrete to 450°C for approximately 30 days, with a gradual reduc­
tion of temperature from 4500C. This is a concerning case, as the 450°C 
results for sealed conventional concrete from the preliminary tests will 
have to be considered. These results demonstrated a reduction to 50% of 
their original value after 1 day, recovering to about 85% of the unheated 
strength after 5 days. Testing inconsistencies aside (as the sealing system 
for samples for 1 day may have failed), this suggests that the plant will 
be at greatest risk directly after reaching 450°C. That there is a drop 
in strength is understandable, as the development of microcracking will 
likely happen at this temperature. The recovery over 5 days supports 
this theory, as exposed unreacted Portland cement and fly ash will react 
to repair the cracks. 
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in the concrete. Thermal modeling was carried out through the thickness of 
the wall that demonstrated at operating temperatures the temperature distri­
bution through the wall falls quickly, being at 140°C about 0.8m into the wall. 
This suggests that using 225°C is a limiting case as much of the structure will 
be at significantly lower temperatures than this. A concern with this is the 
different response of concrete above and below 150°C, where there may be dif­
ferent causes for property change. This is supported by Kropp et al. [44] who 
point out that hydrothermal reactions only start occurring at temperatures in 
excess of 150°C. As such, further investigation is required of the response of 
sealed concretes for a range of values between room temperature and 225°C. 

In the event of a LOCA the thermal model demonstrated that only the 
first 0.8m of the wall will be exposed to temperatures far in excess of 250°C. 
As such, it is likely that the 225°C response of the concrete will still dominate 
the overall structure. However, it has been shown that even the first 0.8m will 
be resistant to the higher temperatures of exposure. 

6.4.2 Stress conditions 

It has been quite clearly demonstrated in literature that the application of a 
confining stress to a concrete assists in the retention of properties. Abrams 
[58] suggests that there will be limited effect on strength up to 400°C for 
either limestone or siliceous aggregate concrete in an unsealed state, which is 
supported by Malhotra [61]. Schneider [38] demonstrated that a load of 30% 
at 450°C retains the modulus characteristics significantly more than no load. 

6.4.3 Nature of and changes to the Surrounding Media 

A brief discussion of the response of steel reinforcement was also carried out 
in this project, with information collected from literature. The following con­
clusions were made: 

1. The mechanical properties of steel reinforcement and pre and post stress­
ing cables needs special attention to ensure that the conditions of rein­
forcement and stressing of the concrete are maintained at temperature. 

2. In terms of bond strength between steel reinforcement and concrete, the 
use of ribbed bars is strongly recommended as these retain bond strength 
significantly more than plain bars. 

3. The concrete material constituents have an effect on the bond strength 
of the concrete. Hirano [79] has demonstrated that a significant increase 
in bond strength is possible in sealed conditions. 

In conclusion literature and the results of testing suggest that a concrete can 
be designed for application in the PBMR that will meet the requirements 
put forward. Further research is required, particularly in areas where testing 
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was not undertaken for the concrete (modulus of elasticity being an excellent 
example), and indeed further and more comprehensive testing is suggested. 
However, with the results of the project, it appears that a concrete can be 
designed for the environment of the PBMR reactor cavity structure. 
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Chapter 7 

Conclusions and 
Recommendations 

This project has undertaken to assess concrete for high temperature structures 
in nuclear reactors. While various options are available in terms of materials 
that are resilient to temperature, Portland cement concrete was focussed on 
due to the breadth of literature available and the well documented response 
of the material. From literature it was concluded that a mix design with 
high quantities of fly ash (60%), low water:cement ratio, an amorphous ig­
neous coarse aggregate and siliceous fine aggregate is best suited to a sealed 
environment as would be present in the PBMR. 

Considering this mix design philosophy the following conclusions can be 
made with respect to the response of the concrete: 

• The response of the concrete is governed by the moisture conditions of 
the concrete and the heating environment. Identifying the nature of 
the heating environment is of primary importance in determining the 
response of the concrete. The PBMR thermal environment is represen­
tative of steady state thermal conditions with moisture unable to migrate 
out of the structure, where chemical transformations govern the response 
of the material. 

