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ABSTRACT

The fire resistance of concrete has become a major design concern due to various

high profile fire incidents such as the collapse of the Twin Towers (September 11),

USA and several tunnel fires around the world. Concrete although described as

incombustible, undergoes physical and chemical transformations when exposed to

elevated temperatures, as in a fire event.

Above 400ºC, one of the main hydrates of ordinary Portland cement (OPC) paste,

calcium hydroxide (CaOH2) dehydrates into calcium oxide (CaO) causing the OPC

paste to shrink and crack. After cooling and in the presence of air moisture, the

CaO rehydrates into CaOH2 causing the OPC paste to expand, crack and

completely disintegrate. However, the long-term effects of the CaO rehydration on

the mechanical properties of OPC pastes are unknown and therefore, are

investigated by the present thesis.

In addition, the effects of elevated temperatures and CaOH2 dehydration/CaO

rehydration on the microstructure and mechanical properties of concrete are still

unclear. This issue has been of much debate and due to the conflicting nature of

the available literature, is not fully understood. Therefore, this thesis investigates

these effects on the microstructure and mechanical properties of OPC concrete.

Furthermore, despite the continuous growing popularity of ground granulated blast

furnace slag (GGBFS or ‘slag’) as a partial replacement of OPC in concrete, limited

research has focused on how this replacement influences the microstructure and

mechanical properties of paste and concrete exposed to elevated temperatures.

Therefore, this thesis also addresses this issue.

The study shows that partial replacement of OPC with slag resulted in a significant

and beneficial reduction of the amount of CaOH2.  An increase in the proportion of

slag in the cement paste led to an improvement in the mechanical properties

following exposure to temperatures beyond 400ºC.

The long-term effects of CaO rehydration on the mechanical properties of OPC and

OPC/slag pastes exposed to 800ºC were investigated using differential
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thermogravimetric analysis (DTG). Test results showed that CaO rehydration

continued to take place throughout the period of one year, leading to a progressive

deterioration of the OPC paste. After one year, the OPC paste completely

disintegrated to a powder. In contrast, OPC/slag pastes were not affected by the

progressive CaO rehydration as mechanical properties remained unchanged after

one year.

The study of the role of paste hydrates, rather than CaOH2, in the deterioration of

mechanical properties of OPC and OPC/slag pastes was performed by nuclear

magnetic resonance (NMR), X-ray diffraction (XRD), infrared spectroscopy (IR) and

Synchrotron NEXAFS. Test results showed differences in the resulting calcium

silicate hydrate (C-S-H gel) and aluminate phases of OPC and OPC/slag pastes

after exposure to elevated temperatures. This indicates that the silicate and

aluminate phases play a role in the higher degree of deterioration observed for

OPC pastes when compared to OPC/slag pastes.

The study of the effects of elevated temperatures on the mechanical properties of

concrete revealed that OPC concrete heated to 800ºC followed by exposure to air

moisture presented strength loss of 65% while OPC pastes presented total strength

loss and complete disintegration. This shows that the dehydration of CaOH2 and

rehydration of CaO is significantly less detrimental for OPC concrete than it is for

OPC paste.

Techniques such as sorptivity tests and nitrogen adsorption were used to determine

the differences in the CaO rehydration of paste and concrete. The rate of water

absorption determines the growth rate of CaOH2 crystals during CaO rehydration

and ultimately the type of CaOH2 crystals formed. Different rates of water

absorption result in different CaOH2 crystal formation. This leads to differences in

levels of deterioration, which not always result in total disintegration of the

constraining body. In this study, the rate of water absorption of OPC paste and

concrete was found to significantly differ. The test results revealed that the extent of

the deterioration is not only related to the CaO rehydration occurrence, but most

importantly, it is related to the rate at which rehydration occurs, i.e., the rate of

water absorption. The rate of water absorption is the determining factor controlling

the extent of deterioration caused by CaO rehydration.
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1.1      Overview

Concrete is the most widely used engineering material in the world. It has excellent

resistance to water, it can be formed into a variety of shapes and sizes and it is

usually the cheapest and most readily available material in construction (Mehta and

Monteiro 2006). Although concrete is generally considered to be a fire resistant

material, the degradation processes experienced by concrete during and after fire

exposure are still not clearly understood. Therefore, the structural safety of concrete

structures exposed to a fire event is a major design consideration (Crozier and

Sanjayan 1999; Eurocode 2 2005; Eurocode 4 2005; SP-255 2008).

A fire event in a structure can lead to major costs, both qualitative and quantitative

losses. The qualitative losses relate to human lives. The quantitative losses include

financial and environmental costs.

The loss of human lives is the most significant loss when a fire event occurs. The

impact of a fire event upon humans can vary from injury to even the loss of life.  In

order to minimize and where possible eliminate human loss, many studies have

focused on the fire resistance of structures.

The financial costs, as a result of a fire event in a structure, relate to the energy and

resources expended repairing the structure or sometimes completely rebuilding it.

These costs can be substantial in the short term. In addition, possible long-term

costs may arise through legal action and assignment of liability where structures fail

due to poor engineering construction and planning.

The environmental costs associated with a fire event include the impact on the

surrounding eco-system through emission of fumes, production of waste and

damage to existing environmental conditions.
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1.1.1    Types of fires events
Standardised fires fall into three categories, depending upon the application:

buildings; offshore/petrochemical; and tunnels (Khoury 2000). This is illustrated in

Figure 1.1.

Figure 1.1 Fire categories and related fire curves. Adapted from (Khoury 2000)

The standard fire curve BS 476 (1987) or ISO 834 (1975) represents a typical

building fire based upon a cellulosic fire in which the main fuel source is wood,

paper and fabric. The standard fire curve corresponds to a severe fire, but not the

severest fire possible (Khoury 2000).

In the 1970s, the oil company Mobil investigated hydrocarbon fuel fires and

developed a temperature-time profile with a rapid temperature rise in the first 5

minutes of the fire up to 900ºC and a peak of 1100ºC. This research laid the

foundation for test procedures to assess fire-protecting materials for the offshore

and petrochemical industries (Khoury 2000).

The RWS Dutch fire curve models the severest hydrocarbon fire, rapidly exceeding

1200ºC and peaking at 1350ºC (melting temperature of concrete) after 60 minutes.

A gradual decrease to 1200ºC after 120 minutes is seen in the end of the fire curve.

The RWS is intended to simulate tankers carrying petrol in tunnels with a fire load

of 300 MW causing a fire for 2 hours. It represents the severest form of tunnel fire in

terms of initial heating rates and maximum temperatures (Khoury 2000).
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The RABT German fire curve represents a less severe fire scenario in tunnels than

the RWS curve, reaching a maximum temperature of 1200ºC (melting point of some

aggregates) sustained up to 1 hour before decaying to ambient temperature

(Khoury 2000).

1.1.2    Learning from actual fire events and costs

The fire resistance of concrete has become a major design consideration due to

high profile fire incidents around the world.

In 1996, in the Channel Tunnel (a high speed railway tunnel running parallel

beneath the English Channel (Kirkland 2002)) one of the heavy goods vehicles

(HGV) on board of a shuttle train caught fire (Beard and Carvel 2005). The fire

lasted for 10 hours and reached temperatures of up to 700ºC (Ulm et al. 1999).

Although no fatalities occurred, the tunnel was closed for 6 months at a loss of US$

1.5 million per day (Ulm et al. 1999).

In 1999, a HGV travelling through the Mont Blanc Tunnel from France to Italy

caught fire halfway through the tunnel. The fire took 53 hours to be extinguished

causing 39 deaths (Beard and Carvel 2005). Also in 1999, a fire incident occurred

in the Tauern Tunnel, Austria causing severe casualties and damage. Four people

died as a result of the fire, the tunnel was closed for 3 months and repairs costs and

loss of toll fees exceeded US$ 25 million (Leitner 2001).  A view of the damaged

tunnel is presented in Figure 1.2.
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Figure 1.2 The Tauern Tunnel fire in 1999. Adapted from (Leitner 2001)

In Australia, the interest in fire safety design has escalated with the increased death

rate and loss of property caused by fires in the last decade (Kong 2009). As shown

in Figure 1.3, for the three year period between 2005 and 2007, the average fire

death rate in Australia was 5.3 per million people (SCRGSP 2010).

Figure 1.3 Annual fire death rate in Australia. Adapted from (SCRGSP 2010)
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In terms of financial costs, the median dollar loss from structure fire (adjusted for

inflation) is presented in Figure 1.4. Between 2006/2007, the median dollar loss has

been as high as $8,000 in South Australia (SA).

Figure 1.4 Median dollar loss per structure fire in Australia. Adapted from (SCRGSP 2010)

As described by Kong (2009), the types of structures ranged from houses to offices

buildings, but the majority of the incidents reported were fires occurring in private

residences. This has led to a growing realization of the importance of fire safety

design of structures, including concrete structures.

1.2      Problem definition and objectives

Fire resistance is a concept applicable to elements of the building structure and not

a material, but the properties of a material affect the performance of the element of

which it forms a part (Khoury 2000).

Concrete, though not a refractory material, is incombustible and has good fire

resistance properties (Lea 1970). Unlike wood and plastics, concrete does not emit

fumes on exposure to elevated temperatures (Mehta and Monteiro 2006). However,

one concern related to ordinary Portland cement (OPC) concrete when exposed to

elevated temperatures, as in a fire event, is the deterioration of its mechanical
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properties due to physical and chemical changes in the material during heating

(Khoury 2000).

Above 400ºC, one of the main hydrates of the OPC paste, calcium hydroxide

(CaOH2) dehydrates into calcium oxide (CaO) causing the OPC paste to shrink and

crack (Lea and Stradling 1922; Dias et al. 1990). After cooling and in the presence

of air moisture, CaO rehydrates into CaOH2, causing the OPC paste to expand and

completely disintegrate (Petzold and Rohrs 1970).

However, the extent of deterioration caused by the CaOH2 dehydration and CaO

rehydration on the mechanical properties of OPC concrete exposed to

temperatures above 400ºC is still unclear.

Furthermore, it is unknown the effects of partial replacement of OPC with slag on

the mechanical properties of paste and concrete exposed to elevated temperatures.

Ground granulated blast furnace slag (GGBFS or ‘slag’) has been used as a partial

replacement of OPC for decades (Daube and Bakker 1986). Slag is a by-product of

iron and steel industries. It is obtained by rapidly quenching molten slag

(granulation) with high pressure and high volume water sprays, resulting in a glassy

material. Following grinding and blending with an alkali (such as OPC) the

granulated, ground slag is cementitious.

Despite the continuous growing popularity of slag as partial replacement of OPC in

concrete, limited research has been devoted into identifying the influence of this

replacement on the microstructure and mechanical properties of paste and concrete

exposed to elevated temperatures.

Therefore, this thesis aims to address the above issues, providing a better

understanding of the effects of elevated temperatures on the:

 Microstructure of OPC paste and concrete;

 Mechanical properties of OPC paste and concrete;

 Microstructure of OPC/slag paste and concrete; and

 Mechanical properties of OPC/slag paste and concrete.
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1.3      Thesis organization

This thesis is organized into ten chapters that are based on a series of seven

scientific papers written during the course of the author’s candidature. Chapter 1
provides a review of the importance of the fire resistance of concrete and the

objectives of the present thesis. Chapter 2 presents a review of the published

literature on the fire resistance of concrete. The review is divided in three parts:

paste, concrete and paste/concrete partially replaced with slag. Chapter 3
investigates the relationship between phase transformations (particularly CaOH2

dehydration and CaO rehydration) and strength loss of OPC and OPC/slag pastes

exposed to elevated temperatures. Chapter  4 studies the long-term effects of

exposure to elevated temperatures on the mechanical properties of OPC and

OPC/slag pastes. Chapter 5 investigates repair methods for preventing strength

loss of OPC pastes after exposure to elevated temperatures. Chapter 6 uses

techniques such as nuclear magnetic resonance (NMR), X-ray diffraction (XRD),

infrared spectroscopy (IR) and Synchrotron NEXAFS to characterize the paste

hydrates (e.g. C-S-H, ettringite, monosulphate) of OPC and OPC/slag pastes.

Chapter 7 also uses NMR, XRD, IR, NEXAFS to study the effects of elevated

temperatures on the paste hydrates of OPC and OPC/slag pastes. Chapter 8
reports the effects of partial replacement with slag and cooling methods on the

mechanical properties of concrete exposed to elevated temperatures. Chapter 9
utilizes a number of different techniques such as sorptivity tests and nitrogen

adsorption to investigate differences in the behaviour of cement paste and concrete

after exposure to elevated temperatures. Chapter 10 provides a summary of the

key findings of the thesis as well as suggestions for future studies.
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2.1      Fire resistance of concrete

Concrete is generally considered to be fire resistant when compared to building

materials such as steel or timber. Concrete, though not a refractory material, is

incombustible and has good fire resistance properties (Lea 1970). Unlike wood and

plastics, concrete does not emit fumes or produce drip molten particles when

burning and therefore, will not add to the fire load.

For these reasons concrete is said to have a high degree of fire resistance in the

majority of applications, and can be described as virtually incombustible. When

chemically combined, the main constituent materials of concrete (i.e. cement and

aggregates) form a material that is essentially inert (Kong 2009).

However, when concrete is exposed to elevated temperatures, as in a fire event,

two issues are of concern (Khoury 2000):

 Explosive spalling, which results in loss of material, reduction in section size

and exposure of the reinforcing steel;

 Deterioration of mechanical properties caused by physical and chemical

transformations.

Explosive spalling is the breaking off of layers or pieces of concrete from the

surface of a structural element when it is exposed to both elevated and rapidly

rising temperatures, as experienced in fires with heating rates typically 20-30°C/min

(Khoury 2000). Sometimes the spalling can be explosive. The topic of spalling has

been the subject of intensive research during the last two decades since the

introduction of high strength concretes which was identified to have increased risk

of spalling (Sanjayan and Stocks 1993). Hence, the spalling is not part of the scope

of this thesis.

The present thesis focuses on the deterioration of mechanical properties of

concrete caused by physical and chemical transformations experienced during
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heating. Although this topic was first studied 90 years ago by Lea and Stradling

(1922) who were pioneers on the investigation of those transformations occurring in

concrete during heating, this topic has not been a major focus for concrete

researchers during the subsequent years.

Analysing the behaviour of OPC mortars (cement paste and fine aggregate)

exposed to elevated temperatures Lea and Stradling (1922) reported:

 A differential movement between the fine aggregate (sand) and cement due

to the differential coefficients of thermal expansion;

 A breakdown of the cement paste, regardless of whether the aggregate was

present or not.

Based on those findings and subsequent studies, the methodology of investigating

the physical and chemical transformations experienced by concrete exposed to

elevated temperatures is divided into two steps:

i. The study of the cement paste; and

ii. The study of the concrete as a whole, in which the cement paste, the

aggregates and the interface between those are analysed.

This chapter is divided in three main sections. The first section provides a review of

the literature concerning the cement paste microstructure at room temperature. In

addition, it discusses the published literature on the effects of elevated

temperatures on the microstructure and mechanical properties of the cement paste.

The second section focuses on the concrete as a whole, i.e., cement paste,

aggregates and the interface between them. It reviews the published literature

regarding the effects of elevated temperature on the microstructure and mechanical

properties of concrete. Furthermore, this section presents a review concerning the

aggregate behaviour when exposed to elevated temperatures.

The third section presents a review of the limited published data regarding the

effects of partial replacement of OPC with slag on the microstructure and

mechanical properties of paste and concrete exposed to elevated temperatures.

Figure 2.1 illustrates how the literature review is structured to enable the
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determination of the effects of elevated temperatures on the mechanical properties

of concrete.

Figure 2.1 Analysis structure of concrete exposed to elevated temperatures

2.2      Paste
2.2.1    Microstructure at room temperature

The microstructure of the cement paste depends on the type, amount, size, shape,

and distribution of the phases present in the paste.

Generally, as described by Mehta and Monteiro (2006), anhydrous ordinary

Portland cement (OPC) has a chemical composition of C3S,  C2S,  C3A and C4AF.

This is based on the common abbreviation system used by cement chemists

(Taylor 1997; Mehta and Monteiro 2006):

 C = CaO; S = SiO2; A = Al2O3; F = Fe2O3; S = SO3; H = H2O

The hydration process of the anhydrous OPC starts with dispersion in water. The

OPC paste hydration is characterized by several stages, described by Odler (1998)

as: pre-induction period (first minutes); induction period (first few hours);

acceleration stage (3-12 hours after mixing) and the post- acceleration period (after

days).
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During the pre-induction period, as a result of the interaction between calcium,

sulphate, aluminate, and hydroxyl ions, the needle-shaped crystals of ettringite

(AFt) are formed. The paste hydrate ettringite has the general constitutional formula

[Ca3(Al,Fe)(OH)6.12H2O]2.X3.xH2O, where ‘x’ is, normally at least,  2.The ‘X’

represents one formula unit of a doubly charged, or with reservations, two formula

units of a singly charged anion (Taylor 1997).

In the induction period (first few hours), large prismatic crystals of calcium

hydroxide (CaOH2) are formed. In addition,  very small fibrous crystals of calcium

silicate hydrates (C-S-H) begin to fill the empty space formerly occupied by water

and the dissolving cement particles (Mehta and Monteiro 2006).

Following, the acceleration stage is controlled by the nucleation and growth of the

resultant hydration products. The rate of tricalcium silicate (C3S) hydration

accelerates and the second stage of formation of C-S-H takes place. A noticeable

hydration of dicalcium silicate (C2S) also occurs (Odler 1998).

In the post-acceleration period, the hydration rate slows gradually, as the amount of

still non-reacted material declines and the rate of the hydration process becomes

diffusion-controlled. The C-S-H phase continues to be formed due to the continuous

hydration of both C3S and C2S (Odler 1998). Depending on the alumina to sulphate

ratio of the OPC, ettringite may become unstable and decompose to form

monosulphate hydrate (AFm), which has a hexagonal-plate morphology (Mehta and

Monteiro 2006). Monosulphate hydrate phase has the general formula

[Ca2(Al,Fe)(OH)6].X.xH2O, where ‘X’ denotes one formula unit of singly charged

anion, or half a formula unit of a doubly charged anion (Taylor 1997).

Once the OPC paste hydration is complete, the main solid phases formed are:

calcium silicate hydrate; calcium hydroxide; calcium sulfoaluminates hydrates; and

unhydrated clinker grains.
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2.2.1.1 Calcium silicate hydrate (C-S-H)
The calcium silicate hydrate phase, known as C-S-H gel, makes up to 50 to 60% of

the volume of solids in a completely hydrated OPC paste. Therefore, the C-S-H gel

is the most important phase determining the properties of the paste (Mehta and

Monteiro 2006), being primarily responsible for the mechanical properties of the

hydrated cement paste (Escalante-Garcia and Sharp 2004).

2.2.1.2 Calcium hydroxide (CaOH2)
The calcium hydroxide, also known as portlandite, constitutes 20 to 25% of the

volume of solids in the hydrated paste. Calcium hydroxide crystals consist of large

crystals with distinctive hexagonal-prism morphology. Compared to C-S-H, the

strength-contributing potential of CaOH2 is limited as a result of considerably lower

surface area (Mehta and Monteiro 2006).

2.2.1.3 Sulphoaluminates hydrates
The calcium sulfoaluminates hydrates relate to the ettringite and monosulphate

hydrate phases presented in the hydrated paste. They occupy 15 to 20% of the

solid volume in the hydrated paste. Therefore, they have a smaller role in the

microstructure-mechanical properties relationship when compared to the C-S-H gel

(Mehta and Monteiro 2006).

2.2.1.4 Unhydrated clinker grains
Finally, some unhydrated clinker grains may be found in the microstructure of

hydrated pastes, depending on the particle size distribution of the anhydrous

cement and the degree of hydration of the paste (Mehta and Monteiro 2006).

2.2.2    Microstructure after exposure to elevated temperatures
The relationship between the coefficient of expansion of OPC paste and the effect

of dissociation of water from the hydrated paste has been reported by Lea and

Stradling (1922). Their work found that OPC paste expands at temperatures up to

100ºC then continually contracts up to 491ºC. Above 491ºC expansion commences

again, taking place at a rate less than that occurring during the expansion previous

to 100ºC.
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In addition, their work reported a range between 300ºC and 500ºC where water was

expelled at a fairly constant rate. The total amount of expelled water was

approximately 30% of the total combined water (i.e., chemically combined and

physically adsorbed water driven off at temperatures above 98ºC (capillary water)).