• An improvement in strength in the region of 100% could be expected 
for concrete in the PBMR environment (sealed conditions) under normal 
operating temperatures of 225°C, although this assertation would need 
to be verified due to concerns over the sealing of test specimens. This 
is due to hydrothermal reactions forming hydrogarnets and l1A tober­
morite from the presence of unreacted fly ash. These hydrothermal reac­
tions can recover the response to accident temperatures of 450°C after an 
initial reduction of strength due to microcracking caused by differential 
expansion between the binder and aggregate phases. 

• Unsealed concretes demonstrate either a reduction or increase in strength 
to a certain common strength value with exposure to 225°C. \Vith expo-

189 
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sure to 450°C a significant reduction in strength can be expected. This 
is most likely due to increased shrinkage of the binder phase related to 
the high quantity of fly ash, developing microcracking. 

• The gas permeability of an unsealed concrete experiences a doubling of 
permeability with exposure to 225°C and an increase in excess of an order 
of magnitude with exposure to 450°C. The permeability increases with 
length of exposure to temperature. The 225°C response is likely due 
to the evaporation of physically and chemically bound water, while the 
450°C response is more dependent on microcracking. 

• The chloride diffusivity of an unsealed concrete increases on first exposure 
to 225°C, followed by a substantial recovery to close to room temperature 
properties with length of exposure. Considering 450°C there is a large 
increase on first heating with a slight reduction with length of exposure. 
This suggests that the concrete densifies with length of exposure, espe­
cially at 225°C, reducing the ability for chlorides to transport through 
the concrete. 

• The water sorptivity shows a small increase with initial exposure to 
225°C, and a possible decrease with length of exposure. \\lith exposure 
to 450°C there is a substantial increase in sorptivity that continues to 
increase with length of exposure. The results for 225°C support the con­
clusion of densification of the concrete reducing the ability for transport 
through the concrete, while the 450°C results support the development 
of microcracking. 

• The porosity of the concrete supports the 225°C results for chloride dif­
fusivity and sorptivity, showing an increase on first exposure followed by 
a substantial decrease with length of exposure. A lower porosity would 
hinder the transport of water and chlorides. The 450°C results of the 
concrete are in agreement with the water sorptivity results, showing a 
marked increase on first exposure with a further increase with length of 
exposure. 

\\lith these conclusions on the properties of concrete in mind, it is reasonable 
to suggest that further investigation of concretes with a similar mix design be 
carried out. It has been shown that, in terms of strength, the sealed concrete 
demonstrates an improvement in all circumstances except direct heating to 
450°C. The likelihood of this occurring is low as this would require an accident 
with the PBMR on first heating. Furthermore, following the conclusion of 
Kropp et al. [44] that hydrothermal reactions can be complete within 20 
hours, it is possible that a slight change in constituent quantities will lead to a 
strength improvement. Similarly, at 225°C the transport properties have been 
shown to have limited deterioration. As to the importance of the transport 
properties in terms durability of the structure, the hot face of the concrete will 
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be effectively in a sealed state, preventing the ingress of deleterious chemicals, 
while the exposed cold face of the structure will be near room temperature. 
As such it is likely that the room temperature properties of the concrete are 
of greater importance in determining the durability of the structure, and these 
results were shown to be towards the high end of the durability index. 

Following these comments the recommendations from the project include 
the following suggestions: 

• Undertake temperature testing of concretes with unheated strengths 
above the design strength of 40 MPa. These concretes should have sim­
ilar mix constituents to those used in this project, with investigations 
of the impact of different fly ash contents, within the region of 60% re­
placement, that would provide insight into the effect of higher or lower 
contents. It can be expected that these concretes may demonstrate an 
increase in strength in a sealed environment, however this increase would 
have to be quantified. 

• Furthermore a quantification of the unsealed response would be useful in 
the characterization of the material, to preclude any questions around the 
use of the concrete in unsealed heated environments. Likewise, testing 
of the concrete once it has been heated in a sealed environment, and 
then dried out will be representative of the reactor cavity concrete after 
significant periods of heat exposure. 

• Undertake testing of these concretes at temperature to characterize the 
strength, modulus of elasticity and Poisson's ratio. All tests carried out 
in this project were cooled (residual) tests, which was sufficient to iden­
tify a mix design that would be ideal for the PBMR, but is not sufficient 
to characterize the material for the design of the reactor cavity. It has 
been shown that all mechanical properties have different responses at 
temperature and post heating, with the modulus of elasticity being of 
particular interest as this demonstrates a much lower response at tem­
perature in a sealed environment. 

• Investigate moisture migration and pore pressures to identify the trans­
port rate of water through the structure with a sealed heated face. Of 
particular interest will be the effect of hydrothermal reactions that would 
densify the microstructure, likely significantly reducing the transport 
rate. These results can then be used to determine for how long the 
concrete would be in a sealed environment and when it would be rea­
sonable to assume the concrete is effectively dried (i.e. has no notable 
moisture content to cause hydrothermal reactions and pore pressures). 

• Investigate the effect of creep at temperature, particularly focusing on 
concretes with similar mix designs to that suggested here. Temperature 
will likely cause an increase in creep, but this would need to be quantified 
for the design of the structure. 
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• Consider other forms of binder, examples being high aluminate cement 
(HAC), geopolymers or polymers, that have a more stable response to 
temperature exposure than Portland cement concrete. Developing a jus­
tification to use HAC may be more effective than attempting to manage 
the temperature related reactions of Portland cement. 

These recommendations conclude this dissertation. 
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Appendix A 

Testing Results 

In Appendix A the testing results are presented in tabular format. The codes 
used in the tables are: 

• RT - Room Temperature 

• S - Sealed 

• US - Unsealed 

• S* - Failed sealing results - removed from consideration 

• S** - Sealing results that lost mass but demonstrated different property 
development from unsealed concretes - results considered 

• - - )J'o result 

A.I Strength Results 

A.1.1 Preliminary Results 

Table A.l: 28 day results for testing series 1 
I Strength (MPa) 

Sample 1 Sample 2 Sample 3 Average Range % Range 
Conventional 33 26 41 33 15 45 

Concrete 
Conventional 33 34 30 33 4 14 

Mortar 
Low Cement 25 25 20 23 5 22 

Concrete 
Low Cement 23 20 18 20 5 25 

Mortar 

203 
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Table A.2: 90 Day conventional concrete results 
RT 225°C - 225°C - 450°C - 450°C -

1 Day 5 Days 1 Day 5 Days 
S* US S* US S* US S* US 

Sample 1 MPa 64 56 52 57 57 34 34 42 26 
Sample 2 MPa 56 41 40 49 47 26 34 56 19 
Sample 3 MPa 50 49 50 42 - 32 - 48 -

Average MPa 57 49 47 49 52 30 34 49 22 
Range MPa 14 15 12 15 10 8 0 14 7 

% Range % 25 26 21 26 18 14 0 25 12 
Mass Values (unheated) 
Sample 1 g - 84.3 78.7 88.8 80.2 - 83.7 - 80.3 
Sample 2 g - 91.1 78.2 89.1 84.5 - 77.3 - 77.5 
Sample 3 g - 84.0 79.0 87.5 - - - - -
Container g - - - - - 673 - 688 -

1\1ass Loss 
Sample 1 g - 7.5 5.4 6.6 4.8 - 5.8 - 5.5 
Sample 2 g - 8.0 5.1 6.2 5.1 - 5.6 - 5.6 
Sample 3 g - 7.8 5.3 6.1 - - - - -
Container g - - - - - 26 - 19 -

Table A.3: 90 Day conventional mortar results 
RT 225°C - 225°C - 450°C - 450°C -

1 Day 5 Days 1 Day 5 Days 
S* US S* US S* US S* US 

Sample 1 MPa 70 53 58 45 47 - 35 - 28 
Sample 2 MPa 66 49 57 44 41 - 33 - 28 
Sample 3 MPa 59 45 51 41 50 - 32 - 29 
Average MPa 65 49 55 43 46 - 33 - 28 
Range MPa 11 8 7 4 9 - 3 - 1 