They proposed that this greater loss of water was due to the breaking up of the

calcium hydroxide (CaOH2), one of the main hydrates of OPC paste. Lea and

Stradling (1922) stated that CaOH2 decomposes at about 400ºC into calcium oxide

(CaO) and water, as expressed in Equation 2.1:

CaOH2  CaO + H2O    (2.1)

Therefore, it was concluded that the hydrated portions of the OPC paste lose water

and contract between 100ºC and 491ºC as a consequence of loss of water during

dehydration of CaOH2.

Similarly, Dias et al. (1990) analysed the mechanical properties of OPC pastes

exposed to temperatures of up to 700ºC. Although no initial signs of distress were

visible on the specimens when removed from the furnace, all specimens (heated to

400ºC or above) exhibited severe cracking to the point of disintegration after a few

days.

According to Petzold and Rohrs (1970), the reason for this cracking is the

expansive and hence disruptive rehydration (due to reaction with airborne water

vapour) of the CaO into CaOH2 which is accompanied by a 44% volume increase.

Based on that, Dias et al. (1990) concluded that 400ºC is a critical temperature for

OPC concrete, above which it cannot be sustained for any significant period without

disintegration on subsequent post-cooled exposure to atmospheric moisture.

Furthermore, Dias et al. (1990) performed tests on mixes where OPC paste was

partially replaced (i.e., 10, 25, and 40% by weight) with pulverized fly ash (PFA).

According to them, the PFA would reduce the amount of CaOH2 in the paste, due to

pozzolanic reactions between the PFA and CaOH2. It was reported that even 10%

PFA replacement completely eliminated all visible surface cracking due to post-

cooled exposure to air following 600ºC (Figure 2.2).
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Figure 2.2 OPC paste and blends with PFA after exposure to 600ºC. Adapted from (Dias et al. 1990)

The dehydration of CaOH2, responsible for the loss of strength in OPC paste

exposed to temperatures above 400ºC, was confirmed by different methods. The

most used methods used in the investigation of paste exposed to elevated

temperatures are:

2.2.2.1 Thermogravimetric analysis (TGA)
According to Harmathy (1968), dehydration of CaOH2 is easily recognizable from a

rapid weight loss indicated by thermogravimetric analysis. Thermogravimetric

analysis (TGA) records changes in the weight of a material as a result of an

increase in temperature. Alarcon-Ruiz et al. (2005) reported the use of thermal

analysis in assessing the effect of temperature on a cement paste. They reported

that the first weight loss observed between 100ºC and 200ºC was a result of

dehydration reactions of several hydrates (carboaluminates, ettringite and in

particular C-S-H). The second major weight loss, observed between 450ºC and

500ºC, was attributed to the dehydration of CaOH2. The third weight loss observed

at 750ºC was assigned to the decarbonation of calcium carbonate (CaCO3). In

addition, TGA analysis performed by Matesová et al. (2006) confirmed the

temperature range around 500ºC for the dehydration of CaOH2.
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2.2.2.2 Neutron diffraction
Neutron diffraction was used by Castellote et al. (2004) in the studies of the

composition and microstructural changes of cement pastes upon heating. In

neutron diffraction, the neutrons can penetrate deep into materials in a non-

destructive way providing information about the bulk of the samples. Neutrons are

scattered by all elements, also the light ones like hydrogen isotopes; thus,

information on moisture or hydrated elements can also be obtained (Castellote et

al. 2004). Therefore, it is a useful tool to understand how the materials change and

degrade. For the CaOH2, an abrupt decomposition was reported between 530ºC

and 560ºC, leading to the transformation of CaOH2 into CaO (lime).

2.2.2.3 Differential scanning calorimetry (DSC)
Differential scanning calorimetry (DSC) provides information regarding endothermic

and exothermic reactions with chages in temperature. DSC was used to investigate

the reactions occurring in OPC pastes with the increase in temperature (Sha et al.

1999). Sha et al. (1999) observed three major peaks in the DSC spectrum of OPC

pastes, and their assignments are in accordance with the peaks obtained by other

techniques as described above. The first peak, at approximately 100ºC, was an

endothermic reaction concluded to be a result of dehydration of C-S-H. The second

major peak, between 400ºC and 500ºC, was related to the dehydration of CaOH2.

The third peak, at approximately 750ºC, was assigned to the decarbonation of

CaCO3.

2.2.2.4 Scanning electron microscopy (SEM)
Scanning electron microscopy (SEM) has proved to be a valuable tool in the study

of the microstructure of fire-damaged concrete (Lin et al. 1996). Their work reported

changes in the cement paste after exposure to temperatures up to 900ºC.

According to them, at room temperature, the C-S-H gel can be divided into 4 types:

Type I covers fibrous particles, a few micrometer long, in the form of spine, prism,

rod shape, or rolled sheet; Type II is a reticular or honeycomb-shaped structure

formed in conjunction with Type I; Type III covers the nondescript or flattened

particles under 0.1 µm; Type IV is compact and has a dimpled appearance, which is

generally formed in a later hydration period.
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Furthermore, CaOH2 is reported to appear as thin hexagonal plates. Ettringite forms

into long rods or needles with parallel sides that have no branches. Monosulphate

hydrate forms a thin hexagonal plate structure.

After exposure to 250ºC, substantial changes from euhedral (well formed) platy

crystals to subhedral were identified by Lin et al. (1996). In addition, anhedral grains

(crystals showing no external crystal face) were also indentified. According to Lin et

al. (1996) these substantial changes are primarily due to the dehydration reactions

occurring.

With the temperature increase to 400ºC, loss of crystallinity from euhedral to

anhedral resulted in cracks. Lin et al. (1996) reported that an endothermic reaction

occurs exclusively between 440ºC and 580ºC due to the dehydration of CaOH2.

After exposure to 500ºC, platy calcium silicate hydrate was reported to be arranged

in layers with interlayer acicular ettringite. In addition, Lin et al. (1996) affirmed that

decarbonation of CaCO3 occurs between 580ºC and 900ºC together with possible

solid-solid phase transformation.

Lin et al. (1996) also reported the morphology of a sample after exposure to 900ºC,

followed by water-curing. According to them, CaOH2 was  formed  as  a  result  of

rehydration of CaO, while long irregular fibrous hydrates of C-S-H gels were

mingled with ettringite in voids of CaOH2 crystals.

SEM studies on the physical and chemical changes of cement paste after exposure

to elevated temperatures were also performed by Liu et al. (2006). SEM was used

to observe the phase changes found with differential thermal analysis (DTA) and

TGA. SEM images showed the presence of microcracks after 500ºC, the

temperature at which CaOH2 dehydrates.

2.2.2.5 X-Ray diffraction (XRD)
Alonso and Fernandez (2004) used X-ray diffraction (XRD) to study the dehydration

and rehydration processes of cement paste exposed to elevated temperatures.

XRD is a valuable tool in the identification of polycrystalline phases of cement paste

through the recognition of the X-ray patterns for each of the crystalline phases

(Roncero et al. 2002). Therefore, it is useful to detect crystalline hydrates such as

ettringite, monosulphate hydrate, CaOH2 and others.
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The XRD results obtained by Alonso and Fernandez (2004) showed that ettringite

was not detected in temperatures above 100ºC. Calcite (CaCO3) peak increased in

intensity up to 450ºC and practically disappeared at 750ºC. A progressive reduction

of the peak related to CaOH2 is observed when the temperature is increased above

450ºC and complete disappearance occurred at 750ºC. Further, CaO is also well

identified after exposure to 750ºC, which according to Alonso and Fernandez

(2004), is a result of the CaOH2 and CaCO3 transformation.  In addition, their work

reported TGA tests results in accordance with the previous works described in

Section 2.2.2.1.

2.2.2.6 29Si Magic Angle Spinning Nuclear Magnetic Resonance (29Si MAS
NMR)
Studies by Alonso and Fernandez (2004) recognized the importance of analysing

one of the main hydration products, the C-S-H gel. According to them, the heating

process induces a continuous dehydration of C-S-H gel with the increase in

temperature.

Interpretation of 29Si MAS NMR offers an efficient method to follow the hydration of

C3S in a qualitative and semi quantitative way because Si chemical shifts reflect the

degree of condensation of SiO2 tetrahedra (Hjorth et al. 1988). Therefore, it

provides valuable information related to the formation of calcium silicate hydrate C-

S-H gel. As demonstrated by Alonso and Fernandez (2004), 29Si MAS NMR spectra

results showed that the maximum transformation of the C-S-H gel is at 450ºC. After

exposure to 750ºC, the C-S-H gel had completely disappeared and was mainly

replaced by a new nesosilicate phase. According to them, this new nesosilicate

formed is different in morphology than the initial anhydrous residue with less

crystalline structure.

Furthermore, Alonso and Fernandez (2004) concluded that the heated cement

paste is not stable within a wet atmosphere and rehydration takes place. According

to their work, the new nesosilicate is transformed into C-S-H gel. In addition, CaOH2

and ettringite are reformed. However, after 3 ½ months in a saturated chamber

(100% RH) a progressive damage was reported with coarser cracking due to

rehydration.
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2.2.3    Summary
This section reported that CaOH2 dehydration and CaO rehydration causes total

strength loss and complete disintegration of OPC pastes exposed to temperatures

above 400ºC. A number of techniques were described in order to determine CaOH2

dehydration and CaO rehydration. Figure 2.3 presents a summary of the main

findings reported in this section.

Concrete

Elevated temperatures,
as in a fire event

Physical and chemical
transformations

Deterioration of
mechanical properties

Paste Concrete as a whole
Section 2.3

Partial replacement of
OPC with slag

Section 2.4

CaOH2 dehydration
and CaO rehydration

Total strength loss
and complete
disintegration

TGA, XRD, SEM,
NMR, DSC, others

Figure 2.3 Summary of main findings reported for pastes exposed to elevated temperatures
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2.3      Concrete

The deterioration of the mechanical properties of concrete exposed to elevated

temperatures can be reduced by judicious design of the concrete mix (Khoury

2000). Therefore, consideration must be taken into the behaviour of the cement

paste, aggregate, and the interface between them.

The present section reviews the effects of elevated temperatures on both the

aggregates and the concrete as a whole, i.e., paste, aggregate and the interface

between them.

Published data on the mechanical properties of concrete exposed to elevated

temperatures taken from different sources differ substantially, and in several cases

are contradictory (Khoury 1992). Therefore, interpreting the mechanical behaviour

of concrete after exposure to elevated temperatures by an overall result can be

misleading, unless materials and environmental factors are specified.

Four factors have been reported as the main factors determining the extent of

deterioration experienced by concrete after exposure to elevated temperatures.

These factors are:

 The microstructure of concrete;

 The pore structure of concrete;

 Post-cooling regimes after exposure to elevated temperatures; and

 Type of aggregate.

2.3.1    The microstructure of concrete

As discussed in Section 2.2 the microstructure of the OPC paste is the most

important factor determining the extent of deterioration experience by the cement

paste after exposure to elevated temperatures. In particular, one of the paste

hydrates, CaOH2 dehydrates into CaO above 400ºC. When exposed to air

moisture, the CaO rehydrates causing the OPC paste to expand and crack, leading

to total strength loss and complete disintegration (Lea and Stradling 1922; Petzold

and Rohrs 1970; Dias et al. 1990).
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After analysing the effect of elevated temperatures on the mechanical properties of

OPC paste, Lea and Stradling (1922) investigated the effects of elevated

temperatures on concrete. Their work investigated OPC concrete (6 months old)

exposed to 700ºC. The specimens consisted of cube specimens (100 x 100 mm),

composed of 1 part of cement, 2 parts of sand (Leighton Buzzard) and 4 parts of

coarse aggregate (Rowley Rag – volcanic dolerite stone). The unheated strength

was approximately 21 MPa. Following specimens dropped in water immediately

after heating broke into pieces. For the specimens not dropped in water, the

strength after cooling was approximately 6.2 MPa. Two days later the strength

reduced to 5.3 MPa. Six days after heating, some specimens had crumbled to

pieces whilst two had an average strength of 3.7 MPa.

According to Lea and Stradling (1922), none of these specimens had any cracks on

the surface immediately after cooling down, however the cracks were clearly visible

after a few days, as showed in Figure 2.4.

Figure 2.4 OPC concrete six days after exposure to 700ºC. Dashed line refers to enlarged image.

Adapted from Lea and Stradling (1922)

As per the OPC paste (Section 2.2), Lea and Stradling (1922) explained that the

complete disintegration of some of the specimens, six days after heating, was due

to dehydration of CaOH2 into CaO. According to them, this is accompanied by a

contraction of the concrete. Following cooling, the porosity of concrete allows air-

borne moisture to penetrate.  The moisture hydrates the CaO into CaOH2, and as

the latter occupies a considerably greater volume, causes the concrete to crack,
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split and ultimately crumble (Lea and Stradling 1922). This is in accordance with the

review of literature of OPC pastes exposed to elevated temperatures (Section

2.2.2).

A few decades later, Malhotra (1956) investigated the behaviour of concrete

exposed to temperatures up to 600ºC. His work concluded that the main factors

affecting the crushing strength of concrete were: strength loss of the mortar;

formation of cracks; and dehydration of CaOH2.

Khoury (1992) stated that, following Lea and Stradling (1922), it was recognized

that the CaOH2 dehydration could be the “Achilles’ heel” of concrete in elevated

temperature applications. However, after reassessing literature of concrete strength

at elevated temperatures, Khoury affirmed that there was scope for improvement

within the temperature range of 300 to 600ºC by considering material and

environmental factors/mechanisms influencing the strength of concrete during the

heat cycle and after cooling. Therefore, a significantly larger proportion of a

structure exposed to elevated temperatures could remain serviceable and

reparable, thus bringing about significant economic benefits (Khoury 1992).

In contrast to Lea and Stradling (1922), Sarshar and Khoury (1993) demonstrated

that OPC concrete specimens exposed to 600ºC presented no disintegration, while

the residual strength was in the range of 40%. The aggregates (Lytag & firebrick)

used in the concrete specimens were said to be thermally stable (Sarshar and

Khoury 1993). Their work concluded that the absence of disintegration was due to

the lower cement content in concrete (then cement paste and mortar), which

according to them, would minimize the effects of CaOH2 dehydration and CaO

rehydration on the concrete. Sarshar and Khoury (1993) affirmed that when

thermally stable aggregates are employed, the primary factor influencing the trend

of strength against temperatures is the type of cement blend.

Chan et al. (1996) investigated the effects of elevated temperatures on the

performance of high performance concrete (HPC) and normal strength concrete

(NSC). The specimens were tested at an age of 90 days, and were heated up to

400ºC, 600ºC, 800ºC, 1000ºC and 1200ºC, in which the maximum temperature was

maintained for 1 hour. Following, specimens were allowed to cool down in air until

room temperature was reached.
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From the point of view of strength loss, there were three ranges of temperature

behaviour: 20ºC to 400ºC, 400ºC to 800ºC and 800ºC to 1200ºC. Up to 400ºC, only

a small part of the original strength was lost, between 1 and 10% for HPC and

about 15% for NSC. A severe compressive strength loss (85% for NSC) was

observed within the 400ºC to 800ºC range. According to them, this was due to the

fact that the cement paste, which is the main source of the strength in concrete, has

experienced dehydration of C-S-H gel and loss of its cementing ability under those

conditions. In addition, they reported that above 800ºC, only a small part of the

original compressive strength was left, about 9% to 20%. However, no

disintegration of the concrete specimens was observed by Chan et al. (1996).

Crozier and Sanjayan (1999) discussed the physical and chemical transformations

experience by concrete during exposure to elevated temperatures. Table 2.1

presents a summary of these transformations.

Table 2.1 Physical and chemical transformations of concrete at elevated temperatures (Crozier and

Sanjayan 1999)

Temperature (ºC) Physical and chemical transformations in concrete

105 Desorption of evaporable water from the pores

120-140

Dehydration of calcium aluminosulphate hydrates

Consequently destruction of ettringite

Impact on concrete structure

200-300 Dehydration and compaction of C-S-H phases

400

Substantial cracking and development of irregular shaped pores

C-S-H crystallize on the cracks and pore surfaces

Large CaOH2 crystalline compounds facilitate the development of

internal stresses

Weaking of the concrete structure

The interface between paste and aggregates is weakened

Strength reduction by 30% to 50% compared to 200ºC to 300ºC

500

Colour change to pink

Strength loss of 70%

Weak interface bond between paste and aggregates

600

Intensification of microcracks

Dehydration of CaOH2

Starting point for disintegration of concrete structure

Elimination of possibility of reuse after fire
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Handoo et al. (2002) investigated the physical and chemical transformations of

OPC concrete exposed to temperatures up to 900ºC. They investigated the mortar

part of the concrete using XRD. The results showed a gradient between the amount

of CaOH2 at the outer surface and at the centre of the specimen. A gradual

reduction in the CaOH2 content was reported with an increase in temperature,

which indicated gradual deterioration in concrete quality. They reported fast

reduction in compressive strength of concrete exposed to beyond 500ºC. Their

work concluded that decomposition of CaOH2 beyond 700ºC at the surface and

beyond 900ºC at the centre resulted in total deterioration of concrete.  In addition,

Handoo et al. (2002) investigated the concrete morphology after exposure to

elevated temperatures using SEM. The main transformations reported with the

temperature rise are summarized in Table 2.2.

Table 2.2 Concrete morphology at different temperatures determined by SEM (Handoo et al. 2002).

Temperature (ºC) Concrete morphology

300

Deformed CaOH2 crystals

Voids

Transformation of CaOH2 into CaCO3

500

Predominance of microcracks

intermingled with voids

Increased porosity

Deformed CaOH2 crystals and C-S-H gel

600 - 800

Significant changes in the morphology of

concrete

Predominance of microcracks

intermingled with voids

Voids increasing porosity

Deformed CaOH2

Disruptive C-S-H phase boundaries

Arioz (2007) analysed the effect of elevated temperatures on the compressive

strength of concrete containing either crushed limestone or river gravel. Prior to

compressive strength testing, visual observations and weight loss measurements

were made. During visual observations, no visible effects were found on the surface

of the specimens heated up to 400ºC. However, the concrete started to crack when

the temperature increased to 600ºC but the effect was not significant at that level.

The cracks became very pronounced at 800ºC and extensively increased at

1000ºC, as presented in Figure 2.5. After exposure to 800ºC, the residual strength
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varied from 20% to 40% depending on the aggregate used. Above 1000ºC, the

residual strength was in the range of 15%.

As expected, the weight loss increased with the temperature rise. The reduction in

weight gradually increased up to 800ºC, however, there was a sharp jump in weight

loss beyond that temperature. They stated that strength losses in concrete after

exposure to elevated temperatures are related to the weight losses experienced

with the temperature rise. Using DTA, they reported mass changes of -6.5%, -4.0%,

-5.8% and -3.6% at the temperatures of 200ºC, 390ºC, 520ºC and 700ºC

respectively.  In addition, they reported that total strength loss and disintegration of

concrete specimens only occurred in specimens exposed to temperatures above

1200ºC (Arioz 2007).

Figure 2.5 Visual observations of OPC concrete exposed to elevated temperatures. Adapted from

(Arioz 2007)

2.3.2    Pore structure of concrete

The pore structure of the cement paste in concrete is, besides its chemical and

mineralogical composition, of basic importance. This is due to the impact that pore

structure has on a number of properties of mortar and concrete such as: physical

and chemical resistance; temperature resistance, strength, thermal conductivity and

others (Rostásy et al. 1980).
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The cement paste in concrete has by volume a relatively large porosity, which can

be defined in terms of void volume, capillary pores and gel pores. According to

Bordallo and Aldridge (2010) the voids are formed on mixing, when air is entrapped

into the mixture, and the resulting voids can vary in size from approximately 1 to

500 µm. Capillary pores have an average radius greater than 50 Å and are

originally water filled. When interconnected these pores dominate the water

transport. Gel pores have a radius less than 50 Å (Bordallo and Aldridge 2010). The

water present in gel pores is more strongly bound water and can be removed only

by drying (Korpa and Trettin 2006).

Exposure to elevated temperatures leads to a complete desiccation of the pore

system. Rostásy et al. (1980) investigated the pore structure of OPC mortars

exposed to elevated temperatures (up to 900ºC).

According to them, the total pore volume increased with the increase of

temperature, however not linearly. Heating to 600ºC led to significant increase of

the total pore volume. This increase is greater than one would expect from

additional weight loss beyond 300ºC. They suggested this was due to either an

expansion of pores (by breakdown of partition walls) or microcracks have formed.

Furthermore, the temperature increase to 900ºC led to additional increase of pore

volume (Rostásy et al. 1980).