% Range % 17 12 11 6 14 - 5 - 2 
Mass Values (unheated) 
Sample 1 g - 84.3 72.8 83.0 73.9 - 71.2 - 72.6 
Sample 2 g - 81.8 71.1 82.2 73.4 - 79.1 - 73.5 
Sample 3 g - 83.0 73.8 83.7 73.3 - 73.7 - 73.8 
Container g - - - - - - - - -

Mass Loss 
Sample 1 g - 8.7 8.2 10.5 9.0 - 8.6 - 8.9 
Sample 2 g - 8.3 7.9 9.5 8.5 - 9.5 - 9.0 
Sample 3 g - 8.3 8.6 9.6 8.0 - 9.0 - 9.0 
Container g - - - - - - - - -
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Table A.4: 90 Day low cement concrete 
RT 225°C - 225°C - 450°C - 450°C -

1 Day 5 Days 1 Day 5 Days 
S* US S* US S* US S* US 

Sample 1 MPa 33 32 31 28 23 43 20 59 19 
Sample 2 MPa 36 24 39 33 30 54 24 52 28 
Sample 3 MPa 41 34 - 31 29 47 17 56 21 
Average MPa 37 30 35 31 27 48 20 56 23 
Range MPa 8 10 8 5 7 11 7 7 9 

% Range % 22 27 22 14 19 30 19 19 24 
Mass Values (unheated) 
Sample 1 g - 88.2 77.3 87.3 78.4 - 77.5 - 84.3 
Sample 2 g - 86.8 79.9 86.5 85.2 - 78.7 - 82.8 
Sample 3 g - 86.5 - 88.5 77.5 - 77.6 - 85.3 
Container g - - - - - 690.0 - 691.0 -

Mass Loss 
Sample 1 g - 4.9 4.8 6.5 5.8 - 4.5 - 5.7 
Sample 2 g - 4.8 5.0 5.8 5.0 - 5.0 - 5.0 
Sample 3 g - 5.2 - 6.0 4.0 - 5.0 - 5.4 
Container g - - - - - 25.0 - 23.0 -

Table A.5: 90 Day low cement mortar results 
RT 225°C - 225°C - 450°C - 450°C -

1 Day 5 Days 1 Day 5 Days 
S* US S* US S* US S* US 

Sample 1 MPa 30 31 28 19 27 24 17 28 11 
Sample 2 MPa 31 33 29 20 24 35 20 31 10 
Sample 3 MPa 36 25 30 24 22 27 19 28 16 
Average MPa 32 29 29 21 24 28 18 29 13 
Range MPa 6 8 2 5 5 11 3 3 6 

% Range % 19 25 6 16 16 34 9 9 19 
Mass Values (unheated) 
Sample 1 g - 88.9 75.0 82.3 73.9 - 74.5 - 74.9 
Sample 2 g - 88.2 74.8 83.8 80.3 - 80.9 - 74.1 
Sample 3 g - 93.6 79.7 85.6 80.6 - 80.6 - 79.6 
Container g - - - - - 671.0 - 669.0 -

Mass Loss 
Sample 1 g - 5.2 8.0 8.4 7.6 - 7.9 - 8.0 
Sample 2 g - 5.1 7.5 9.2 8.3 - 8.3 - 8.2 
Sample 3 g - 5.4 14.4 8.2 8.1 - 7.9 - 8.9 
Container g - - - - - 15.0 - 28.0 -
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A.1.2 Conventional Concrete Results 

28 Day Results 

Table A.6: 28 day Strength Results 
I I Compressive Strength I 

MPa 
Sample 1 25.1 
Sample 2 32.6 
Sample 3 31.4 
Average 29.7 
Range 7.5 

% Range 25.4 

Table A.7: Strength Development of Conventional Concrete 

206 

I Sample 1 I Sample 2 I Sample 3 I Average I Range I % Range I 
MPa MPa MPa MPa MPa % 

7 Days 19 16 13 16 6 35.2 
14 Days 25 24 24 24 1 5.1 
28 Days 29 27 29 29 2 8.3 
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70 Day Results 

Table A.8: Sealed strength and mass results for conventional concrete 
Units Sample Sample Sample Average Range % '7c 

1 2 3 Stre,ngth Ra.nge 

Strf' . .ngth MPa 30 28 36 31 8 100 23,9 
Room Mass g - - - - - - -
Temp. 

Mass Loss g - - - - - - -
Strength MPa 55 49 45 50 10 158 18,9 

1 Day Mass g 100.1 99.9 101.0 100.3 - - -
225 tlC Mass Loss g 6.3 6.1 6.2 6.2 - - -

Container Mass g - - - 750 - - -
Cont. Mass Loss g - - - 25 - - -

Stre . .ngth MPa 76 67 76 73 9 233 lL9 
7 Da.ys Mass g 99.9 100.4 lOL3 100.5 - - -
225QC Mass Loss g 6.1 6.4 6,2 6.2 - - -

Container Mass g - - - 750 - - -
Cont. Mass Loss g - - - 25 - - -

Stre,ngth MPa 68 80 69 72 12 230 15.9 
14 Days Mass g 100.6 100.4 99,3 100.1 - - -
225 tlC Mass Loss g 6.0 6.2 7.0 6.4 - - -

Container :Mass g - - - 750 - - -
Cont. Mass Loss g - - - 20 - - -

Strength MPa 84 77 74 78 10 249 12.1 
14 Days Mass g 100.8 99.4 99.5 99.9 - - -
225QC Mas.<; Loss g 6.5 6.2 6.5 6.4 - - -

I 1 cycle Container Mass g - - - 760 - - -
to :!:l5Q C Cont. Mass Loss g - - - ::l.'i - - -

Stff'.ngt,h MPa 60 62 52 58 10 184 17.5 
14 Days l\-Jass g 100.4 100.9 100.0 100.4 - - -
225QC Mass Loss g 6.4 6.3 6.6 6.4 - - -

I 2 Container Mass g - - - 735 - - -
cycles 

to 225 tlC Cont. l\.fass Loss g - - - 25 - - -
14 Days Strengt,h MPa 48 53 52 51 5 162 9.6 
225QC Mass g 101.1 99.5 100.7 100.5 - - -

I 2 Mass Los.<; g 7.4 7.1 6.8 7.1 - - -
cyc:lP.<; 

w 225QC Container Mass g - - - 745 - - -
11 

cycle to C-ont. Mass Los!t g - - - 25 - - -
450QC 
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Table A.9: Unsealed strength and mass results for conventional concrete 
Units Sample SaJHple Sample Average Range % % 

1 2 3 Strengt,h Ra.nge 

Strength MPa 34 34 28 32 6 100 18.2 
Room :.vIass g - - - - - - -
Temp. 

Mass Loss g - - - - - - -
Strength MPa 45 41 33 40 12 124 30 

1 Day :.vIaAs g 100.7 101.2 100.2 100.7 - - -
225QC r.,'Iass Loss g 6.4 6.5 6.6 6.5 - - -

Strength MPa 37 42 45 41 8 128 18,2 
7 Days 1IaRs g 99.3 100.1 100.9 100.1 - - -
225QC Mass Loss g 6.2 6.5 6.7 6.5 - - -

Strength MPa 43 53 52 49 10 153 20.9 
14 Days 1IaRs g 99.8 100.3 99.9 100.0 - - -
225QC Mass Loss g 6.2 6.7 6.5 6.4 - - -

14 Days Strength MPa 51 44 36 43 15 135 34.4 
225QC 

I 1 cycle :.vIaRS g 100.9 100.0 100.3 100.4 - - -
W 225QC Mass Loss g 6.2 6.3 6.7 6.4 - - -
14 Days Strength MPa 49 42 46 46 7 142 13.7 
225QC 

I 2 1IaRs g 100.0 100.4 99.5 100.0 - - -
cycles 

w 225QC Mass Loss g 6.4 6.4 6.4 6.4 - - -
14 Days Strength MPa 28 30 33 30 5 94 17.0 
225 tlC 

I 2 1Iass g 100.0 99.8 100.3 100.0 - - -
cycles t.o 

225 tlC 
11 cyde Mass L{)Ss g 7.0 6.9 6.9 6.9 - - -

W 450QC 

90 Day Results 
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Table A.IO: 90 Day sealed results for conventional concrete 
Units Sample Sarnple Sarnple Average Rarlge % % 

1 2 3 Strength Rarlge 

Strength MPa 30 29 34 31 5 100 17.2 
Room r"lass g - - - - - - -
Temp. 