As discussed in Section 2.3.1, Chan et al. (1996) investigated the effects of

elevated temperatures on the performance of high performance concrete (HPC)

and normal strength concrete (NSC). They reported that under elevated

temperatures, both NSC and HPC experienced a change in pore size distribution,

called the coarsening effect. According to them, this effect is one of the reasons for

the strength loss at temperatures below 600ºC. In addition, they stated that this

effect also reduced the permeability and hence the durability of concrete exposed to

elevated temperatures.

Chan et al. (2000) investigated the compressive strength and pore structure of

concrete after exposure to temperatures up to 800ºC. The partial replacement of

OPC with silica fume and fly ash resulted in no disintegration for either normal

strength concrete (NSC) or high performance concrete (HPC) exposed to 800ºC, as

seen in Figure 2.6, left. After exposure to 800ºC, NC presented compressive
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strength of 15.8 MPa while the different HPC blends presented 24.9, 38.7, 23.8

MPa. According to Chan et al. (2000), the loss of strength was related to the

increase in porosity, Figure 2.6 right.

Figure 2.6 Compressive strength and porosity values for NSC and HPC after exposure to 800ºC.

Adapted from (Chan et al. 2000)

Based on experimental results, they provided a relationship between strength and

corresponding porosity. This is illustrated in Figure 2.7. They concluded that

porosity, pore size distribution, microcracks and others are important factors which

determine the mechanical properties of concrete. Therefore, variation of pore

structure, including porosity and pore size distribution, could be used to indicate

degradation of mechanical properties of concrete exposed to elevated temperatures

(Chan et al. 2000).

Figure 2.7 Relationship between compressive strength and porosity. Adapted from (Bouguerra et al.

1998; Chan et al. 2000)
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Similar results were reported by Luo et al. (2000) while also analysing the effects of

elevated temperatures on NSC and HPC concrete made with OPC, silica fume and

fly ash. Their work reported that after exposure to 800ºC and 1000ºC, HPC had

greater strength deterioration than NSC. HPC presented compressive strength of

approximately 8 MPa (initial 97.3 MPa) while NSC presented 3 MPa (initial 35

MPa). In addition, HPC presented a greater increase in porosity after exposure to

elevated temperatures when compared to NSC. Based on that, Luo et al. (2000)

concluded that the greater porosity was the responsible factor for the greater

strength deterioration of HPC concrete.

As discussed in Section 2.3.1, Handoo et al. (2002) investigated the effects of

elevated temperatures on the concrete morphology. In addition, Handoo et al.

(2002) concluded that that the observed loss of strength at increasing temperatures

may be related to the loss of bound water, increased porosity, and consequently

increased permeability, which makes the concrete progressively more susceptible

to further destruction.

2.3.3    Post-cooling regimes after elevated temperatures

Thermal stresses due to temperature gradient are more likely to cause cracking

during cooling than during first heating, owing to the absence of transitional thermal

creep during cooling (Khoury 1992). Since the transitional thermal creep does not

take place during cooling, the internal stresses will not be subjected to appreciable

relief (Khoury et al. 1986; Khoury 1992). Finally, the absorption of moisture can

cause chemical changes and rehydration, which can be either beneficial or

detrimental to concrete (Harada et al. 1972; Khoury et al. 1986; Sarshar and

Khoury 1993).

Sarshar and Khoury (1993) investigated the effects of cooling methods on OPC

concrete exposed to temperatures up to 600ºC. Their work reported similar residual

strength after slow cooling at 0.5ºC/min and natural cooling (< 2ºC/min). In addition,

fast cooling (< 50ºC/min) produced similar results to natural cooling and in certain

cases it resulted in higher residual strengths. According to them, this may have

been due to the longer time allowed at the slower rate for reabsorption of moisture

from the environment. They added that, contrary to current belief, thermal stresses

may not have been large enough to cause significant disruption even at rates of

cooling as high as 50ºC/min.
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Furthermore, Sarshar and Khoury (1993) stated that quenching with water

subjected the specimens to thermal shock, and saturated them with water, both

being potentially detrimental to strength. Quenching of lightweight OPC concrete

resulted in a greater reduction in residual strength when compared to firebrick OPC

concrete. However, it resulted in lesser reduction when compared to the cement

paste specimens. In addition, as discussed in Section 2.3.1, no disintegration was

found for OPC concrete specimens.

Nassif et al. (1999) investigated the impact of water cooling after exposure to

temperatures up to 470ºC on limestone concrete using a stiffness damage test.

They reported that sudden cooling unbalance internal equilibrium resulting in

significant internal stresses and loss of stiffness, however no disintegration of the

specimens was reported.

As discussed in Section 2.3.2 Luo et al. (2000) analysed the effects of elevated

temperatures on NSC and HPC concrete made with OPC, silica fume and fly ash

followed by either water cooling or furnace cooling. Furnace cooling consisted of

turning the furnace off and removing the specimens once room temperature of the

specimen was achieved. Their work reported that after 800ºC, the residual

compressive strength of concrete exposed to furnace cooling was 45% while

specimens exposed to water cooling presented a residual strength of 32%,

therefore 13% difference. After 1000ºC, the difference was reduced to less than

1%. They concluded that the thermal gradient induced by the cooling methods was

not the key cause of the specimen’s damage. Whereas, according to them, the

residual coarser pore volume and pore size distribution following curing had a more

significant effect on residual strength (Luo et al. 2000).

Disintegration of concrete specimens were reported by Sakr and Hakim (2005). The

OPC concrete made with gravel aggregate disintegrated after 3 hours of exposure

to 750ºC followed by air cooling. In contrast, specimens painted with fire protection

material presented 2.95 MPa. In addition, non-painted specimens after to 2 or 3

hours exposure to 750ºC followed by water cooling completely disintegrated. Two

main conclusions were reported by them. Firstly, they concluded that the fire

protection material had no significant effect on compressive strength for

temperatures higher than 500ºC. Secondly, they concluded that water cooling led to



Chapter 2 – Literature Review

Page 31

more reduction in compressive strength than air and foam cooling (Sakr and El-

Hakim 2005).

Abramowicz and Kowalski (2005) investigated concrete made with siliceous

aggregate heated to temperatures of 270ºC, 370ºC and 500ºC. Cooling by 10

seconds of immersion in water was found not to produce any significant decrease

of concrete strength. They concluded this was most likely due to insufficient thermal

gradient arising within the short (10 seconds) immersion duration.

Husem (2006) reported disintegration of normal strength OPC concrete made with

limestone aggregate after exposure to 800ºC followed by water cooling. High

strength OPC concrete presented 2.9 MPa after exposure to the same conditions.

He concluded that OPC concrete may completely lose its strength if water spray

cooling is used on a reinforced concrete building exposed to elevated temperatures

as result of a fire.

Kowalski (2007) analysed the effects of cooling on the properties of concrete made

with fly ash and siliceous aggregate. His work found that rapid cooling of the heated

concrete had the highest influence on the strength loss when the maximum

temperature was 330ºC. Specimens cooled in laboratory air lost about 10% of their

strength, while specimens cooled rapidly in water lost about 35% (5 minutes

immersion in water) and 55% (20 minutes immersion in water). Kowalski (2007)

attributed the reason for strength loss to microcracks that formed as a result of

stresses induced by a temperature gradient. In the case of maximum temperature

of 550ºC, he suggested that the strength loss depended much less on the cooling

process. According to his work, if the concrete has already been damaged during

heating to 550ºC, its internal stiffness would have been reduced. Hence, the

induced stresses and resultant microcracking during cooling would be lower.

2.3.4    The role of aggregate at elevated temperatures
The interfacial bond between the aggregate and the paste is damaged at elevated

temperatures (Harmathy 1993). In concrete, the aggregates undergo a progressive

expansion on heating while the cement paste, beyond the point of maximum

expansion, shrinks. The two opposing actions progressively weaken and crack the

concrete. However, as described by Lea (1970), the various aggregates used in

concrete differ considerably in their behaviour on heating.
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The reason for the differences in aggregate behaviour during exposure to elevated

temperatures is a result of the different thermal stabilities presented by the

aggregates. Desirable features for high performance at elevated temperatures are:

high thermal stability, low thermal expansion (which improves thermal compatibility

with the cement paste) and rough angular surface, which improves the physical

bond with the paste.

Khoury (2000) stated that the choice of aggregate is probably the most important

when designing the concrete mix for elevated temperatures. The main differences

between the most used concrete aggregates are:

Quartz: principal mineral constituent of sands and most gravels and a major

constituent of the acid igneous rocks, expands steadily up to 573ºC. At this

temperature it undergoes a sudden expansion of 0.85%, caused by the

transformation of ‘low’ quartz to ‘high’ quartz. This expansion has a disruptive action

in any concrete in which quartz forms a major proportion of an aggregate (Eglinton

1998).

Siliceous gravel, flint and granite: spall when exposed to fire and are amongst the

least resistant concrete materials (Eglinton 1998). According to Hertz (2005),

siliceous aggregates have greater expansion than granite, basalt and limestone,

and provide the greatest concrete damage of all. Flint is expected to break up at

relatively low temperatures (below 350ºC) (Khoury et al. 1985). In contrast, Khoury

(1985) reported that granite exhibits thermal stability up to 600ºC.

Sandstones:  although containing quartz, do not cause a concrete to spall

significantly. This is due to the fact that intergranular natural cementing material in

sandstones shrinks on heating and thus, to some extent, counteracts the expansion

of the quartz grains (Eglinton 1998). However, according to Eglinton (1998) the loss

of strength in sandstone concrete on exposure to fire is often high and sandstones

do not form good fire resistant aggregates.

Igneous rocks (basalt and dolerites):  best fire resistant aggregates amongst the

igneous rocks (Eglinton 1998). Basalt aggregate is thermally stable in temperatures

up to 600ºC and does not present phase change up to 800ºC (Khoury et al. 1985).
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Limestone: sedimentary dense limestone form good fire resistant aggregates

(Eglinton 1998). Limestone  is thermally stable up to 600ºC (Khoury et al. 1985). In

addition, the relative strength of concrete containing limestone aggregate was less

affected by temperatures up to 1200ºC when compared to concrete containing

siliceous river gravel (Arioz 2007).

Broken brick: form a good aggregate in respect to fire resistance, provided it is free

from quartz (Eglinton 1998).

Lightweight aggregates (pumice, foamed slag, expanded clay products): high

resistance to fire, and concrete made from them has low heat conductivity. Their

heat capacity, on the other hand, is less than that of heavier concretes (Eglinton

1998). Harada et al. (1972) reported that concrete containing pumicite had a

strength loss of 60% after 400ºC when compared to 40% presented by limestone

and sandstone concretes. Xiao and Konig (2004) concluded that for temperatures

up to 800ºC, concrete containing lightweight aggregate had superior compressive

strength when compared to concrete made with siliceous aggregate.

Air cooled blast furnace slag (ACS): makes the most fire resistant concretes

(Eglinton 1998). High thermal stability was demonstrated by mortars made of ACS

in temperatures up to 600ºC (Shoaib et al. 2001).

2.3.5    Summary
As previously discussed, published data on the mechanical properties of concrete

exposed to elevated temperatures taken from different sources differ substantially,

and in several cases are contradictory (Khoury 1992). Therefore, Table 2.3

presents a summary of the published literature which has been discussed in details

in Sections 2.3.1 to 2.3.4.
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Table 2.3 Summary of the published literature on the deterioration of mechanical properties of

concrete exposed to elevated temperatures

Temperature

(ºC)

Deterioration of

mechanical properties

Main factor resulting in

deterioration
Reference

600

Residual strength 40%

Microstructure/Post -
cooling method

Sarshar and

Khoury (1993)

Residual strength 39%
Pore structure Chan et al.

(1996)

Starting point for

disintegration
Microstructure

Crozier and

Sanjayan

(1999)

700

Total strength loss and

complete disintegration
Microstructure

Lea and

Stradling

(1922)

Total strength loss and

complete disintegration

Microstructure/Pore
structure

Handoo et al.

(2002)

750
Total strength loss and

complete disintegration
Post-cooling method

Sakr and El-

Hakim (2005)

800

Severe strength loss.

Residual strength 15%
Microstructure

Chan et al.

(1996)

Residual strength of 10%
Type of aggregate/Post-
cooling method

Xiao and

Konig (2004)

Residual strength 20% to

40%

Microstructure/Type of
Aggregate

Arioz (2007)

Residual strength of 45% Pore structure
Chan et al.

(2000)*

Residual strength of 32% Pore structure
Luo et al.

(2000)*

Total strength loss and

complete disintegration
Post-cooling method Husem (2006)

1000 Residual strength 15%
Microstructure/Type of
Aggregate

Arioz (2007)

1200
Total strength loss and

complete disintegration

Microstructure/Type of
Aggregate

*Concrete made with OPC, silica fume and fly ash
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As demonstrated by Table 2.3 the deterioration of the mechanical properties of

concrete after exposure to elevated temperatures has been attributed to different

factors. However, the role of each factor is still unclear, as represented by Figure

2.8.

Figure 2.8 Main factors resulting in deterioration of mechanical properties of concrete exposed to

elevated temperatures



Chapter 2 – Literature Review

Page 36

2.4      Partial replacement with slag
2.4.1    Slag production
Slag is a by-product of the metallurgical process and its final composition

dependent upon the raw materials and cooling processes used. The most common

used slag is a by-product from the manufacture of iron and steel industry called

blast furnace slag.

Blast furnace slag is formed as a liquid at 1350ºC to 1550ºC in the manufacture of

iron. Following rapid cooling to below 800ºC, it forms a glass which is a latent

hydraulic cement. When dried and ground, it is called ground granulated blast

furnace slag (GGBFS or ‘slag’) and often contains over 95% of glass (Taylor 1997).

2.4.2    Microstructure at room temperature
The chemical composition of pure slag varies from 30% to 45% of CaO, 28% to

38% SiO2, 5% to 20% Al2O3 and 1% to 18% MgO. The other minor constituents

include oxides of sulphur, iron, titanium, manganese and alkaline metals (Bakharev

2001).

Partial replacement of OPC with slag is expected to result in hydration products

essentially similar to those found in OPC paste (Taylor 1997). As per OPC pastes,

the main hydrated phases in OPC/slag pastes are calcium silicate hydrate (C-S-H

gel), calcium hydroxide (CaOH2), sulphoaluminate phases ettringite (AFt) and

monosulphate hydrate (AFm) (Regourd et al. 1983; Richardson and Groves 1992).

However, the quantities of CaOH2 are expected to be significant lower in OPC/slag

pastes when compared to OPC pastes.

Although in the short-term CaOH2 production is accelerated by the presence of

slag, in the long-term the CaOH2 content of the hydrated binder is reduced by

reaction with slag (Richardson and Groves 1992).

Slag, though not a pozzolan, reacts with CaOH2 to form C-S-H gel in the paste

(Mehta and Monteiro 2006). The equations below summarize this reaction:

OPC paste: C3S + H2O  C-S-H + CaOH2 (Fast)

Partial replacement with slag: slag + CaOH2 + H2O  C-S-H (Slow)
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2.4.3    Microstructure at elevated temperatures
Since the 1970s, numerous studies have been conducted in the hydration,

microstructure and mechanical properties of slag blended cement and concretes

(Kondo and Ohsawa 1968; Bensted 1976; Regourd 1980). However, little attention

has been given to the effects of elevated temperatures on the microstructure and

mechanical properties of those blends.

Lea (1970) referred to ‘Portland blast furnace cement’ as more resistant to fire than

OPC. He suggested this may be attributed to the lower proportion of free CaOH2

present in such cements.

Following Lea, one of the first investigations that focused on the behaviour of

concrete made with slag blended cements exposed to elevated temperatures was

conducted by Carette et al. (1982). Their work investigated the behaviour of

concrete made with slag after long-term exposure to elevated temperatures. This

means, not in a fire event, but in applications where concrete is constantly exposed

to elevated temperatures, e.g. nuclear reactor pressure vessels, storage tanks for

hot crude oil and hot water, coal gasification and liquefaction vessels, and pressure

vessels used in the petrochemical industries. Their results indicated that the use of

blast furnace slag as partial replacement for OPC in concrete, generally, did not

improve the mechanical properties of concretes that have been exposed to

sustained elevated temperatures.

Khoury et al. (1985) and Sullivan and Khoury (1986) studied  the transient thermal

strain behaviour of concrete during the first heating cycle under load to 600ºC. Their

work compared three different cement pastes OPC, OPC/fly ash, and sulphate

resisting Portland cement (SRPC)/slag. It was reported that SRPC/slag paste

presented the highest thermal shrinkage followed by OPC and OPC/fly ash pastes.

In addition, Khoury et al. (1985) conducted differential thermal analysis (DTA) to

investigate the three abovementioned binder types. The three binder exhibited

similar overall DTA trends with endothermic peaks at about 150ºC and 500ºC due

to moisture loss and dissociation of CaOH2, respectively. However, the role of both

fly ash and slag in reducing the amount of CaOH2 formed during hydration was

evident in the smaller endothermic peak areas of the cement blend.
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In 1992, (Khoury) referred to a private communication with Grainger (1980) stating

that when PFA or slag were employed as partial replacement of OPC, the losses

normally found in the compressive strength above 300ºC were reduced. In addition,

an increase in strength for temperatures up to 550ºC was observed. He concluded

that this could be related to the reduced amount of CaOH2 in the system, since PFA

or slag react with CaOH2 produced during the OPC hydration. Therefore, the partial

replacement with PFA or slag would lead to an improvement n the mechanical

properties after exposure to elevated temperatures (Khoury 1992).

Sharshar and Khoury (1993) reported that specimens containing PFA or slag (paste

and concrete) performed significantly better than OPC specimens in temperatures

up to 600ºC. They concluded that the lesser CaOH2 content of PFA and slag blends

when compared to OPC paste and concrete, could explain at least in part their

better performance.

Sha and Pereira (2001) used differential scanning calorimetry (DSC) to compare

the thermal behaviour of slag with the thermal behaviour found in their previous

work for OPC (Sha et al. 1999). The most significant reaction from the presence of

slag in a (50% OPC/50% slag) paste was a large exothermic peak at around 573ºC.

This peak was identified as the crystallization of an amorphous phase. There was

an overlap between the peak corresponding to the dehydration of CaOH2 and the

crystallization peak, which were in opposite directions as the former reaction

absorbed heat while the latter released heat.

Xiao et al. (2006) investigated the mechanical properties of HPC-BFS (high-

performance concrete/blast-furnace-slag) after exposure to elevated temperatures.

When comparing the residual compressive strength of NSC (normal strength

concrete) with HPC-BFS, it was reported that HPC-BFS had a better performance

in temperatures up to 800ºC.

Furthermore, Aydin (2008) studied the effects of elevated temperatures on

OPC/slag mortars made with pumice aggregate. It was reported that these mortars

showed no compressive strength loss after exposures up to 600ºC followed by air

cooling. They conclude that the OPC/slag pumice mortars are a promising

multipurpose insulation material for structures exposed to elevated temperatures

during service life.
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2.4.4    Summary
This section reviewed the limited published literature on the effects of partial

replacement of OPC with slag in pastes and concretes exposed to elevated

temperatures. As discussed above, there are indications that the partial

replacement with slag would lead to improvement of mechanical properties of paste

after exposure to elevated temperatures. However, this is still unclear, especially for

concrete exposed to elevated temperatures. A summary of this section is presented

in Figure 2.9.

Concrete

Elevated temperatures,
as in a fire event

Physical and chemical
transformations

Deterioration of
mechanical properties

Paste Concrete as a whole

Partial replacement of
OPC with slag

Slag consumes most
of CaOH2

Possible
improvement of

residual mechanical
properties

Microstructure
– CaOH2

Pore strucutre Post-cooling Aggregates

Residual Mechanical Properties
?

Figure 2.9 Limited published data on the effects of partial replacement of OPC with slag on the

mechanical properties of paste and concrete exposed to elevated temperatures
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2.5      Conclusions

Based on the literature review presented, it can be concluded that above 400ºC,

CaOH2 dehydration and CaO rehydration cause severe deterioration in the

mechanical properties of OPC pastes.

For the OPC concrete exposed to elevated temperatures, the role of CaOH2

dehydration and CaO rehydration in the deterioration of mechanical properties has

been of much debate and is yet not fully understood. Similarly, the roles of other

factors such as pore structure of concrete and post-cooling methods are still

unclear due to the conflicting nature of the available literature. Therefore, a number

of studies are necessary to expand the understanding of the effects of elevated

temperatures on the microstructure and mechanical properties of OPC concrete.

The author aims to address this issue with this thesis.

In addition, knowledge of the effects of partial replacement of OPC with slag on the

microstructure and mechanical properties of paste and concrete exposed to

elevated temperatures is very limited. Therefore, this also forms part of the scope of

this thesis.