Mass Loss g - - - - - - -
Strf'Jlgth MPa 64 62 60 62 4 200 6.3 

1 Day Mass g 98.2 101.0 100.1 99.8 - - -
225QC Mass Loss g 6.3 6.6 6.1 6.3 - - -

Container Mass g - - - 731 - - -
Cont. Mass Loss g - - - 27 - - -

Strength ]vIPa 53 68 63 62 15 199 24.9 
5 Days 1\,1 ass g 101.5 101.1 100.8 101.2 - - -
225LlC Mass Loss g 6.5 6.2 6.6 6.4 - - -

Container Mass g - - - - - - -
Cont. Mass Loss g - - - - - - -

Strength MPa 52 43 44 46 8 149 19.2 
5 DltyS Mass g 100.0 101.1 98.8 100.0 - - -

225!!C I l\Iass Loss g 7.5 7.5 7.0 7.3 - - -
1 Day Container Mass g - - - - - - -
450QC Cont.. Mass Loss g - - - - - - -

Strength MPa 42 46 46 45 4 144 8.4 
5 Days Mass g 101.5 lOlA 100.9 101.2 - - -

22.'i!!C I 1\1ilSS Loss g 7.1 7.2 7.2 7.2 - - -
2 Days Container Mass g - - - - - - -
450QC Couto Mass Loss g - - - - - - -

Strength I\IPI1 45 62 53 53 17 171 31.6 
5 Days Mass g 101.3 99.1 100.8 100.4 - - -

225!!C I Mass Loss g 9.4 5.7 7.0 7.3 - - -
3 Days Container Mass g - - - - - - -
450LlC Cont. Mass Loss g - - - - - - -

Table A.ll: 90 Day unsealed results for conventional concrete 
Units Sample Sarnple Sample AYerage Range % % 

1 2 3 St.rength Range 

Strength MPa 30 29 34 31 5 100 17.2 
Room :'vlass g - - - - - - -
Temp. 

Mass Loss g - - - - - - -
Strength MPa 49 47 46 47 3 152 6.5 

1 Day :Vla8s g 99.9 100.6 100.6 100.3 - - -
225QC Mass Loss g 6.7 6.4 6.1 6.4 - - -

Strength MPa 43 50 - 46 7 149 14.9 
5 Days :.\la8s g 99.5 100.9 - 100.2 - - -
225QC Mass Loss g 6.5 6.2 - 6.4 - - -
5 Days Strength MPa 52 43 44 46 8 149 19.2 
225uC 
I 1 Day :'\ias.~ g 100.0 lOLl 98.8 100.0 - - -
450°C Ma.ss Loss g 7.5 7.5 7.0 7.3 - - -
5 Days Strength MPa 38 34 33 35 5 113 15.0 
225QC 

I 2 Days :'\1a.~s g 100.8 96.1 100.8 99.2 - - -
450YC Mass Loss g 7.2 7.3 7.2 7.2 - - -
5 Days Strength MPa 34 40 40 38 6 123 16.2 
225LlC 

I 3 Days :'vla8s g 99.8 99.7 100.8 100.1 - - -
450°C Mass Loss g 7.5 7.7 7.3 7.5 - - -



Univ
ers

ity
 of

 C
ap

e T
ow

n

APPENDIX A. TESTING RESULTS 210 

A.2 Durability Index Results 

A.2.1 28 Day Tests 

Property Value 

Oxygen Permeability Test 
Diffusivity 1.8 * 10.11 m/s 
OPI value 10.7 

Chloride Conductivity Test 
Chloride conductivity 0.21 mS/cm 

Porosity 5.7% 

Sorptivity Test 
Sorptivity 7.3 mm/hr 

Porosity 6% 

Table A.12: 28 Day durability index test results for conventional concrete 

A.2.2 90 Day Heated Tests 

Oxygen Permeability Results 

Table A.13: Diffusivity and oxygen permeability index for conventional con­
crete 

RT 225·C-1 Day 225·C - 5 Day 450·C -1 Day 450·C- 5 Day 

k (m/s) OPI k (m/s) OPI k (m/s) OPI k (m/s) OPI k (m/s) OPI 
Sample 1 3.2E-ll 10.5 1.0E-I0 10.0 6.7E-ll 10.2 4.SE-10 9.3 7.4E-10 9.1 
Sample 2 2.6E-11 10.6 5.9E-11 10.2 9.2E-11 10.0 4.2E-10 9.4 1.3E-Q9 8.9 
Sample 3 4.9E-11 10.3 5.2E-11 10.3 7.2E-11 10.1 4.SE-10 9.4 9.9E-10 9.0 
Sample 4 - - 3.4E-11 10.5 5.9E-11 10.2 4.9E-10 9.3 1.3E-Q9 8.9 
Average 3.6E-11 10.4 6.1E-11 10.2 7.3E-11 10.1 4.SE-10 9.3 1.lE-09 9.0 

Table A.14: Diffusivity and oxygen permeability index for low cement concrete 
RT 225DC -1 Day 225·C - 5 Day 450·C -1 Day 450·C - 5 Day 

k (m/s) OPI k (m/s) OPI k (m/s) OPI k (m/s) OPI k (m/s) OPI 
Sample 1 9.9E-12 11.0 6.3E-11 10.2 1.1E-1O 9.9 1.4E-Q9 8.9 1.8E-D9 8.7 
Sample 2 1.0E-11 11.0 7.2E-ll 10.1 1.2E-1O 9.9 1.2E-09 8.9 1.7E-D9 8.8 
Sample 3 1.8E-ll 10.7 5.9E-ll 10.2 8.4E-11 10.1 1.3E-Q9 8.9 2.1E-D9 8.7 
Sample4 5.7E-12 11.2 6.1E-ll 10.2 1.lE-1O 10.0 l.SE-09 8.8 2.0E-D9 8.7 
Average 1.1E-11 11.0 6.4E-ll 10.2 1.lE-1O 10.0 1.3E-Q9 8.9 1.9E-D9 8.7 
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Chloride Conductivity Results 

Table A.I5: Chloride conductivity results for conventional concrete 
RT 225·C-l Day 225·C- 5 Day 450·C-l Day 450·C- 5 Day 

(mS/cm) (mS/cm) (mS/cm) (mS/cm) (mS/cm) 
Sample 1 0.19 1.07 0.36 2.12 1.73 
Sample 2 0.24 0.71 0.28 1.87 1.58 
Sample 3 0.17 0.77 0.28 1.85 1.51 
Sample 4 0.19 0.72 0.25 1.61 1.46 
Average 0.20 0.82 0.29 1.87 1.57 

Average 
Porosity 5.00% 11.20% 1.20% 13.50% 15.80% 

Table A.I6: Chloride conductivity results for low cement concrete 
RT 225°C-l Day 225°C- 5 Day 450·C-l Day 450·C- 5 Day 

(mS/cm) (mS/cm) (mS/cm) (mS/cm) (mS/cm) 
Sample 1 0.19 0.72 0.51 2.17 2.27 
Sample 2 0.27 0.69 0.60 1.79 2.37 
Sample 3 0.21 0.68 0.54 2.06 2.17 
Sample4 0.23 0.75 0.42 2.21 2.13 
Average 0.23 0.71 0.52 2.06 2.23 
Average 
Porosity 5.60% 11.90% 4.00% 15.90% 16.60% 
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Water Sorptivity Results 

Table A.17: \Vater sorptivity results for conventional concrete 
RT 225·(-1 Day 225·(- 5 Day 450·(-1 Day 450·(- 5 Day 

(mm/hrD·5) (mm/hrD·5) (mm/hrD5) (mm/hrD·5) (mm/hrD·5) 