Some of the broad research objectives addressed in this thesis include:

 The study of the phase transformations experienced by OPC and OPC/slag

pastes during and after exposure to elevated temperatures and their effects on

the mechanical properties of these pastes;

 The study of the role of paste hydrates in the deterioration of mechanical

properties of OPC and OPC/slag pastes exposed to elevated temperatures;

 The study of the phase transformations experienced by OPC and OPC/slag

concretes during and after exposure to elevated temperatures and their effects

on the mechanical properties of these concretes;

 The investigation of the effects of different cooling methods on the mechanical

properties of OPC and OPC/slag concrete exposed to elevated temperatures;

and

 The study of the main differences between paste and concrete after exposure to

elevated temperatures.
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3.1 Overview

The literature review presented in Chapter 2 outlined the negative effects of the

dehydration of calcium hydroxide (CaOH2), one of the main hydrates of the cement

paste, on the mechanical properties of ordinary Portland cement (OPC) pastes

exposed to temperatures above 400ºC. Chapter 3 is aimed to investigate the effects

of CaOH2 dehydration on OPC pastes partially replaced with slag and exposed to

elevated temperatures.

This chapter is based on the publication of the same name as the chapter title in

Materials and Structures Journal, 2008, Volume 41, pages 345-350. The paper

presents an assessment of OPC and OPC/slag pastes exposed to elevated

temperatures. It investigates the relationship between phase transformations and

strength loss due to exposure to elevated temperatures up to 800ºC. The

mechanical properties are analysed by compressive strength tests while the phase

transformations are investigated by thermogravimetric analysis (TGA).
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4.1 Overview

Chapter 3 reported that above 400ºC, calcium hydroxide (CaOH2) dehydrates into

calcium oxide (CaO) causing the ordinary Portland cement (OPC) paste to contract

and crack. After cooling and during exposure to air moisture, CaO rehydrates into

CaOH2, causing the OPC paste to expand and completely disintegrate, resulting in

total strength loss. In contrast, partial replacement with slag resulted in

consumption of most of the available CaOH2, consequently reducing the negative

effects caused by the CaOH2 dehydration and CaO rehydration.

The present Chapter 4 is based on the publication of the same name as the chapter

title in Materials and Structures Journal, 2009, Volume 42, pages 95-101. It

presents an assessment of the long-term effects of the CaO rehydration on the

mechanical properties of OPC and OPC/slag pastes exposed to elevated

temperatures. The investigation consists of visual observations, compressive

strength tests and differential thermogravimetric analysis (DTG).
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5.1 Overview

As discussed in Chapters 3 and 4, following exposure to elevated temperatures,

ordinary Portland cement (OPC) paste presented total strength loss due to calcium

oxide (CaO) rehydration. The present Chapter 5 investigates different repair

methods to prevent strength loss of OPC pastes exposed to elevated temperatures.

This chapter is based on the publication of the same name as the chapter title

submitted to Materials and Structures Journal in August 2010. This paper uses two

different sealants, silicone and paraffin, with the aim to prevent moisture ingress

into the OPC paste exposed to elevated temperatures, therefore preventing CaO

rehydration. Visual observations and compressive strength tests were performed in

OPC specimens uncoated or coated with either silicone or paraffin. The efficiency

of the sealant was confirmed by infrared spectroscopy (IR) tests.
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Investigation of Repair Methods for Preventing Progressive

Strength Loss of Ordinary Portland Cement Pastes after Fire
Exposure

Alessandra Mendes1, Jay G Sanjayan2, Frank Collins1, Will P Gates1

1Civil Engineering Department, Monash University, Clayton VIC, Australia
2Faculty of Engineering and Industrial Sciences, Swinburne University of

Technology, Hawthorn VIC, Australia

Abstract
The present work investigates the use of two sealants (silicone and paraffin) to

reduce the progressive strength loss of ordinary Portland cement (OPC) pastes

following exposure to elevated temperatures due to the rehydration of CaO into

CaOH2. After oven exposure to 800ºC and cooling to 100 ºC, the sealants were

applied to the samples to reduce moisture ingress from air. Coated and uncoated

specimens were exposed to air moisture for 1 week. Compressive strength results

revealed that OPC pastes coated with paraffin presented 15% of residual strength.

On the other hand, the OPC pastes coated with silicone presented less than 2.5%

while the uncoated specimens presented total strength loss and complete

disintegration. Infrared spectroscopy confirmed these results, revealing that

uncoated OPC pastes presented the highest peak intensity for CaOH2. OPC pastes

coated with silicone presented CaOH2 peak 16 times more intense than the OPC

pastes coated with paraffin. The latter presented a very minor CaOH2 peak

intensity, showing the efficiency of the paraffin in acting as a barrier to reduce the

moisture ingress and therefore, CaO rehydration. When a concrete structure is

exposed to a fire event, the effects of rehydration of CaO due to moisture ingress

from air can be reduced by applying a coating to the exposed surfaces. This has

shown to be an effective method in maintaining residual strength.

Keywords: OPC pastes, strength loss, fire exposure, repair
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1 Introduction

One of the key properties of concrete is the durability when exposed to elevated

temperatures, as in a fire event. Therefore, the fire resistance of concrete has been

the focus of researchers since 1922 [1]. When concrete is exposed to elevated

temperatures, physical and chemical transformations take place resulting in

deterioration of its mechanical properties.

The critical temperature of 400ºC for the breakdown of ordinary Portland cement

(OPC) pastes has been reported [1-3]. Above 400ºC, one of the main hydrates of

the OPC paste, calcium hydroxide (CaOH2) dehydrates into calcium oxide (CaO)

causing the OPC paste to shrink and crack [1-3]. After cooling and in the presence

of air moisture, CaO rehydrates into CaOH2 causing expansion, total strength loss

and complete disintegration of the OPC paste [3-5].

In contrast, the dehydration of CaOH2 and rehydration of CaO caused no significant

deterioration in pastes where OPC was partially replaced with slag [3, 4, 6]. Ground

granulated blast furnace slag (‘slag’) is a by-product of the iron and steel industries.

During hydration, slag consumes most of the available CaOH2 [7], therefore

reducing or even eliminating the negative effects of CaOH2 dehydration and CaO

rehydration. This is illustrated in Fig. 1, which presents the compressive strength of

OPC and OPC/slag pastes exposed to temperatures up to 800ºC. OPC/slag pastes

consist of pastes in which the OPC has been partially replaced (i.e., 35, 50 and

65% by weight) with slag. This further confirms the negative effects caused by the

CaO rehydration when the OPC paste is exposed to elevated temperatures.
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Fig. 1 OPC and OPC/slag pastes after exposure to temperatures up to 800ºC

The progressive strength loss observed for OPC pastes exposed to elevated

temperatures followed by exposure to moisture is of extreme concern as the

majority of the concrete structures are built with OPC paste as the main binder of

the aggregates. Therefore, this progressive strength loss should be considered a

major repair issue for fire damaged structures. Unfortunately, this progressive

strength loss of OPC pastes after a fire event is not widely recognised by engineers

who are involved in the rehabilitation of these structures.

When a fire event occurs, emergency response by water extinguishing is usually

undertaken, providing a ready supply of moisture for the rehydration of CaO.

However, in some cases, not all of the structure is wetted by extinguishing and

regions remain dry. Over time, ongoing exposure to air moisture would provide the

necessary means for CaO rehydration and consequently, damage to the structure.

Based on that, the present work investigates two sealants that could potentially be

used as a barrier to moisture ingress and therefore limit the CaO rehydration. The

two sealants investigated are: soft paraffin and general purpose silicone. Following

sealant application, the mechanical properties of the OPC paste were investigated

by compressive strength tests. Infrared spectroscopy (IR) was conducted in order to

determine the efficiency of the sealants in eliminating the negative effects of the

CaO rehydration in OPC pastes after exposure to elevated temperatures.
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2 Experimental procedure

Ordinary Portland cement (OPC) conforming to the requirements of Australian

Standard AS 3972 was used as the binder material. Its chemical composition and

properties are presented in Table 1. The OPC used in this study has a low C3A

content of < 5%.

Table 1 Chemical composition and properties of OPC

Constituent/property % weight

SiO2 19.90

Al2O3 4.70

Fe2O3 3.38

MgO 1.30

CaO 63.93

Na2O 0.17

TiO2 0.245

K2O 0.446

MnO 0.079

P2O5 0.063

SO3 2.54

LOI 2.97

Fineness, m2/kg 360

Specific gravity 3.15

OPC paste cylinder specimens of diameter 50 mm and length 100 mm were

investigated. The specimens consisted of pastes. The water/cement (w/c) ratio

used was 0.5.

The mixture was prepared by adding water and the binder to a mechanical mixer of

20 litres of capacity, 80 rpm, followed by mixing for five minutes. The cylinder

specimens were cast and compacted using a vibration table, and sealed with a

plastic sheet and demolded after 24 hours. Demolding was followed by 28 days

curing in lime-saturated water bath at 23ºC.

Before exposure to elevated temperatures, the specimens were oven-dried for 2

days at 60ºC. Following drying, heat exposure to 800ºC was conducted. The heat

treatment was as follows: constant heating rate of 6.25ºC/min until 750ºC, then 1

hour between 750-800ºC, and finally 1 hour at 800ºC. To limit moisture ingress in
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the specimens, they were kept in the oven and cooled until the furnace temperature

reduced to 100ºC, following which the specimens were removed. Immediately after

removal from the furnace the specimens were coated with a soft paraffin or a

general purpose silicon. For easy reference those will be referred as ‘paraffin’ and

‘silicone’ throughout the manuscript. For comparison some specimens remained

uncoated and will be referred as ‘air moisture’ to reflect their free exposure to air

moisture.

Silicone is thermal stable in temperatures up to 250ºC [8] and have high

permeability to water vapour [9]. Paraffin has been reported to have a melting point

of approximately 50ºC [10] and a very low permeability to water vapour [11]. The

paraffin application required constant repetition as the paraffin melted at the

temperature of 100ºC. The paraffin was reapplied when the temperature was

ambient to a thickness layer  2 mm. The melting was not observed with the

silicone, and an instant layer  2 mm was formed on the surface of the OPC paste

specimens.

Following treatment with the coatings, all specimens (coated and uncoated) were

exposed to air moisture in a controlled temperature room at 23ºC and 80% relative

humidity for one (1) week. After 1 week, compressive strength tests were

conducted, using a loading rate of 20 MPa/min.  The results reported are an

average of 3 specimens for each of the 3 specimens variables investigated:

paraffin, silicone and air moisture. Immediately after the compressive strength tests,

Infrared spectroscopy (IR) was conducted  using a FTS 3000 MX Excalibur Series

Digilab fitted with a glow bar radiation source, a DTGS detector, dry CO2-free air

purge and an extended KBr beamsplitter. The sample space was continuously

purged with dry nitrogen. As many as 512 acquisitions were co-added at a

resolution of 2 cm-1 on powdered specimens mixed (~ 5%) with sodium chloride

(ACS). Each spectrum was referenced to NaCl and converted to Kubelka-Munk

absorbance units for comparison.
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3 Results and discussion
3.1 Visual observations
Visual observations are usually the first step undertaken during the assessment of a

fire-damaged concrete structure  as they enable the determination of colour

changes, crazing, cracking and spalling [12]. In the present work the visual

assessment was performed at: (a) immediately after removal from the furnace and

application of paraffin, silicone or none; (b) one-week after air moisture exposure

(after removal from furnace).

As described in Section 2, the OPC paste specimens were removed from the

furnace at 100ºC and the sealants were applied immediately after. The specimens

presented minor visual cracks when removed from the furnace and prior to the

sealant application. Once the paraffin was applied on the specimens, it immediately

started to melt and became liquid. Continuous application was made until

approximately 2-3 mm thickness was achieved. The paraffin was reapplied when

the specimens reached room temperature.

For the silicone, the melting was not observed and a silicone layer  2 mm was

formed instantly. For visual comparison, Fig. 2 presents 3 specimens immediately

after removal from furnace/sealant application. The specimen on the left has been

coated with paraffin. The specimen on the centre has been coated with silicone

while the specimen on the right has not been coated and it is directly exposed to air

moisture.
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Fig. 2 OPC pastes specimens immediately after removal from furnace at 100ºC followed by sealant

application (left and centre specimens)

While only minor cracks were observed after removal from the furnace, Fig. 2

shows that there are no major visual differences between the specimens after the

sealant application or the uncoated specimen labelled as ‘air moisture’.

However, Fig. 3 shows that major differences are present after 1 week of air

moisture exposure. For the specimens coated with paraffin no visual differences

can be found between Fig. 2 and Fig. 3. For the specimens coated with silicone,

Fig. 3 shows that 1 week exposure to air moisture has led to microcracks (bottom of

the specimen). This is likely to be due to the high permeability to water vapour

presented by the silicone [9]. This is better visualised in Fig. 4 (arrow). For the

specimen with no sealant (labelled ‘air moisture’) large cracks appeared which led

to complete disintegration of the specimen.
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Fig. 3 OPC pastes specimens 1 week after exposure to air moisture

Fig. 4 Enlargement of OPC paste coated with silicone 1 week after exposure to air moisture
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3.2 Compressive strength tests
Following visual observations, compressive strength tests were performed on all

specimens. Fig. 5 presents the average residual compressive strength results for

the OPC pastes coated with paraffin, silicone and uncoated samples after

completion of heat exposure followed by 1 week of air moisture. The hot strength

values are also presented, indicating that the exposure to 800ºC caused the OPC

pastes to lose 80% of the initial strength. After cooling and in the presence of air

moisture for 1 week, the uncoated specimens (‘air moisture’) present total strength

loss.

Fig. 5 Residual compressive strength of OPC pastes exposed to 800ºC. Dashed line refers to the hot

strength at 800ºC. Black columns refer to the residual strength after 1 week of exposure to air

moisture

As reported previously [3, 4], the total strength loss presented by OPC specimens

after 800ºC followed by exposure to air moisture is due to the dehydration of CaOH2

followed by the rehydration of CaO.

For the coated specimens, a different scenario was found. The specimens coated

with paraffin presented residual strength of almost 15%. On the other hand,

specimens coated with silicone presented residual strength of less than 2.5%.
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The difference in residual strength for the specimens coated with paraffin and

silicone is related to the efficiency of the sealant in preventing the CaO rehydration,

i.e., the ingress of moisture in the OPC pastes.

As described in Section 3.1, when the paraffin was applied to the OPC paste after

removal from the furnace at 100ºC, it melted (melting point ~ 50ºC [10]) and

became liquid possibly penetrating through the porous paste. This was not

observed for the silicone coating, which immediately formed a layer on the surface

of the OPC paste specimen (thermal stable up to 250ºC [8]). This is clearly seen in

Fig. 6, which presents paraffin and silicone specimens after the compressive

strength test was performed.

Fig. 6 OPC paste specimens coated with silicone or paraffin (after compressive strength tests)

It is possible to see that there is a difference in the type of fracture presented by the

OPC paste specimens coated with silicone or paraffin. The specimen coated with

silicone seems to have formed a thick flexible skin caused by the silicone coating,

but a crumbled interior. For the specimen coated with paraffin this was not found,

being in accordance with the higher residual strength for these specimens, 6 times

greater than the specimens coated with silicone. Also in Fig. 6, a darker line of

approximately 2 mm can be seen near the surface of the OPC paste coated with

paraffin (black arrow, Fig. 6). This confirms that the melted paraffin penetrated into

the paste, possibly creating a barrier for the air moisture ingress and therefore the

rehydration of CaO.
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3.3 Infrared spectroscopy
Infrared spectroscopy (IR) was conducted to determine whether CaO rehydration

into CaOH2 has taken place. The choice of this technique to determine the presence

of CaOH2 was first due to the efficiency of the method in determining CaOH2, as

reported by previous studies [13-15]. Second, it was due to IR being capable of

readily being utilised immediately after compressive strength tests were performed,

therefore, assuring precision in determining CaOH2 presence, considering its

variation with time [3, 4].

In the IR spectrum, the peak at approximately 3644 cm-1 relates to CaOH2 [13-16].

Fig. 7 shows the different spectra obtained for OPC pastes coated with silicone,

paraffin and uncoated (‘air moisture’).

Fig. 7 IR spectra of the OPC pastes after exposure to 800ºC, followed by air moisture exposure for 1

week

The uncoated OPC paste (‘air moisture’) has a CaOH2 peak intensity almost 1.3

times greater than the OPC paste coated with silicone. In addition, a significant less

intense peak is observed for the OPC paste coated with paraffin. Its peak is 16

times less intense than the OPC paste coated with silicone. Therefore, it can be

concluded that the paraffin has acted as an effective barrier for moisture ingress,

reducing the occurrence of the CaO rehydration.
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Furthermore, Fig. 8 presents the IR wave number ranges related to paraffin (a) and

silicone (b).

Fig. 8 IR spectra of the OPC pastes after exposure to 800ºC, followed by air moisture exposure for 1

week (a. wave number range related to paraffin and b. wave number range related to silicone)
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Fig. 8a presents the spectrum of samples obtained from the near surface of the

specimen, showing that the paraffin has penetrated into the OPC specimen (as

indicated in Fig. 6). In contrast, Fig. 8b shows the absence of the silicone peak for

the silicone coated specimens (samples obtained from the near surface), confirming

that the penetration of silicone into the OPC specimens did not occur.

4 Conclusions

The present work investigated the use of two sealants (silicone and paraffin) to

reduce the negative effects of CaO rehydration on the mechanical properties of

OPC pastes exposed to elevated temperatures.

It was found that 1 week after exposure to air moisture, the 800ºC heat exposed

OPC pastes coated with paraffin presented 15% of residual strength. On the other

hand, the OPC pastes coated with silicone presented less than 2.5% of residual

strength while the uncoated specimens presented total strength loss and complete

disintegration. The total strength loss is a result of the dehydration of CaOH2 during

heating followed by the rehydration of CaO during cooling and exposure to air

moisture.

Infrared spectroscopy revealed that uncoated OPC pastes presented the highest

peak intensity for CaOH2, confirming the strength results trend. OPC pastes coated

with silicone had a CaOH2 peak 16 times more intense than the OPC pastes coated

with paraffin. The OPC pastes coated with paraffin presented a very minor CaOH2

peak intensity, showing the efficiency of this material in acting as a barrier to reduce

the moisture ingress and therefore, CaO rehydration. This is in accordance with the

compressive strength results obtained.

The finding from this study has practical relevance for repair of concrete structures

with OPC as the binder following a fire event, since it has identified the progressive

deterioration and impairment of compressive strength due to ingress of airborne

water vapour. The concrete following a fire exposure may be immediately protected

by a coating that will ensure that some residual strength is partially retained,

avoiding complete deterioration that was shown to occur for uncoated specimens.
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The authors recommend future research in different sealant materials in order to

achieve an optimal system.
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6.1 Overview

Chapters 2 to 5 discussed the negative effects of the calcium hydroxide (CaOH2)

dehydration and calcium oxide (CaO) rehydration on the mechanical properties of

ordinary Portland cement (OPC) pastes exposed to elevated temperatures. The

present Chapter 6 shows that most of the available literature on the effects of

elevated temperatures on the cement paste has focused on the role of the paste

hydrate CaOH2. On the other hand, very few studies have investigated the role of

the other paste hydrates, such as calcium silicate hydrate (C-S-H), ettringite and

monosulphate hydrate.

This chapter is based on the publication of the same name as the chapter title

submitted to Materials and Structures Journal in January 2010. This paper

investigates the fundamental similarities and/or differences between OPC and

OPC/slag paste hydrates at room temperature, forming the basis to assist in the

identification of changes in the paste hydrates after exposure to elevated

temperatures. The following techniques are used in the present investigation:

silicon and aluminium nuclear magnetic resonance (29Si NMR and 27Al NMR), X-ray

diffraction (XRD), infrared (IR) and synchrotron Si K-edge near edge X-ray

absorption fine structure (NEXAFS) spectroscopy.
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Abstract
This work aims to determine the fundamental similarities and/or differences

between OPC and OPC/slag paste hydrates. OPC and 35% slag pastes are

investigated using five techniques: 29Si NMR, 27Al NMR, X-ray diffraction (XRD),

infrared (IR) and synchrotron near edge X-ray absorption fine structure (NEXAFS)

spectroscopy. 29Si NMR provides valuable information related to the formation of

the C-S-H gel, the main hydrated phase of the cement paste. 27Al NMR is a useful

tool to characterize calcium aluminates and aluminate hydrates such as ettringite

and monosulphate hydrate. XRD identifies polycrystalline phases of the hardened

cement paste, including ettringite, monosulphate and CaOH2. Vibrational

frequencies in IR assist in identifying the silicate, sulphate and carbonate phases of

the cement paste. As far as we are aware, Si K-edge NEXAFS has never been

applied in cement research and its advantages and disadvantages are discussed.