Sample 1 1.7 2.7 1.7 11.7 15.5 
Sample 2 3.4 2.2 1.3 11.0 14.8 
Sample 3 3.3 1.9 1.6 10.0 16.1 
Sample 4 3.0 4.6 - 12.7 16.9 
Average 2.8 2.9 1.5 11.4 15.8 

Table A.18: Porosity results from the sorptivity tests for conventional concrete 
RT 225·(-1 Day 225·(- 5 Day 450·(-1 Day 450·(- 5 Day 
(96) (96) (96) (96) (96) 

Sample 1 11.7 29.4 5.2 16.8 18.0 

Sample 2 11.5 14.8 5.7 17.1 18.8 
Sample 3 11.3 14.9 5.2 16.9 17.9 
Sample 4 11.5 15.0 - 17.0 18.2 

Average 11.5 18.5 5.4 17.0 18.2 

Table A.19: \Vater sorptivity results for low cement concrete 
RT 225·(-1 Day 225·(- 5 Day 450·(-1 Day 450·(- 5 Day 

(mm/hrD·5) (mm/hrD·5) (mm/hrD.5) (mm/hrD·5) (mm/hrD·5) 

Sample 1 - 2.8 0.8 18.1 20.0 
Sample 2 3.8 3.9 0.4 20.2 20.9 
Sample 3 3.1 4.5 0.7 18.3 22.4 
Sample 4 3.5 4.1 0.5 19.8 22.6 
Average 3.5 3.8 0.6 19.1 21.5 

Table A.20: Porosity results from the sorptivity tests for low cement concrete 
RT 225·(-1 Day 225·(- 5 Day 450·(-1 Day 450·(- 5 Day 

(%) (%) (%) (%) (%) 
Sample 1 - 15.8 11.1 17.2 17.3 
Sample 2 11.8 15.2 11.7 17.1 17.5 
Sample 3 12.2 15.4 10.3 17.2 17.8 
Sample 4 11.9 16.1 11.3 17.2 18.7 
Average 12.0 15.6 11.1 17.2 17.8 
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A.3 Shrinkage Tests 

Age Mean Shrinkage (Microstrains) Cumu. Mean 

(Days) Sample 1 Sample 2 Sample 3 (Microstrains) 

0 0 0 0 0 
1 -10 50 15 18 
2 10 5 160 77 
3 30 55 65 127 
5 70 20 15 162 
8 0 35 30 183 

14 65 60 65 247 

21 45 55 35 292 

35 80 90 95 380 
56 0 10 45 398 

Table A.21: Shrinkage data for conventional concrete 
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Perspex Base 

I~ 

Standard ¢ 32mm PVC Piping 
00 32mm 
10 28mm 

10 
co 

Pipe and Base Bonded 

40 

~I 
----T" 

Slit Cut into Pipe For Demoulding 

2 PVCTUBE 

PERSPEXBASE 

Item Name aty Material 

University of Cape Town 
Department of Mechanical Engineering 

@e- Title 

Mould Design 1 
Dimensions Scale Date Sheet 
inmm 
Tolerance 1,000 02-Feb-2010 u.o.s. 

of 

Drawn By Drawing Number 

0.1 Darryn McCormick 001-001 
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2 INGLEMOULDBODYOUTSI ESZ 

SINGLEMOULDBODY 5 

Item Name Qty Material 

University of Cape Town 
Department of Mechanical Engineering 

@aTitle 

Assembled Mould 
Dimensions Scale Date Sheet 
inmm 
Tolerance 0,250 26 Jan. 2010 03 u.o.s. 

of 

03 

Drawn By Drawing Number 

0.1 Darryn McCormick 01-03 
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Moist samples inserted into tube 
cap placed on tube and welded closed. 
End cap cut off to remove samples 
after heating 

End cap pressed into tube 
sealed by welding 

2 SEALEDCYLINDERENDCA S 2 

SEALEDCYLINDER 

Item Name Qty Material 

Dimensions 
inmm 
Tolerance 
u.o.s. 

University of Cape Town 
Department of Mechanical Engineering 

Title 

Steel Sealing Container 
Scale Date Sheet 

0,500 02-Feb-2010 01 

of 

01 

Drawn By Drawing Number 

0.1 Darryn McCormick 001-001 