Using these techniques, a comparison between OPC and 35% slag paste hydrates

is made, shedding light on differences in the amount and form of hydrated phases

present, especially the absence of ettringite in the 35% slag paste.

 Keywords: cement, slag, paste hydrates, NMR, XRD, IR
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1 Introduction

For decades ground granulated blast furnace slag (‘ggbfs’ or ‘slag’) has been widely

used as a partial replacement for ordinary Portland cement (OPC) in concrete. The

use of slag as a partial substitute for OPC in blended cements not only utilizes

waste produced by the steel industry, but most importantly reduces the carbon

dioxide emissions arising from cement making [1]. In addition, using slag as a

partial substitute for OPC in concrete include an improvement in certain properties:

e.g., lower heat of hydration, which decreases the cracking risk within large

concrete pores; increased durability to sulphate attack; and better resistance to

chloride diffusion which is known to pose a corrosion risk to reinforcement materials

[2].

Those and other properties that lead to enhanced practical performance of

cement/concrete are directly related to the presence and amount of paste hydrated

within the paste. Chemical and physical properties are directly dependent on these

cement paste hydrates.

The hydrated ordinary Portland cement paste is formed by many constituents.  The

calcium silicate hydrate (C-S-H) phase is the main product of Portland cement

hydration. Portlandite, or calcium hydroxide CaOH2, is the second most abundant

product in the hydrated Portland cement paste. It is present in the form of relatively

large crystalline aggregates [3]. The AFt (ettringite) and AFm (monosulphate

hydrate) phases are present in amounts that depend on the amount of tricalcium

aluminate (C3A) and ferrite phases in the original cement. Ettringite has needle-

shaped prismatic crystal form and will eventually transform into monosulphate

hydrate, having hexagonal-plate crystal form. The degree of AFt to AFm conversion

differs in different cements [3]. Minor constituents of the hydrated Portland cement

paste may include a poorly crystalline siliceous hydrogarnet which accommodates a

significant fraction of the iron originally present in the ferrite phase [3]. The amount

of ‘bound’ (‘combined’) water present in the hardened Portland cement paste

depends on the phase composition of the original cement, on the degree of

hydration and also on the way in which the term ‘bound water’ has been defined [3].
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When ordinary Portland cement is partially replaced with slag the hydration

products are expected to be similar to those formed in the OPC hydrated paste [4].

However, the quantities of Ca(OH)2 in OPC/slag blends are expected to be lower

than the quantities found in OPC pastes [4].

As will be discussed in detail (Section 3), numerous studies have focused on

cement paste hydrates, especially for OPC pastes. However, a greater number of

those studies have focused on the C-S-H phase, probably due to its relationship

with paste strength. Limited studies have focused on the possible roles the other

paste hydrates, e.g., ettringite and monosulphate hydrate, may play on the

chemical and physical properties of the cement paste. For OPC/slag blends those

studies are even more limited.

Previous work by the authors [1, 5] identified the difference between CaOH2 content

in OPC and OPC/slag pastes at room temperature as the main cause for

deterioration of OPC mechanical properties after exposure to elevated

temperatures.  When OPC is heated above 400ºC, CaOH2 dehydrates into CaO

causing the OPC paste to contract, resulting in microcracks. After cooling and

during exposure to air moisture, CaO rehydrates into CaOH2 causing the OPC

paste to expand and ultimately disintegrate. In comparison, for OPC/slag pastes,

during hydration slag consumes most of the available CaOH2, consequently

reducing or even eliminating the negative effects caused by CaOH2 dehydration

and CaO rehydration when cement paste is submitted to elevated temperatures.

However, it is important to identify the contributions, if any, of the other hydrates

such as C-S-H, ettringite and monosulphate hydrate to the deterioration of the

mechanical properties of OPC and OPC/slag pastes after exposure to elevated

temperatures.

Therefore, the main aim of this study is to identify the fundamental similarities

and/or differences between OPC and OPC/slag paste hydrates at room

temperature using the following techniques: silicon and aluminium nuclear magnetic

resonance (29Si  NMR  and 27Al NMR), X-ray diffraction (XRD), infrared (IR) and

synchrotron Si K-edge near edge X-ray absorption fine structure (NEXAFS)

spectroscopy.  The present study will also attempt to correlate the data obtained

from each of the above techniques. This ensures that the uncertainties and
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limitations of each technique are minimized and a more comprehensive and

accurate conclusion is drawn. This information forms the basis to assist in the

identification of changes in the paste hydrates in OPC and OPC/slag blends after

exposure to elevated temperatures. The contribution of the paste hydrates to the

deterioration of the mechanical properties of the cement paste will be also

addressed. This secondary aim is currently underway and will be reported in a later

date.

As described previously, five different techniques will be used in the present

investigation: 29Si NMR, 27Al NMR, XRD, IR and NEXAFS. As a bulk method, NMR

probes the local environment surrounding particular nuclei, i.e., at the scale of

nearest-neighbour (NN) and next-nearest-neighbour (NNN). An NMR signal is

independent on sample crystallinity and largely dependent on the symmetry about

the nuclei. Thus phases that may be undetected by XRD or IR can be observed

using  solid  state  silicon  (29Si) and aluminium (27Al) NMR spectroscopy, which

provides the opportunity to characterize the various phases present in cement

pastes.  For 27Al NMR, the coordination environment about Al can be readily

discerned, with chemical shifts occurring between (-10 and 15 ppm) for octahedral

and (50 and 80 ppm) for tetrahedral coordination [6].  Shifts within these ranges are

as much a function of bond length and bond valence as they are related to

polymerisation.  For 29Si NMR, the chemical shift is strongly indicative of the degree

of polymerization and hydration of the silicate phases, since silicon nearly

ubiquitously has tetrahedral coordination.  Paramagnetic nuclei (i.e., Fe, Mn) can

result loss in 29Si, and particularly 27Al signal, if present in significant amounts,

generally greater than ~ 3 wt% [6].

X-ray diffraction is a bulk technique, but specifically provides information only on

the crystalline minerals present in cements, which are a complex mixture of highly

crystalline, poorly crystalline and even amorphous phases.  Generally, poorly

crystalline mineral phases lack long-range order, and therefore high periodicity in

interatomic distances in repeated structural units, and result in broadened

diffraction bands of low intensity [7]. Highly crystalline mineral phases are generally

observed as sharp and intense reflections, whereas amorphous (or X-ray

transparent) materials will be only observed as an increased background underlying

the reflections of the more crystalline phases.
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Infrared is a bulk method that probes all anionic functional groups having vibrating

dipole moments, making it useful as a tool for studying cements.  The interaction of

infrared radiation with material depends in part upon the short range distributions

and symmetry of ligands, and also the bond-valence of the ligand dipole under

study [8]. Particularly useful are the vibrational dipoles of hydroxyl (OH), bound or

H-bonded water (HOH), carbonate (CO3), sulphate (SO4) and silicate (SiO2)

ligands.

Diffuse reflectance Fourier transform infrared (DRiFT IR) spectroscopy enhances

the intensities of many mid IR bands associated with the O-H, C-O and S-O

ligands, with respect to Si-O ligand [9]. DRiFT IR also requires minimal sample

handling and spectral manipulation post collection.

Synchrotron based NEXAFS spectroscopy is another bulk method that, because of

the ability to ‘tune’ the incident X-ray source to energies specific to an element of

interest, can be used to study components containing individual elements. The

processes responsible for NEXAFS spectra are related to the ejection of core

electrons to unoccupied electronic states as well as into ‘continuum states’, the

latter which involve single and multiple scattering events off the first few atomic

shells surrounding the absorber [10]. Thus, NEXAFS spectroscopy contains

information regarding the electronic configuration of the absorbing atom [11] which

is related to the average local chemical and bonding environment (NN and NNN),

but also beyond NNN due to multiple scattering processes in the continuum.  For

the 2p elements (e.g., Al and Si) the K-edge amplitude and position are dependent

on site symmetry, bond angles, inter-atomic distances and NN/NNN identity [12].
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2 Experimental procedure
2.1 Materials
Ordinary Portland cement (OPC) and ground granulated blast furnace slag (GGBFS

or “slag”), conforming with the requirements of Australian Standard AS 3972 [13]

were used as binder materials. The chemical composition and properties of the

binders are presented in Table 1. The OPC used in this study has a low C3A

content of < 5%.

Table 1 Chemical composition and properties of the binders

Constituent/property % OPC Slag

SiO2 19.90 32.5

Al2O3 4.70 13

Fe2O3T 3.38 0.22

MgO 1.30 5.47

CaO 63.93 42.1

Na2O 0.17 0.21

TiO2 0.245 1.08

K2O 0.446 0.25

MnO 0.079 5.47

P2O5 0.063 bd*

SO3 2.54 4.1

LOI 2.97 0.35

Fineness, m2/kg 360 435

Specific gravity 3.15 2.92

*bd: below detection

In this investigation OPC was partially replaced with 35% by weight with slag. The

term water/binder (w/b) ratio is used instead of the water/cement ratio to include

both binder types mentioned above. The w/b ratio used was 0.5.

Cylinder specimens of diameter 50 mm and length 100 mm were investigated. The

specimens consisted of pastes, thus overcoming uncertainties arising from paste-

aggregate differential properties.

Two different mixtures (i.e., replacement 0 and 35% by weight with slag) were

prepared. Water was first added, followed by the binders. The mixing was

conducted in a mechanical mixer of 20 litres of capacity, 80 rpm, for five minutes

each mixture. The specimens were cast using a vibration table for better
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compaction. Specimens were sealed with a plastic sheet and demolded after 24

hours.

Demolding was followed by 28 days curing in lime-saturated water bath at 23ºC.

Following curing, the specimens were oven-dried for 2 days at 60ºC and tested

immediately after by using the different techniques described below.

2.2 Methods
Nuclear Magnetic Resonance (NMR)

Solid-state NMR analysis was performed using a Bruker AM300 instrument

equipped with a Bruker 4 mm solid-state probe operating 59.6 MHz for 29Si and

78.2 MHz for 27Al. The chemical shifts were referenced to external samples of

tetramethylsilane (TMS) for 29Si and aqueous AlOH6 for 27Al. The samples were

analysed neat and all of the spectra were collected using a magic angle spinning

(MAS) speed of 8 KHz. For the single (~90º flip) pulse 27Al NMR experiments a

recycle delay of 2 seconds was used, with a 2.7 sec pulse length and 200 Hz line

broadening. For the single (~30º flip) pulse 29Si NMR experiments a pulse length of

3.5 sec was used, with a delay time of 10 seconds and 100 Hz line broadening.

The NMR data were processed by adopting a base line correction to flatten the

background and normalising to the maximum signal intensity, to enable comparison

across samples. The decompositions were accomplished by employing a

Lorentzian profile for each component using the Equation 1 below. Components

were initially placed using inflections and changes of slope in the spectrum as a

guide to their possible presence and estimates of width (half width at half

maximum), amplitude and centre were initially adjusted manually. All components

were summed across the entire region of interest and the summed components

(together forming the “fit spectrum”) were compared to the original spectrum using

Least Square minimizations. The amplitude, height and width of each component

were iteratively adjusted either independently (i.e., initially) or in combination (as the

fit became “realistic”). Chi Square was calculated as an assessment of quality of fit.

The integrated area of each component was calculated and if any component was

less than 2-3% of the total signal, it was removed and the other components

allowed to compensate. The 27Al NMR data was processed as per above, except

that an additional broad feature had to be added due to increased line broadening
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of the octahedral Al signal. The generalised expression used for Lorentzian

distribution is represented below by Equation 1.

2
1 B

Cx

Ay (1)

Where y is the resulting component magnitude at each x; x is the position in ppm of

the NMR signal; A, B and C are, respectively, the component amplitude, width and

centre.

X- Ray Diffraction (XRD)

Powder X-ray traces were collected on a Phillips 1710 diffractometer modified with

an electronic stepper motor using a Cu Ka radiation source within the range of 2 to

60o  using step size of 0.02o  and a scan rate of 1o  per minute. Random

powdered samples were back-pressed into aluminium sample supports onto frosted

glass slide to minimise any preferred orientation effects. Mineral phases present in

the traces were identified from auto-selected references in the international

crystallographic diffraction database (ICDD) using the program XPLOT (CSIRO).

Infrared Spectroscopy (IR)

Diffuse reflectance IR spectroscopy was conducted using a FTS 3000 MX Excalibur

Series Digilab fitted with a glow bar radiation source, a DTGS detector, dry CO2-

free air purge and an extended KBr beamsplitter. The sample space was

continuously purged with dry nitrogen. As many as 512 acquisitions were co added

at a resolution of 2 cm-1 on powdered specimens mixed (~ 5%) with sodium chloride

(ACS). Each spectrum was referenced to NaCl and converted to Kubelka-Munk

absorbance units for comparison. Assignments of IR active bands present in the

spectra were based on previously published works reported in Table 5.

Near Edge X-Ray Absorption Fine Structure (NEXAFS)

X-ray absorption spectroscopy was performed at the Australian Synchrotron as part

of the commissioning of the “soft X-ray beamline” (14ID-01). Total electron yield

(measured as drain current) Si K near edge X-ray absorption fine structure

(NEXAFS) spectra, in the energy range of ~1840 to ~1890 eV, were collected on

undiluted powdered samples pressed onto carbon tape.  Steps of 0.1 eV and

acquisition times 1 s were used. A minimum of 2 scans were co-added after
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adjusting for instrumental energy drift and compared to reference minerals and from

the survey work of Li et al. [14, 15]. Spectra were processed following typical

procedures [10] by base-line correcting and intensity normalisation.  Energies were

adjusted to match the maximum intensity of the main peak of -SiO2, and intensities

were normalised to a value of 1.0 at 1880 eV.

3 Results and discussion
3.1 Nuclear magnetic resonance (NMR)
29Si NMR

Solid state 29Si magic-angle spinning (MAS) NMR offers an efficient method to

follow the hydration of C3S in a qualitative and semi quantitative way because Si

chemical shifts reflect the degree of condensation of SiO2 tetrahedra [16]. This

gives valuable information related to the formation of the calcium silicate hydrate

(C-S-H) gel.

Interpretation of 29Si NMR spectra provides the local silicate tetrahedral

environment, designated as Qn, where ‘Q’ represents the silicon tetrahedron

bonded to four oxygen atoms and ‘n’ is the connectivity, i.e., the number of other ‘Q’

units attached to the SiO4 tetrahedron under study. An increase in the number of

SiO4 units bonded to each Si centre produces an increase in the average electron

density around the central Si atom, leading to a more negative chemical shift,

relative to tetramethylsilane (TMS), for successively increasing ‘n’ values in Qn [17].

Thus, Q0 denotes the monomeric orthosilicate anion SiO4
4- (nesosilicate) typical of

anhydrous silicate of cement (C3S and C2S), Q1 represents an end group of a chain

of C-S-H, Q2 a middle group of C-S-H chain, and Q3 and Q4 are representative of

points where branching in the silicate structure may occur [18]. Typical values are:

Q0 = -70, Q1 = -80 and Q2 = -88 ppm [17].

Lippmaa et al. [19] pioneered successful application of 29Si NMR in the study of C3S

hydration. Their work reported 6 peaks for pure C3S identified as Q0 ranging from -

69.2 to -73.8 ppm. In addition, after 130 days of hydration, hydrated C3S presented

3 peaks: Q0, Q1 and Q2, respectively at -74, -79.1 and -85.4 ppm. They also noted

that the signals of hydration products are broader than the signals of pure C3S. This

is due to a greater range in inter-atomic distances, and therefore a range in electron
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density about the Si nucleus, of hydration products when compared to that of the

starting material.

Hjorth et al. [16] studied the rate of disappearance and formation of the individual

SiO4 and condensed SiO4 tetrahedra in C3S by 29Si NMR. They reported peaks for

hydrated C3S at: Q0 = -68 to -76 ppm; Q1 = -76 to -82 ppm; Q2 = -82 to -88 ppm and

Q4 = -110 ppm, the latest being related to the addition of highly cross-linked

amorphous silica to the system. They observed that hydration products of OPC

cements had the same chemical shifts as those for the hydration products of

synthetic crystalline C3S. However, doped C3S were found to present different 29Si

NMR spectra [20], giving  broader signals with complex line shape than pure C3S.

A correlation between the degree of C3S hydration and compressive strength was

performed using 29Si NMR [21]. It was found that the silicon spectrum is essentially

a function of the degree of polymerization of the constituent silicate groups.

Therefore, measurements of the relative intensities of Q0 to  Q4 can be used to

monitor the progress of hydration/polymerization. For the OPC in study, the

following peaks were found after hydration: Q0 = -71 ppm (normalised); Q1 = -79

ppm and Q2 = -84 ppm. It was concluded that Si NMR provided excellent correlation

between degree of hydration and compressive strength.

Johansson et al. [22] used 29Si NMR to characterise OPC/silica fume blends. They

reported the following Si NMR peaks: unhydrated Si sites = -69.2, -71.4, -72.0, -

73.5 ppm, Q1 and Q2 = -78.9, -81.5, -84.4, -91 ppm; Q4 = -111 ppm for the silica

fume. They used integrated peak intensity to estimate relative amounts of Q sites in

solid silicates and to quantify the degree of polymerization and connectivities in the

micronet of hydrated cements. C3S was described as a fast reacting component in

cement blends and C2S as reacting slowly with water. Furthermore, their work

reported that the Q1/Q2 ratio decreases with time while the high compressive

strength of cement pastes can be correlated with a high value of Q2/Q1 ratio.  Sun

et al. [23] made similar observations when studying the hydration of pure C3S. It

was reported Q0 = -69 and -73.2 ppm and a sharp peak at -71.2 ppm which they

assigned to ß-C2S. They reported that presence of ß-C2S resulted in persistence of

the unhydrated Q0 peak.
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Schneider et al. [24] affirmed that the extent of incorporation of Al into the C-S-H

can be obtained from the 29Si NMR spectra. Their work found that Al substitutions in

tetrahedral sites are detected only as Q2(1Al) groupings. Silicon vacancies or Al

substitutions can occur at special sites of the chain corresponding to tetrahedral not

linked to calcium atoms, the so-called bridging tetrahedra. It was also reported that

the Q1 resonance corresponded to silicates forming dimmers or located at chain

ends and Q2(1Al) and Q2 resonances should be associated to mid chain locations,

respectively, with and without an Al substituted tetrahedron. Their work reported the

following peaks for activated slags: Q1 = -78 ppm; Q2(1Al) = -81 ppm and Q2 = -84

ppm.

Similar findings were also reported by Wang and Scrivener [25] while analysing

activated slags. They stated that the 29Si chemical shift is affected by the presence

of Al in the first coordination shell and Q2(1Al) is used to denote the Si underlined in

Si-Si-Al-Si-Si groups. According to them, Al substitution for Si is confined to the

bridging tetrahedron. They reported the following peaks for activated slags: Q0 = -

74 ppm for unhydrated slag; Q1 = -78.8 ppm and Q2(1Al) = -81.5 ppm.

Richardson and Groves [26] studied blends of white cement paste (WCP) and slag

and reported that for a 1/1 slag/WPC blend, Q1 = -78.9, Q2 (1Al) = -81.5 and Q2 = -

84.5 ppm. Similar values were also reported for a 9/1 slag/WPC blend: Q1 = -79.9,

Q2 (1Al) = -81.1 and Q2 = - 84.5 ppm. They concluded that Al substitutes for Si only

occurred in the central tetrahedron of pentameric silicate chains. In addition, they

concluded that similar structural models apply to C-S-H gel in a wide range of

hardened cement pastes.

In a later study of WPC, Richardson [27] reported the following chemical shifts for a

hydrated WPC: Q0 = - 71.3 (unreacted belite), Q1 = -79 and Q2  = - 85 ppm. For a

50% WPC/50% slag blend it was reported: unreacted belite = -71.3, unreacted slag

= - 73 ppm (broad peak). There appeared to be 3 hydrate peaks, however it was

stated that more information was needed to deconvolute the spectrum. According to

Richardson [15] such information can be obtained by activating the blends with 5M

KOH solution. He reported the following chemical shifts for a 50% WPC/50% slag +

5M  KOH:  Q1 =  -79,  Q2(1Al)  =  -  82  and  Q2  = - 85 ppm and stated that for the

activated blends the C-S-H is structurally better ordered, resulting in narrow NMR

linewidths and so improved resolution.
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For WPC with fly ash replacement, Richardson [28] again found Al incorporated in

the C-S-H. It was reported the following peaks for the 70% WPC/30 % fly ash

blend: Q1 =  -79.1,  Q2(1Al) = - 81.1 and Q2 = - 84.6 ppm. For WPC with kaolinite,

Skibsted and Hall [29] reported a chemical shift at Q3 = -91.5 ppm, which was

assigned to the kaolinite.

Sun et al. [30] described the C-S-H of slag and fly ash based cements as often high

in Al. They affirmed that tobermorite and C-S-H peak at -81.5 ppm has been well

assigned to Si on Q2 sites with 1 tetrahedral Si NNN and 1 tetrahedral Al NNN (Q2

(1Al)). Its increase in intensity with increasing Al/(Si+Al) ratio and simultaneous loss

of intensity for the Q1 peak indicate that Al enters the tetrahedral chain sites and

that the Al-Si chains become progressively more polymerized with increasing Al/(Si

+ Al). According to Sun et al. [18], structurally it is more likely that Al will enter the

bridging tetrahedra, because Al[4]-O bonds are typically 0.1Å longer than Si-O

bonds, and the larger Al-O tetrahedra have more room to fit into the structure at the

bridging sites.

29Si NMR was also used in the study of anhydrous and hydrated phases in CEM V

cement pastes [31]. A CEM V blended cement paste contains both pulverized fly

ash and blast furnace slag. For this blend the following chemical shifts were found:

C2S = -71.3, C3S = -68.9, -71.7, -73.5 ppm, slag = -75.8 and PFA = -107 ppm = Q4.

In addition, it was reported that generally, a broad resonance peak line is observed

between -73 and 75 ppm depending on the type of slag.

An investigation of the intercalation potential of polyethylene glycol (PEG) with

synthetic and pre-treated C-S-H was conducted using 29Si  NMR  [32].  For  a

synthetic C-S-H the following chemical shifts were reported: Q1 = - 79.3 and Q2 = -

85.2 ppm.

More recently, Si NMR has been applied in the study of the chemical changes and

phase analysis of OPC pastes carbonated at different CO2 concentrations [33]. It

was reported that carbonation induces both loss of Ca and polymerization of the C-

S-H gel with the formation of Ca modified silica gel. The degree of polymerization

increases with the CO2 concentration. For example, OPC paste presented the

following chemical shifts: Q0 = -74.6 (C2S), Q1 = -82.5 and Q2 = -87.8 ppm. Naturally

carbonated pastes presented chemical shifts: Q0 = -74.4, Q1 = -82.7, Q2 = -88.3, Q3
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= -98.3 and Q4 = -112.1 ppm (close to silica gel) while for the 3% CO2 samples a

different scenario was found. The C-S-H gel (Q1 and Q2) is still present but intensity

decreases in comparison with the reference sample, and the polymerization of the

silicates is appreciably higher (Q3 and Q4). The 100% CO2 sample show a complete

decomposition of the C-S-H gel to a silica gel with no unhydrated phase [33].

For the present work, 29Si NMR spectra for OPC and 35% slag paste samples are

presented in Fig. 1. A summary of the chemical shifts observed and the related

assignments are presented in Table 2.

Table 2 Results from decomposition of 29Si NMR spectra of OPC and 35% slag pastes

Sample Centre FWHM* Relative Area Assignment Sums

of

square

Chi

squareppm (relative to TMS) (%)

OPC -70.0 4.97 11.59 Q0

0.0260 0.0938

-71.3 2.49 14.09 Q0

-73.8 4.98 10.89 Q0

-77.4 3.23 5.07 Q1

-79.0 4.12 20.72 Q1

-81.2 4.33 13.22 Q2(1Al)

-84.4 5.57 24.41 Q2

35% Slag -68.8 7.15 10.85 Q0

0.0199 0.0815

-71.1 2.80 12.72 Q0

-73.9 4.35 6.53 Q0

-76.5 5.04 11.22 Q1

-79.1 4.69 24.87 Q1

-81.5 4.78 15.70 Q2(1Al)

-84.5 4.95 18.11 Q2

*Full width at half maximum
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Fig. 1 Single pulse 29Si NMR spectra of OPC and 35% slag pastes. Results of best least-squares fit

decomposition are also displayed
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For the OPC samples, 6 chemical shifts are observed and related assignments are

presented in Table 2 and Fig. 1. Peaks related to Q0 are observed at -70.0, -71.3, -

73.8 ppm in accordance with previous works [16, 22, 31], with the sharp peak at -

71.3 ppm relating to belite/larnite (C2S) [18, 22, 27]. Peaks related to Q1 are

observed at -77.4 and -79.0 ppm [16, 24-28, 32] and those related to Q2(1Al) at -

81.2 ppm and Q2 at -84.4 ppm [16, 21, 22, 24, 26-28, 32]. As previously discussed

in this section, the chemical shift Q2(1Al) at -81.2 ppm relates to the Al substitution

for Si confined to the bridging tetrahedron [24-28].

Similarly, the 35% slag samples also presented 6 chemical shifts and related

assignments are also presented in Table 2 and Fig. 1. The Q0 chemical shifts at -

68.8, -71.1, -73.9 ppm are in accordance with previous works [16, 22, 31] with the

chemical shift at -73.9 ppm relating to unreacted slag [26, 27] and the sharp peak at

at -71.1 ppm relating to belite/larnite (C2S) [18, 22, 27]. The peaks for Q1 are

located at -76.5 and -79.1 ppm [16, 24-28, 32] and for Q2(1Al) at -81.5 ppm and Q2

at -84.5 ppm [16, 21, 22, 24, 26-28, 32]. As for the OPC paste, the chemical shift

Q2(1Al) at -81.5 ppm relates to the Al substitution for Si confined to the bridging

tetrahedron [24-28].

In summary, although minor differences are present as described above, no major

differences are observed between the silicate phases of OPC and OPC partially

replaced by slag (35%).

27Al NMR

Solid state 27Al magic-angle spinning (MAS) NMR has been useful in characterizing

calcium aluminates and aluminate hydrates (ettringite and monosulphate hydrate),

which are of importance in the chemistry of cements [34]. Generally, 27Al MAS NMR

has been concerned with the distinction between tetrahedrally (Al(4)) and

octahedrally (Al(6)) coordinated aluminium, using the distinct chemical shift

difference of about 60 ppm for these two coordination environments [34]. Al(4) is

generally observed between 50 and 80 ppm, while Al(6) normally resonates

between -20 and 20 ppm [35]. However, 27Al MAS NMR spectroscopy has the

disadvantage that spectra can be difficult to interpret, as 27Al  can  be affected by

quadrupolar interactions leading to a field-dependent shift in resonance position as

well as an asymmetric broadening of the peaks [35].
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Skibsted et al. [34] observed that hydration of C3A calcium aluminate phases in

OPC cements initially produces the sulphate containing phase ettringite, which

slowly converts to the thermodynamically stable monosulphate. They reported the

following chemical shifts for the spectrum of OPC hydrated for 1 day: narrow

resonance at 13 ppm assigned as ettringite and weak shoulder at 5 ppm assigned

to minor amounts of monosulphate hydrate and/or C4AH13. A broad centred

resonance from 80 to 40 ppm was assigned as unhydrated material [34]. After 28

days of hydration the following chemical shifts were assigned as: 13 ppm =

ettringite, 9 ppm = monosulphate and 7 ppm = C4AH13 [34]. In the absence of the

calcium sulphate in Portland cement, C3A can react with CaOH2 and water to form

the hydrate C4AH13. This reaction may occur in Portland cements with a low

SO3/Al2O3 ratio, where the small amount of SO3 is consumed during the initial

formation of ettringite [34].

Hanna et al. [35] studied the hydration product of OPC in the presence of heavy

metal containing stabilized waste. Their work reported one narrow chemical shift at

13.2 ppm and a broader signal at 8.5 ppm. Comparing those with the values

obtained for pure aluminate hydrate (ettringite = -13.1 and monosulphate = -11.8

ppm) their work concluded that the peak at 13.2 ppm represented ettringite while

the peak at 8.5 ppm related to the monosulphate hydrate [35].

Schneider et al. [24]  used a cross-polarization (CP) technique in combination with

magic-angle spinning (MAS) in the study of activated slags. Cross polarization is

less efficient for Al(4) than Al(6) atoms, indicative of a low number of attached OH

groups in Al(4).  For pure slag a broad resonance peak centred at 64.1 ppm was

reported, indicating Al was located only in tetrahedral sites. For hydrated pastes two

chemical shifts were reported at 3.5 and 8.5 ppm, which they assigned as hydrated

phases (hydrogarnet), possibly 2 different phases identified as C3AH6 and  CAH10

using XRD [24]. It was also reported a chemical shift at 12 ppm assigned as

ettringite. For the tetrahedral sites two peaks were observed: 66 and 72 ppm, with

the 72 ppm being sharper and more resolved. For this reason the peak at 72 ppm

was assigned to Al in the C-S-H chains [24].

Studying the incorporation of aluminium in the C-S-H of white Portland cements

(WPC), Andersen et al. [36] observed 3 chemical shifts in the WPC 27Al NMR

spectrum: 13, 9.8 and 5 ppm. The first chemical shift was assigned to ettringite and
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the peak at 9.8 ppm was assigned to monosulphate. The chemical shift at 5 ppm

was denominated as a third aluminate phase which was not present in earlier

studies of OPC [36]. In the tetrahedral region the Al substitution in the C-S-H

reported at 69.5 ppm (14.09T) and 72.3 ppm (21.15T) [36].

Murgier et al. [37] studied slag activated with OPC and reported the following

chemical shifts: 12 ppm (ettringite), 9 ppm (monosulphate), 3.5 ppm (non-assigned)

and 71 ppm (Al substitution in C-S-H).

In 2006, Andersen et al. [38] characterized the third aluminate phase reported in

2003 [36]. The new aluminate phase reported for WPC is denoted as TAH.

According to Andersen et al. [38] TAH has a chemical shift of 5 ppm. 27Al NMR

recorded at different magnetic fields have demonstrated that TAH is an amorphous

or disordered species. It was also reported that the quantity of TAH increases with

the hydration time and it is most likely formed at the expense of ettringite and Al3+

incorporated in alite and belite. TAH does not contain sulphate ions and an increase

in sulphate content reduces TAH formation [38]. In addition, TAH has been

detected in C-S-H phases when Ca/Si ratio is above 0.83. It was concluded that

TAH is an amorphous  aluminium hydroxide or a poorly disordered calcium

aluminate hydrate [38].

Brunet et al. [31] concluded that the range for chemical shifts for tetrahedral

aluminosilicates is generally around 70-85 ppm, which would according to them

correspond to the structure of blast furnace slag (BFS).

For the present work, the 27Al NMR spectra for OPC and 35% slag pastes are

presented in Fig. 2. A summary of the chemical shifts observed and the related

assignments are presented in Table 3. For the OPC paste two Al(4) and three Al(6)

sites are observed. The Al(4) sites are located at 69.8 and 58.7 ppm. According to

the previous works described above [24, 36, 37], the chemical shift at 69.8 ppm is

attributed to Al substitution within a C-S-H phase, also observed in the 29Si NMR

results presented in the previous section. The Al(4) site located at 58.7 ppm is likely

to refer to unhydrated material [24, 34]. The Al(6) sites in OPC have the following

chemical shifts: 14.6, 9.6 and 5.0 ppm. The first two chemical shifts are in

accordance with the resonance peaks reported in the literature for, respectively,

ettringite and monosulphate hydrate [34-37]. The chemical shift reported at 5.0 ppm
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can be possibly assigned to the previously reported chemical shifts for TAH (5 ppm)

[36, 38] or C4AH13 (7 ppm) [34]. However, the 27Al NMR spectrum does not enable

a definite assignment of this particular feature. XRD tests conducted in OPC pastes

are discussed further in an attempt to determine which hydrate phase this peak

may represent. Furthermore, the very broad fitted feature with a chemical shift at -

7.9 ppm may be due to quadrupolar broadening of the Al(6) signal.

Fig. 2 Single pulse 27Al NMR spectra of OPC and 35% slag pastes. Results of best least-squares fit

decompositions are also displayed
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Table 3 Results from decomposition of 27Al NMR spectra of OPC and 35% slag pastes

Sample

Centre FWHM* Relative Area

(%) Assignment

Sums

of

square

Chi

squareppm (relative to Al(OH)6 (aq))

OPC 69.8 14.06 3.53 Al4

0.0446 0.686

58.7 17.75 4.04 Al4

14.6 7.00 21.62 Al6

9.6 8.95 23.27 Al6

5.0 13.35 33.88 Al6

-7.9 38.80 13.66 Quadrupolar

35% Slag 66.1 11.03 3.20 Al4

0.0103 5.34

53.9 19.75 5.42 Al4

8.1 11.78 58.98 Al6

3.4 12.90 24.82 Al6

-8.8 26.11 7.57 Quadrupolar

*Full width at half maximum

For the 35% slag paste, two Al(4) sites and two Al(6) sites are observed. The Al(4)

sites are located at 66.1 and 53.9 ppm. As per the OPC paste, the chemical shift at

66.1 ppm is attributed to Al substitution within a C-S-H phase [24, 36, 37]. This was

also observed in the 29Si NMR results presented in the previous section. The

chemical shift at 53.9 ppm is possibly an unhydrated material [24, 34], due to slag

addition to the system. The Al(6) sites observed have chemical shifts at 8.1 and 3.4

ppm. The chemical shift at 8.1 ppm is in accordance with the resonance peak

reported in the literature for monosulphate hydrate [34-37].  Murgier et al. [37]

reported but was unable to assign a peak having a chemical shift at 3.5 ppm,

whereas Schneider et al. [24] assigned a chemical shift at 3.5 ppm as a

hydrogarnet CAH10 phase based on XRD results. XRD tests were performed in

35% slag pastes and are discussed further to confirm whether the 3.4 ppm

chemical shift can be assigned to CAH10. The broad fitted feature with a chemical

shift at -8.8 ppm may be due to quadrupolar broadening, however this feature is

less obvious than the one observed in the OPC pastes.

In summary, the major differences between the OPC and the 35% slag pastes were

in the number and position of the Al(6) sites. In the OPC paste, three Al(6)

environments were identified, positioned at 14.6 (ettringite), 9.6 (monosulphate) and

5.0 ppm (not yet assigned).  The 5.0 ppm peak represented nearly 30% of the total

signal.  For the 35% slag paste, only two Al(6) sites were observed,  8.1 ppm
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(monosulphate hydrate) contributing to nearly 60% of the total signal and 3.4 ppm

(not yet assigned). It is important to state that no ettringite was observed when OPC

was partially replaced with slag, i.e., for 35% slag pastes.

X-ray diffraction (XRD)

X-ray diffraction (XRD) is used to identify the polycrystalline phases of cement and

hardened cement paste through the recognition of the X-ray patterns for each of the

crystalline phases [39]. Therefore, XRD is a useful tool to detect crystalline hydrates

such as ettringite, monosulphate hydrate, portlandite (CaOH2), calcium carbonate,

and calcium silicate hydrate, as well as the various calcium silicate, calcium

aluminate and aluminosilicate phases possibly present. In 1976, Breval [40] used X-

ray studies to investigate C3A hydration and identified the stable cubic C3AH6 as the

main product.

XRD has also been utilized to complement other techniques. As described in the

previous section, Schneider et al. [24] used XRD experiment to identify non-

assigned peaks observed in 27 Al NMR spectra as CAH10 and C3AH6.

The present work characterizes OPC and 35% slag pastes using XRD, aiming to

identify the crystalline phases present in each of these pastes. In addition, an

attempt is made to identify the unassigned hydrates detected by 27Al  NMR.  The

XRD spectra obtained for OPC and 35% slag pastes are presented in Fig. 3. The

phases identified by XRD are summarized in Table 4. The related references to

each phase are also presented in Table 4 .

Both blends presented unhydrated starting materials as larnite, C3A and also the

hydrated phase C-S-H.  The main phases observed for OPC paste (Table 4 and

Fig. 3) are: CaOH2, calcite (CaCO3) and ettringite. For 35% slag pastes similar

phases were found, however CaOH2 and calcite were present in less quantity and

ettringite was not detected. The absence of ettringite in the 35% slag paste XRD

spectrum is in accordance with the 27Al NMR results. In contrast, 35% slag pastes

presented monosulphate hydrate, which is absent in the OPC pastes XRD

spectrum.
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Fig. 3 X-ray traces of OPC (a) and 35% slag (b) pastes. 1. Calcite (CaCO3); 2. Portlandite (CaOH2); 3.

Ettringite; 4. Brownmillerite; 5. C-S-H (calcium silicate hydrate); 6. Larnite (C2S); 7. Hydrogarnet; 8.

C3A; 9. Monosulphate hydrate; 10. CAH10; 11. C3AH6; 12. C4AHx

With regards to the CAH10 detected in the 35% slag samples, Schneider et al. [24]

having observed this phase on their XRD spectra, have assigned this to the phase

not identified by 27Al NMR with chemical shift at 3.5 ppm. In the present study, a

similar peak at 3.4 ppm was detected reported in the 27Al NMR and has not yet

been assigned. However, it is not believed that CAH10 is the phase fully responsible

for the non-assigned chemical shift at 3.4 ppm (Fig. 2). The reason being that the

chemical shift observed at 3.4 ppm (Fig. 2) corresponds to nearly 25% of the total

signal in the 27Al NMR, but only very weak signals are observed for CAH10 in the

present XRD spectrum (Fig. 3). Due to the low presence of aluminate phases in the

XRD spectrum is it believed that the phase in question cannot be attributed to a

highly crystalline phase, but instead to a very disordered or amorphous constituent

of the cement paste.
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Table 4 Mineral phases present in OPC and 35% slag cement pastes. Only the most intense peaks

are listed

Mineral Phase OPC 35% Slag º2 (Cu K ) Reference

CaOH2 (Portlandite) Major Major

18.1

[18, 33, 41,
42]

29
34.1
47.2
51

54.5

CaCO3 (Calcite) Major Minor

23

[18, 33, 43]
29.3
39.4
43.2
48.6

Monosulphate hydrate Nil Minor
9.9

[41]31.1
55.1

Brownmillerite Minor Nil
12.2

[18]32.1
33.9

C-S-H (Calcium
silicate hydrate) Minor Minor

29.6
[24]32.2

50.1

AFt (Ettringite) Minor Nil

9.1

[18, 33, 41,
42]

15.8

23
32.4

Larnite (C2S) Trace Trace

32.2
 32.6
34.3 [18]
39.5

41.2

CAH10 Nil Trace 7 [24]

C3AH6 Trace Nil

11.6

[24, 44]23.6

39.3

Hydrogarnet Trace Nil
17.5

[41]
18.9

C3A Trace Trace
33.0

[43]
33.3

C4AHX Trace Trace

11.5

[42]

22
23

29.3
31
36

*Estimated composition. Major > 40%; Minor 5 - 40%; Trace < 5%; Nil not observed.
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For the OPC paste, the non-assigned 5.0 ppm peak in the 27Al NMR (Fig. 2) is also

probably not related to a crystalline phase. For the same reason as explained

above, the 5.0 ppm chemical shift is strong, corresponding to nearly 30% of the

total signal. As for the 35% slag sample, no crystalline aluminate phase is observed

with an intensity in the XRD spectrum suggestive of this phase. Therefore, the 27Al

chemical shift at 5.0 ppm probably represents a very poorly crystalline or even

amorphous aluminate phase, and not the crystalline C4AH13 reported previously for

OPC [34]. It is more likely that the 5.0 ppm peak relates to the amorphous TAH

reported in previous works [36, 38].

In addition to the differences in mineral phases discussed above, the trace for the

35% slag sample is noisier and also has an elevated background in the range 20-

40 o , indicative of a greater amount of amorphous, disordered materials.

Infrared Spectroscopy (IR)

Infrared spectroscopy (IR) is used in the areas of determination of molecular

structure, identification of chemical species, quantitative/qualitative determination of

chemical species [45]. Vibrational frequencies measured by IR can provide valuable

information regarding the silicate, sulphate, and carbonate phases [35].

In 1968, Bensted and Prakash [46] studied calcium sulphate using IR. Their work

reported SO4 frequencies in the range of 1004 to 1120 cm-1. In 1971, when studying

ettringite and its derivatives, Bensted and Varma  [47] determined three types of IR

absorption bands in the region between 650 and 4000 cm-1: stretching bands of

sulphate, stretching and bending bands of water and/or hydroxyl and stretching

bands of metal-hydroxyl pairs.

Bensted and Varma [48] also investigate the aluminate phase monosulphate

hydrate using IR. Their work described the hydration reaction of the cement starting

material C3A. It was reported that gypsum tends to inhibit the formation of

hexagonal plate calcium aluminate hydrates C3AH6 and  C4AH13, resulting in

ettringite as the primary hydration product [48]. Ettringite is a high sulphate form of

calcium sulphoaluminate and will remain in the C3A paste until all the added

gypsum has been consumed. Subsequent hydration of C3A leads to the

decomposition of the hexagonal prism phase of ettringite. A hexagonal plate of

monosulphate, the low sulphate form of calcium sulphoaluminate is then formed.
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Although both monosulphate and ettringite contain sulphate, aluminate and water

groups, there are major differences regarding the shapes and positions of their IR

bands [48], thus IR is a useful tool to characterize those hydrates in the cement

pastes.

For the present work, IR spectra of OPC and 35% slag are presented in Fig. 4. The

assignments for the main bands as well as their references from previous published

works are summarized in Table 5.

Fig. 4 FTIR spectra of OPC and 35% slag pastes. Spectra have been normalised to the OH bands

near 3670 cm-1 to better display differences
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Table 5 Assignments of major bands observed in the FTIR spectra of OPC and 35% slag pastes

Bands wave number (cm-1)

Assignment Reference
OPC 35% Slag

3672 3672 M-OH stretch [8, 47, 49-51]

3666 3665 M-OH stretch [8, 47, 49-51]

3654 3654 M-OH stretch [8, 47, 49-51]

3644 3644 CaOH2 OH stretch [35, 52-54]

3616 3616 HOH stretch [8, 47, 49-51]

3580 3580 OH stretch [8, 47, 49-51]

3535 3535 OH stretch [8, 47, 49-51]

2970 2966 Bound water HOH stretch [8]

2954 2952 Bound water HOH stretch [8]

2508 2506 Carbonate CO stretch [55, 56]

1880 1880 Bound water HOH bend [8]

1792 1792 CO2 CO stretch [55, 56]

1730 1730 Bound water HOH bend [8]

1680 1660 Bound water HOH bend [8, 35, 47, 50, 51]

1470 1472 Carbonate CO stretch [35, 55-57]

1427 1415 Carbonate CO stretch [50-56]

1367 1363 Carbonate CO stretch [55, 56]

1130 1130 Sulphate SO stretch [47-49, 51, 58, 59]

998 1002
Silicate SiO stretch /

Sulphate SO stretch
[8, 35, 46, 49, 50, 54, 59, 60]

968 963 Silicate SiO stretch [8, 35, 49, 50, 54, 61]

874 873
Sulphate SO stretch /

Carbonate CO bend
[35, 50, 51, 54, 55, 57, 59-61]

710 - Carbonate CO bend [54, 57]

Five main bands have been identified for both the OPC and 35% slag spectra. In

Fig. 4, starting from the left, the sharp peak at approximately 3644 cm-1 relates to

CaOH2. This is in accordance with previous studies as referenced in Table 5. The

lower intensity bands near 3670 and 3530 cm-1 relate to M-O-H stretching of

structural hydroxyl associated with other hydrous mineral phases. The broad peak

centred near 2900 cm-1 relates to the O-H stretch of strongly polarised H-bonded

waters associated with cementitious minerals. The peaks near 1450 cm-1 are due to

C-O stretch of CaCO3, and the peak near 977 cm-1 is referent to the Si-O stretch

mainly representing the C-S-H gel and other silicate phases (e.g. larnite) of the

cement paste. A band for S-O stretch occurs near 1130 cm-1 and is partially

covered by the Si-O stretch. All related references are described in Table 5.
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Large differences are observed in the IR spectra of the OPC and the 35% slag

pastes (Fig. 4).  In general, the O-H (CaOH2), HOH, carbonate, silicate and possibly

sulphate bands are all more intense in the OPC sample relative to the 35% slag

sample. The OPC peaks for CaOH2 and bound water are twice as intense than the

peaks observed for 35% slag. This is in accordance with the present XRD findings

and previous works by the authors [1, 5].  The carbonate and sulphate bands are

nearly three times more intense in OPC pastes than in the 35% slag pastes. This is

also in accordance with XRD results for calcite in OPC as a major phase. In

addition, the OPC paste contained CO2, which was not observed in the 35% slag

sample.

The sulphate SO stretch band at approximately 1130 cm-1 is of interest as it can

provide information regarding the sulphoaluminate phase in both OPC and 35%

slag samples. As discussed earlier, both ettringite (the high sulphate form of

calcium sulphoaluminate) and monosulphate (the low sulphate form of calcium

sulphoaluminate) contain sulphate, aluminate and water groups, however there are

major differences regarding the shapes and positions of their IR wavebands [48].

Ettringite is reported to have a singlet centred at 1120 cm-1 while monosulphate is

expected to have doublet centred on 1100 and 1170 cm-1 [47-49]. Corresponding to

these differences, there are also differences in the bound water HOH bending

bands at approximately 1650 cm-1 and also in the HOH stretching bands of water

above 3000 cm-1 [49]. In the present work it is not possible to determine (Fig. 4)

whether the S-O stretch band is a singlet (ettringite) or a doublet (monosulphate).

Bensted and Varma [49] reported that after one day ettringite had already started

converting to monosulphate while C-S-H was also been formed. In fact after seven

days there was so much C-S-H present that the monosulphate bands in the region

1100 cm-1 were being encompassed by the C-S-H band centred on 970 cm-1 [49].

Likewise, in the spectra presented in Fig. 4 the silicate Si stretch at 968 and 963

cm-1 (for OPC and 35% slag, respectively) is encompassing the sulphate band, thus

not enabling precise determination of the phase in question using this band.

However, as indicated by Bensted and Varma [49], the differences between

ettringite and monosulphate bound water HOH bending bands at approximately

1650 cm-1 and OH stretching bands of water above 3000 cm-1 might provide useful

information in the determination of ettringite and monosulphate phases. Their work
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reported OH stretching bands at 3500, 3540, 3675 cm-1 for monosulphate. For

ettringite, OH stretching bands at 3420 and 3635 cm-1 [49]. In Fig. 4 it is possible to

observe a low-intensity OH stretching band centred at approximately 3666 cm-1

(expanded and represented by *) in the 35% slag spectrum (this occurs as a weak

shoulder in the OPC spectrum). This possibly indicates the presence of

monosulphate OH stretching water, suggesting that the encompassed sulphate

band at 1130 cm-1 might be a monosulphate band. As discussed in the previous

sections, monosulphate hydrate was present in both OPC and 35% slag pastes

according to 27Al NMR. In addition, XRD detected the presence of monosulphate

hydrate in the 35% slag pastes while no ettringite was detected in these pastes by

either 27Al NMR or XRD.

Si NEXAFS

Few studies have been conducted on minerals using Si NEXAFS spectroscopy.  Li

et al. [15] reported the main Si NEXAFS peak positions with a limited number of

corresponding 29Si NMR chemical shifts for a variety of Qn silicates. It is unlikely

that the OPC or 35% slag pastes contain any of the silicates listed in their exact

chemical makeup.  However, in general, the main peak in the Si NEXAFS spectrum

shifts to higher energy with increasing degree of polymerisation.

The Si K-edge NEXAFS spectra of OPC and 35% slag pastes are dominated by

peaks at ~ 1847 eV, 1849 eV and 1863 eV (Fig. 5).  The first two are single electron

1s *Si-O transitions of silicate [14, 15]. The latter band is due to a broad *Si-O

continuum resonance [14] and is probably made up of several overlapping *

(antibonding) orbitals due to differences in inter-atomic distances. The broad

feature near 1855 eV is probably due to Si-O-O-Si multiple scattering (m.s.) [14].
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Fig. 5 Si NEXAFS spectra of OPC and 35% slag pastes
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Table 6 Results of Si NEXAFS spectra of OPC and 35% slag pastes. Transitions assignments are

also indicated

Sample Centre eV (relative to SiO2) Assignment

OPC and 35% slag

1847.0 Q0 1s *Si-O

1849.0 Q0 1s *Si-O

1855.0 m.s.*

1863.0 Q0
Si-O res

*Multiple scattering

According to Li et al. [15] while the degree of silicate polymerisation in general

corresponds to a shift to a higher energy, hydrated phases tend to have a relatively

constant maximum energy, regardless of the degree of polymerisation. Table 6

shows that both OPC and 35% slag NEXAFS spectra present 3 major peaks, all

related to Q0 [15]. The spectra do not allow differentiation of any possible

contribution of Q1 and Q2 units in the material.

As shown in Fig. 5, no significant differences are observed between OPC and 35%

slag. Therefore, only minor differences between the Q0 resonances of these pastes

are likely to be present. This confirms the 29Si NMR results reported in this study.

Further interpretation of the Si NEXAFS spectra at present is confounded by

multiple factors affecting the X-ray absorption process. Without available reference

spectra, Si NEXAFS technique is unlikely to provide more details on the similarities

and/or differences between OPC and OPC/slag pastes.
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4 Conclusions

The present work investigated the fundamental similarities and/or differences

between OPC and OPC/slag paste hydrates. The use of the following techniques
29Si NMR, 27Al NMR, XRD, IR and NEXAFS enabled the following conclusions:

1. 29Si NMR spectra showed that there are no major differences between the

silicate phases of OPC pastes and 35% slag pastes. Both pastes presented 3

chemical shifts assigned as Q0, 2 chemical shifts assigned as Q1 and 1 chemical

shift assigned as Q2. In addition, both OPC and 35% slag pastes presented Q2(1Al)

chemical shifts related to the Al substitution for Si confined to the bridging

tetrahedron.

2. 27Al NMR spectra detected 3 octahedral and 2 tetrahedral sites for OPC. The

following phases were assigned for the octahedral sites: ettringite, monosulphate

hydrate and a non-assigned peak at 5.0 ppm (33% of the total signal). For the 35%

slag paste, 2 octahedral and 2 tetrahedral sites were observed and the following

assignments were made for the octahedral sites: monosulphate hydrate and a non-

assigned peak at 3.4 ppm (25% of the signal). Thus, the main difference between

OPC and 35% paste is the presence of ettringite in OPC pastes only. For the

tetrahedral sites, Al substitutions in the C-S-H were detected for both OPC and 35%

slag pastes confirming suitability of 27Al NMR in detecting those substitutions.

3. XRD spectra showed 3 main phases for OPC: CaOH2, calcite and ettringite. For

35% slag no ettringite was detected confirming the 27Al NMR results. The very low

peak intensities for the aluminate phases in the XRD spectra indicate that the non-

assigned chemical shifts observed in the 27Al NMR are possibly not crystalline

phases as CAH10 or  C4AH13. It is more likely that the 27Al NMR 5.0 and 3.4 ppm

chemical shifts (found for OPC and 35% slag, respectively) relate to an amorphous,

disordered phase. These phases are probably similar to the phase previously

reported TAH [36, 38].

4. IR spectra confirmed previous reports [1, 5] that OPC presents more CaOH2 than

35% slag pastes. It was also observed that OPC carbonate bands were three times

more intense than the 35% slag bands. The knowledge of the sulphate SO stretch
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and water bands for ettringite and monosulphate indicated that it is likely that these

bands refer to monosulphate hydrate, especially for the 35% slag pastes.  This in

accordance with the 27Al NMR and XRD results confirming that only monosulphate

hydrate is present in 35% slag pastes.

5. Si NEXAFS results showed that there are no major differences between the Q0

resonances of OPC and 35% slag pastes, confirming the 29Si NMR results. Si

NEXAFS technique was limited in providing detailed information on the similarities

and/or differences between OPC and OPC/slag pastes due to the lack of available

reference spectra. Therefore, future work is recommended in this area.
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7.1 Overview

Chapter 6 investigated the fundamental similarities and/or differences between

ordinary Portland cement (OPC) and OPC/slag paste hydrates at room

temperature, forming the basis to assist in the identification of changes in the paste

hydrates after exposure to elevated temperatures. The present Chapter 7 aims to

identify these changes in OPC and OPC/slag paste hydrates.

This chapter is based on the publication of the same name as the chapter title

submitted to Cement and Concrete Research Journal in July 2010. The effects of

elevated temperatures on the silicate and aluminate phases of OPC and OPC/slag

pastes are investigated by the following techniques: silicon and aluminium nuclear

magnetic resonance (29Si NMR and 27Al NMR), X-ray diffraction (XRD), infrared (IR)

and synchrotron Si K-edge near edge X-ray absorption fine structure (NEXAFS)

spectroscopy.
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Abstract
The present work investigates the contributions of paste hydrates such as C-S-H,

ettringite and monosulphate, to the deterioration of the mechanical properties of

OPC (ordinary Portland cement) and OPC/slag pastes after exposure to elevated

temperatures. OPC/slag paste is compared because it does not deteriorate to the

same extent as OPC paste. The study used five techniques, namely, 29Si and 27Al

nuclear magnetic resonance (NMR), X- Ray Diffraction (XRD), Infrared

Spectroscopy (IR) and Near Edge X-Ray Absorption Fine Structure (NEXAFS). The

use of five different techniques was intended to minimise the uncertainties and

limitations of any one technique. The tests results revealed that, after 800ºC, OPC

paste presented total loss of the C-S-H gel while the OPC/slag paste still presented

some polymerized material. In addition, after 800ºC, the aluminate phase of OPC

experienced rehydration while this was not observed for the OPC/slag paste.

Keywords: B. Hydration products; D. Cement paste; A. Elevated temperatures; C.

Mechanical properties; B. Spectroscopy
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1 Introduction

The fire resistance of concrete has been the focus of researchers since 1922 [1].

When concrete is exposed to elevated temperatures, as in a fire event, physical

and chemical transformations take place resulting in deterioration of its mechanical

properties.

Above 400ºC, one of the main hydrates of the OPC cement paste, calcium

hydroxide (CaOH2) dehydrates into calcium oxide (CaO) causing the OPC paste to

shrink and crack [1-3]. After cooling and in the presence of air moisture, CaO

rehydrates into CaOH2 causing expansion, total strength loss and complete

disintegration of the OPC paste [3-5].

Previous studies reported that the dehydration of CaOH2 and rehydration of CaO

caused no significant deterioration in pastes where OPC was partially replaced with

slag [3, 4, 6]. Ground granulated blast furnace slag (GGBFS or ‘slag’) is a by-

product of the iron and steel industries. Following grinding and blending with OPC

the granulated, ground slag is cementitious. During hydration slag consumes most

of the available CaOH2 [7], consequently reducing or even eliminating the negative

effects caused by the CaOH2 dehydration and CaO rehydration when the cement

paste is submitted to elevated temperatures.

On the other hand, very little research has been conducted in order to determine

the contribution, if any, of the other cement paste hydrates to the deterioration of

mechanical properties after exposure to elevated temperatures. Once the OPC

paste hydration is complete, four main hydrates are formed: calcium silicate hydrate

(C-S-H gel), CaOH2, ettringite and monosulphate hydrate. Partial replacement of

OPC with slag leads to similar paste hydrates [8, 9], although as described above,

the CaOH2 amount is expected to be lower [7, 9].

Furthermore, deeper understanding of the performance of cement based materials

requires knowledge at the microstructural level [10].  Therefore, it is of importance

to identify the contributions, if any, of the other paste hydrates to the deterioration of

the mechanical properties after exposure to elevated temperatures.
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Some studies have attempted to characterize OPC hydrates after exposure to

elevated temperatures and will be discussed here. In contrast, there is no such data

for pastes where OPC has been partially replaced with slag. Thus, the present work

investigates OPC and OPC/slag paste hydrates after exposure to elevated

temperatures. In this investigation the following techniques are used: 1. Silicon

nuclear magnetic resonance (29Si NMR); 2. Aluminium nuclear magnetic resonance

(27Al NMR); 3. X-ray diffraction (XRD); 4. Infrared spectroscopy (IR) and 5.

Synchrotron Si K-edge near edge X-ray absorption fine structure (NEXAFS)

spectroscopy. The use of five different techniques was intended to minimise the

uncertainties and limitations of any one technique, and to allow more

comprehensive and accurate conclusions to be drawn.

2 Materials and Methods
2.1 Materials
Ordinary Portland cement (OPC) and ground granulated blast furnace slag (GGBFS

or “slag”), conforming with the requirements of Australian Standard AS 3972 [11]

were used as binder materials. The chemical composition and properties of the

binders are presented in Table 1. The OPC used in this study has a low C3A

content of < 5%.

Table 1 Chemical composition and properties of the binders

Constituent/property % OPC Slag

SiO2 19.90 32.5

Al2O3 4.70 13

Fe2O3T 3.38 0.22

MgO 1.30 5.47

CaO 63.93 42.1

Na2O 0.17 0.21

TiO2 0.245 1.08

K2O 0.446 0.25

MnO 0.079 5.47

P2O5 0.063 bd*

SO3 2.54 4.1

LOI 2.97 0.35

Fineness, m2/kg 360 435

Specific gravity 3.15 2.92

*bd: below detection
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In this investigation OPC was partially replaced with 35% by weight with slag. The

term water/binder (w/b) ratio is used instead of the water/cement ratio to include

both binder types mentioned above. The w/b ratio used was 0.5.

Cylinder specimens of diameter 50 mm and length 100 mm were investigated. The

specimens consisted of pastes.

The two different mixtures (i.e., replacement 0 and 35% by weight with slag) were

prepared by adding water followed by the binders. Each mixture was prepared in a

mechanical mixer of 20 litres of capacity, 80 rpm, for five minutes. The specimens

were cast using a vibration table for better compaction. Specimens were sealed

with a plastic sheet and demolded after 24 hours. Demolding was followed by 28

days curing in lime-saturated water bath at 23ºC.

2.2 Methods
Heat treatment

Before exposure to high temperatures, the specimens were oven-dried for 2 days at

60ºC. Following drying, heat treatment was conducted in a Tetlow furnace. The

heat treatment was as follows: constant heating rate of 6.25ºC/min until 50ºC below

the desired temperature, then 1 hour until the desired temperature was reached,

followed by 1 hour at the desired temperature. For example, at 800ºC heat

treatment, constant heating rate of 6.25ºC/min until 750ºC, then 1 hour between

750-800ºC, and finally 1 hour in 800ºC.

Three different temperatures were applied: 400, 500 or 800ºC. Following heating

the specimens were allowed to cool down inside the furnace until room temperature

was reached. After cooling, the heat treated OPC and 35% slag pastes were

investigated using solid-state NMR analysis, X-ray diffraction, Infrared and Si

NEXAFS spectroscopy. The reference specimens (not heat treated) were tested

immediately after drying to avoid further hydration. The heat treated specimens

were investigated immediately after cooling to avoid rehydration.
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Nuclear Magnetic Resonance (NMR)

Solid-state NMR analysis was performed using a Bruker AM300 instrument

equipped with a Bruker 4 mm solid-state probe operating 59.6 MHz for 29Si and

78.2 MHz for 27Al. The chemical shifts were referenced to external samples of

tetramethylsilane (TMS) for 29Si and aqueous AlOH6 for 27Al. The samples were

analysed neat and all of the spectra were collected using a magic angle spinning

(MAS) speed of 8 KHz. For the single (~90º flip) pulse 27Al NMR experiments a

recycle delay of 2 seconds was used, with a 2.7 sec pulse length and 200 Hz line

broadening. For the single (~30º flip) pulse 29Si NMR experiments a pulse length of

3.5 sec was used, with a delay time of 10 seconds and 100 Hz line broadening.

The NMR data were processed by adopting a base line correction to flatten the

background and normalising to the maximum signal intensity, to enable comparison

across samples. The decompositions were accomplished by employing a

Lorentzian profile for each component using the Equation 1 below. Components

were initially placed using inflections and changes of slope in the spectrum as a

guide to their possible presence and estimates of width (half width at half

maximum), amplitude and centre were initially adjusted manually. All components

were summed across the entire region of interest and the summed components

(together forming the “fit spectrum”) were compared to the original spectrum using

Least Square minimizations. The amplitude, height and width of each component

were iteratively adjusted either independently (i.e., initially) or in combination (as the

fit became “realistic”). Chi Square was calculated as an assessment of quality of fit.

The integrated area of each component was calculated and if any component was

less than 2-3% of the total signal, it was removed and the other components

allowed to compensate. The 27Al NMR data was processed as per above, except

that an additional broad feature had to be added due to increased line broadening

of the octahedral Al signal. The generalised expression used for Lorentzian

distribution is represented below by Equation 1.

2
1 B

Cx

Ay (1)

Where y is the resulting component magnitude at each x; x is the position in ppm of

the NMR signal; A, B and C are, respectively, the component amplitude, width and

centre.
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X- Ray Diffraction (XRD)

Powder X-ray traces were collected on a Phillips 1710 diffractometer modified with

an electronic stepper motor using a Cu K  radiation source within the range of 2 to

60º2  using step size of 0.02º2  and a scan rate of 1º2  per minute. Random

powdered samples were back-pressed into aluminium sample supports onto frosted

glass slide to minimise any preferred orientation effects. Mineral phases present in

the traces were identified from auto-selected references in the international

crystallographic diffraction database (ICDD) using the program XPLOT (CSIRO).

Infrared Spectroscopy (IR)

Diffuse reflectance IR spectroscopy was conducted using a FTS 3000 MX Excalibur

Series Digilab fitted with a glow bar radiation source, a DTGS detector, dry CO2-

free air purge and an extended KBr beamsplitter. The sample space was

continuously purged with dry nitrogen. As many as 512 acquisitions were co added

at a resolution of 2 cm-1 on powdered specimens mixed (~ 5%) with sodium chloride

(ACS). Each spectrum was referenced to NaCl and converted to Kubelka-Munk

absorbance units for comparison.

Near Edge X-Ray Absorption Fine Structure (NEXAFS)

X-ray absorption spectroscopy was performed at the Australian Synchrotron as part

of the commissioning of the “soft X-ray beamline” (14ID-01). Total electron yield

(measured as drain current) Si K near edge X-ray absorption fine structure

(NEXAFS) spectra, in the energy range of ~1840 to ~1890 eV, were collected on

undiluted powdered samples pressed onto carbon tape.  Steps of 0.1 eV and

acquisition times of 1 second were used. A minimum of 2 scans were co-added

after adjusting for instrumental energy drift and compared to reference minerals and

from the survey work of Li et al. [12, 13]. Spectra were processed following typical

procedures [14] by base-line correcting and intensity normalisation.  Energies were

adjusted to match the maximum intensity of the main peak of -SiO2, and intensities

were normalised to a value of 1.0 at 1880 eV.
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3 Results and discussion
3.1 29Si NMR
Solid state 29Si magic-angle spinning (MAS) NMR offers an efficient method to

follow the hydration of C3S in a qualitative and semi quantitative way because Si

chemical shifts reflect the degree of condensation of SiO2 tetrahedra [15]. This

gives valuable information related to the formation of the calcium silicate hydrate

(C-S-H) gel.

Interpretation of 29Si NMR spectra requires knowledge of the local silicate

tetrahedral environment, which can be designated as Qn, where ‘Q’ represents the

silicon tetrahedron bonded to four oxygen atoms and ‘n’ is the connectivity, i.e., the

number of other ‘Q’ units attached to the SiO4 tetrahedron under study. An increase

in the number of SiO4 units bonded to each Si centre produces an increase in the

average electron density around the central Si atom, leading to a more negative

chemical shift, relative to tetramethylsilane (TMS), for successively increasing n

values in Qn [16].

Thus, Q0 denotes the monomeric orthosilicate anion SiO4
4- (nesosilicate) typical of

anhydrous silicate of cement (C3S and C2S), Q1 represents an end group of a chain

of C-S-H, Q2 a middle group of C-S-H chain, and Q3 and Q4 are representative of

points where branching in the silicate structure may occur [17]. Typical values for

cement 29Si NMR are: Q0 = -70, Q1 = -80 and Q2 = -88 ppm [16].

In the present work, 29Si NMR was conducted on OPC and 35% slag pastes

exposed to 400, 500 and 800ºC. The results are compared to the reference

specimens named ‘RT’ (room temperature).

Fig. 1 presents the spectra for OPC and 35% slag specimens. A summary of the

chemical shifts observed and the related assignments is presented in Table 2.
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Fig. 1 Single pulse 29Si NMR spectra of OPC and 35% slag pastes. Results of best least-squares fit

decompositions are also displayed
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Table 2 Results from decomposition of 29Si NMR spectra of OPC and 35% slag pastes

Sample
Q0 Q0 Q0

Centre
(ppm)

FWHM*
(ppm)

Relative
area
(%)

Centre
(ppm)

FWHM
(ppm)

Relative
area
(%)

Centre
(ppm)

FWHM
(ppm)

Relative
area
(%)

OPC RT -70.0 4.97 11.59 -71.3 2.49 14.08 -73.8 4.98 10.89
OPC
400ºC -69.1 5.17 11.44 -71.2 3.35 32.65 -73.7 3.48 10.41

OPC
500ºC -69.0 6.77 14.85 -71.1 3.30 30.73 -73.6 3.79 9.14

OPC
800ºC -69.8 4.44 12.92 -71.0 3.93 87.08 - - -

35% slag
RT -68.8 7.15 10.85 -71.1 2.80 12.72 -73.9 4.35 6.53

35% slag
400ºC -68.7 6.63 5.55 -71.2 3.67 23.11 -74.0 5.01 16.33

35% slag
500ºC -68.3 7.04 9.33 -71.2 3.68 24.05 -74.0 5.21 19.35

35% slag
800ºC - - - -70.8 3.85 76.00 -73.3 4.09 19.28

Sample
Q1 Q1 Q2(1Al)

Centre
(ppm)

FWHM
(ppm)

Relative
area
(%)

Centre
(ppm)

FWHM
(ppm)

Relative
area
(%)

Centre
(ppm)

FWHM
(ppm)

Relative
area (%)

OPC RT -77.4 3.22 5.07 -79.0 4.16 20.72 -81.2 4.33 13.22
OPC
400ºC -75.9 4.85 15.20 -78.4 5.13 14.79 -81.2 4.37 8.36

OPC
500ºC -75.5 5.18 15.63 -78.6 5.43 14.91 -81.3 4.78 8.01

OPC
800ºC - - - - - - - - -

35% slag
RT -76.5 5.04 11.22 -79.1 4.69 24.87 -81.5 4.77 15.70

35% slag
400ºC -76.7 5.28 16.66 -79.3 4.92 14.64 -81.8 4.64 9.99

35% slag
500ºC -76.8 5.35 16.73 79.3 4.93 13.36 -81.6 4.49 8.75

35% slag
800ºC - - - -80.4 7.03 4.72 - - -

Sample
Q2 Q2

Sum of
squares

Chi
squareCentre

(ppm)
FWHM
(ppm)

Relative
area
(%)

Centre
(ppm)

FWHM
(ppm)

Relative
area
(%)

OPC RT -84.4 5.57 24.41 - - - 0.0260 0.0938
OPC
400ºC -84.4 6.14 7.15 - - - 0.0068 0.0422

OPC
500ºC -84.8 9.11 6.72 - - - 0.1847 0.1091

OPC
800ºC - - - - - - 0.0473 0.4795

35% slag
RT -84.5 4.95 18.11 - - - 0.0199 0.0815

35% slag
400ºC -84.4 5.05 8.14 -87.6 6.64 5.58 0.0221 0.3130

35% slag
500ºC -84.3 4.18 4.26 -87.3 7.08 4.17 0.0079 0.0395

35% slag
800ºC - - - - - - 0.1285 0.5072

*Full width at half maximum
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For the OPC reference samples, 6 chemical shifts are observed (Table 2 and Fig.

1a). Three Q0 resonances are detected at -70.0, -71.3, -73.8 ppm.  This is in

accordance with previous works [15, 18, 19]. The sharp peak at -71.3 ppm relates

to belite/larnite (C2S) [17, 19, 20].

Two  Q1 chemical shifts are detected at -77.4 and -79.0 ppm [15, 20-25] while

Q2(1Al) is observed at -81.2 ppm and Q2 at -84.4 ppm [15, 19-24, 26]. The chemical

shift Q2(1Al) at -81.2 ppm relates to the Al substitution for Si confined to the bridging

tetrahedron [20, 22-25].

Similarly, 6 chemical shifts are observed for the 35% slag reference samples (35%

slag RT), Table 2 and Fig. 1b. For Q0 the following chemical shifts are detected at -

68.8, -71.1, -73.9 ppm. This is in accordance with previous works [15, 18, 19], in

which the chemical shift at -73.9 ppm relates to unreacted slag [20, 23] and the

sharp peak at -71.3 ppm relates to belite/larnite (C2S) [17, 19, 20].

For the Q1 resonance two chemical shifts are observed at -76.5 and -79.1 ppm [15,

20-25]. Furthermore, the resonance Q2(1Al) is observed at -81.5 ppm while Q2 is

detected at -84.5 ppm [15, 19-24, 26]. As for the OPC paste, the chemical shift

Q2(1Al) at -81.5 ppm relates to the Al substitution for Si confined to the bridging

tetrahedron [20, 22-25].

When heated to 400ºC, differences are found between OPC and 35% slag pastes

(Fig. 1c and d, respectively). For the OPC pastes, in general, there was an increase

in the relative area (%) of Q0 resonances, while a decrease in the relative area (%)

of  Q1,  Q2(1Al) and Q2 resonances was observed. It is also noted that the FWHM

(full width at half maximum) for the Q1 and Q2 chemical shifts increased with

heating. According to Alonso and Fernandez [17] this is due to a more disordered

structure of the amorphous C-S-H with heating. Alonso and Fernandez [17]

investigated the effects of elevated temperatures on the microstructure of OPC

pastes. Above 450ºC, their OPC paste no longer presented the chemical shift

related to Q2 while a new Q0 and Q1 peaks were observed above this temperature.

For the 35% slag specimens (Fig. 1d), there was also an increase in the relative

area (%) of the Q0 resonances, in particular for the chemical shifts at -71.2 ppm

(referent to C2S) and -74 ppm (referent to the unreacted slag). A decrease in the
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relative area (%) of Q1,  Q2(1Al) and Q2 resonances was observed while a new

resonance at -87.6 ppm was detected, having a small relative area of ~ 5.5%. This

new resonance is assigned as Q2 and was possibly being encompassed by the

other resonances at room temperature (RT). It is important to note that with the

increase of temperature to 400ºC, the 35% slag pastes remained more polymerized

than OPC pastes. This indicates that the OPC C-S-H gel has been more affected

by temperature than the 35% slag C-S-H. From 400 to 500ºC, while some changes

in the FWHM and relative areas of the components occurred, the chemical shifts

remained essentially unchanged for both OPC and 35% slag (Table 2).

After exposure to 800ºC, the OPC paste shows a total transformation of the initial

C-S-H gel structure (Q1 and Q2) (Fig. 1e), in accordance with the observations of

Alonso and Fernandez [17]. The OPC paste has no detectable Q1 or  Q2.  Two  Q0

resonances are now observed instead of the 3 observed at room temperature (RT).

The resonance at -69.8 ppm remained almost unchanged with the increase in

temperature while the resonance at -71.0 ppm (related to C2S) significantly

increased in relative area (from ~ 14% at room temperature to 87%).

The 35% slag paste shows a very different behaviour after exposure to 800ºC (Fig.

1f). The Q2 and  Q2(1Al) resonances detected in samples heated to as high as

500ºC are no longer detected above 800ºC. However, in contrast to OPC, a small

resonance Q1 at -80.4 ppm (~5% relative area) is still observed, indicating that the

35% slag remained slightly more polymerized than OPC after exposure to 800ºC.

Differences were also observed for the resonances related to Q0. While the Q0

resonance at -68.8 ppm (room temperature) was not detected, the Q0 resonance at

-70.8 ppm (referent to C2S) increased in relative area (~13% at room temperature

to 75%). In addition, the Q0 resonance at -73.3 ppm (related to the unreacted slag)

was also detected with its relative area having increased from ~ 6.5% at room

temperature to 20%.

In summary, there are no major differences in the C-S-H gel composition of OPC

and 35% slag pastes at room temperature. However, a different scenario is

observed with the increase in temperature. Above 400ºC, the 35% slag pastes

remained more polymerized than the OPC pastes. After exposure to 800ºC, the

OPC paste completely lost its hydrated materials and presented only the Q0

resonances at -69.8 and -71.0 ppm (12.92% and 87.08% of relative area,
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respectively). On the other hand, the 35% slag paste presented Q0 resonances at -

70.8 and -73.3 ppm (76.0% and 19.28% of relative area, respectively) and a small

Q1 resonance at -80.4 ppm. This indicates that the 35% slag pastes remained

slightly more polymerized than the OPC pastes after exposure to 800ºC. As

discussed previously, after exposure to 800ºC, OPC paste completely disintegrates

and crumbles. In contrast, 35% slag paste has a residual compressive strength of

more than 30% [3]. This difference in deterioration of mechanical properties was

attributed to differences in the CaOH2 hydrate content between OPC and 35% slag

paste. However, the present 29Si NMR shows that OPC and 35% slag C-S-H gels

differ with the increase in temperature. The C-S-H gel has been described by Mehta

and Monteiro [27] as the most important phase determining the properties of the

paste. As described above, beyond 400ºC, the 35% slag paste retained more

polymerized material than the OPC paste. Therefore, it is likely that the further

deterioration on the mechanical properties observed for the OPC paste in

comparison to 35% slag paste can also be attributed to the differences in the

silicate phases between these pastes after exposure to temperatures above 400ºC.

3.2 27Al NMR
Solid state 27Al magic-angle spinning (MAS) NMR has been useful in characterizing

calcium aluminates and aluminate hydrates (ettringite and monosulphate hydrate),

which are of importance in the chemistry of cements [28]. Generally, 27Al MAS NMR

has been concerned with the distinction between tetrahedrally (Al(4)) and

octahedrally (Al(6)) coordinated aluminium, using the distinct chemical shift

difference of about 60 ppm for these two coordination environments [28]. Al(4) is

generally observed between 50 and 80 ppm, while Al(6) normally resonates

between -20 and 20 ppm [29]. However, 27Al MAS NMR spectroscopy has the

disadvantage that spectra can be difficult to interpret, as 27Al can be affected by

quadrupolar interactions. This leads to a field-dependent shift in resonance position

as well as an asymmetric broadening of the peaks [29].

Fig. 2 presents the spectra for OPC and 35% slag specimens. A summary of the

chemical shifts observed and the related assignments is presented in Table 3.
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Fig. 2 Single pulse 27Al NMR spectra of OPC and 35% slag pastes. Results of best least-squares fit

decompositions are also displayed for the room temperature samples

Table 3 Results from decomposition of 27Al NMR spectra of OPC and 35% slag pastes RT

Sample

Centre FWHM* Relative Area

(%) Assignment

Sums

of

square

Chi

square
ppm (relative to Al(OH)6 (aq))

OPC RT 69.8 14.06 3.53 Al4

0.0446 0.686

58.7 17.75 4.04 Al4

14.6 7.00 21.62 Al6

9.6 8.95 23.27 Al6

5.0 13.35 33.88 Al6

-7.9 38.80 13.66 Quadrupolar

35% Slag RT 66.1 11.03 3.20 Al4

0.0103 5.34

53.9 19.75 5.42 Al4

8.1 11.78 58.98 Al6

3.4 12.90 24.82 Al6

-8.8 26.11 7.57 Quadrupolar

*Full width at half maximum
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The major differences in the 27Al NMR spectra between OPC and the 35% slag RT

pastes are in the number and position of the Al(6) sites. In the OPC RT, two Al(4)

and three Al(6) sites are observed. The Al(4) sites are located at 69.8 and 58.7

ppm. According to previous works [24, 30, 31] the chemical shift at 69.8 ppm is

attributed to Al substitution within a C-S-H phase, also observed in the 29Si NMR

results presented in the previous section. The Al(4) site located at 58.7 ppm is likely

to refer to unhydrated material [24, 28]. The Al(6) sites in OPC have the following

chemical shifts: 14.6, 9.6 and 5.0 ppm. The first two chemical shifts are in

accordance with the resonance peaks reported in the literature for, respectively,

ettringite and monosulphate hydrate [28-31]. The chemical shift reported at 5.0 ppm

can be possibly assigned to the previously reported chemical shifts for TAH (5 ppm)

[30, 32] or C4AH13 (7 ppm) [28]. However, the 27Al NMR spectrum does not enable

a definite assignment of this particular feature. XRD tests conducted in OPC pastes

are discussed further in an attempt to determine which hydrate phase this peak

may represent. Furthermore, the very broad fitted feature with a chemical shift at -

7.9 ppm is may be due to quadrupolar broadening of the Al(6) signal.

For the 35% slag RT, two Al(4) sites and only two Al(6) sites are observed. The

Al(4) sites are located at 66.1 and 53.9 ppm. As per the OPC paste, the peak fitted

with a chemical shift at 66.1 ppm is attributed to Al substitution within a C-S-H

phase [24, 30, 31]. Such phase was also observed by 29Si NMR. The peak fitted

with a chemical shift at 53.9 ppm is likely to refer to unhydrated material [24, 28]

possibly slag. The Al(6) sites observed have chemical shifts at 8.1 and 3.4 ppm.

The chemical shift at 8.1 ppm is in accordance with the resonance peak reported in

the literature for monosulphate hydrate [28-31]. Murgier et al. [31] reported but was

unable to assign a peak having a chemical shift at 3.5 ppm, whereas Schneider et

al. [24] assigned a chemical shift at 3.5 ppm as a hydrogarnet CAH10 phase based

on XRD results. XRD tests were performed in 35% slag pastes and are discussed

further to confirm whether the 3.4 ppm chemical shift can be assigned to CAH10.

Furthermore, as for the OPC, the chemical shift at -8.8 ppm is likely to be due to

quadrupolar broadening of the Al(6) signal.
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Due to excessive line broadening and poor signal to noise, the Al NMR spectra at

elevated temperature (above 400ºC) could not be satisfactorily fit, therefore only the

spectra are presented. Fig. 2c and d (OPC and 35% slag, respectively) shows that

with the increase of temperature to 400ºC there is a significant conversion of

octahedral sites Al(6) to tetrahedral sites Al(4). This conversion is very similar for

both the OPC and 35% slag paste showing that with an increase in temperature the

hydrated Al(6) dehydrates into Al(4) unhydrated materials. Furthermore, following

exposure to 800ºC, the conversion is sustained and both Al(6) and Al(4) are present

in the OPC and 35% slag pastes (Fig. 2e and f, respectively). However, Fig. 2e

shows that the octahedral Al(6) component of the OPC paste increased from 400ºC

to 800ºC. This indicates that rehydration occurred in the OPC paste, either during

cooling or transition from furnace to the NMR experiment, showing that OPC pastes

are more prone to rehydration than the 35% slag pastes.

Although 27Al NMR has been limited in characterizing the aluminate phases after

exposure to elevated temperatures, Fig. 2 shows that the aluminate phases of OPC

and 35% pastes differ significantly after exposure to elevated temperatures,

especially in relation to octahedral Al(6) sites, possibly due to the rehydration of

OPC pastes. Therefore, it is likely that the aluminate phases play a role in the

differences found in the deterioration of mechanical properties between OPC and

35% slag pastes after exposure to 800ºC.

3.3 X-ray diffraction (XRD)
X-ray diffraction (XRD) is used to identify the polycrystalline phases of cement and

hardened cement paste through the recognition of the X-ray patterns for each of the

crystalline phases [33]. Therefore, XRD is a useful tool to detect crystalline hydrates

such as ettringite, monosulphate hydrate, portlandite (CaOH2), calcium carbonate,

and calcium silicate hydrate, as well as the various calcium silicates, calcium

aluminate and aluminosilicate phases possibly present.

The XRD spectra (Fig. 3) shows that at room temperature, both blends presented

unhydrated starting materials such as larnite (C2S),  C3A and also the hydrated

phase C-S-H. The main phases observed for OPC paste RT are: calcium hydroxide

or portlandite (CaOH2), calcite (CaCO3) and ettringite (Fig. 3). For 35% slag pastes

similar phases were found, however CaOH2 and calcite were present in less
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quantity and ettringite was not detected. The absence of ettringite in the 35% slag

paste XRD spectrum is in accordance with the 27Al NMR results. In contrast, 35%

slag pastes presented monosulphate hydrate, which is absent in OPC pastes XRD

spectrum.

Fig. 3 X-ray spectra of OPC and 35% slag pastes RT and 800ºC. 1. Calcite (CaCO3); 2. Portlandite

(CaOH2); 3. Ettringite; 4. Brownmillerite; 5. C-S-H (calcium silicate hydrate); 6. Larnite (C2S); 7.

Hydrogarnet; 8. C3A ; 9. Monosulphate hydrate; 10. CAH10;  11.  C3AH6;  12.  C4AHx; 13. Calcium

silicate; 14. Al2O3 and 15. Lime (CaO)

As described by Alonso and Fernandez [17], after OPC paste exposure to 800ºC

(Fig. 3), brownmillerite remains present while the CaOH2 peak significantly

decreases [17, 34]. According to Alonso and Fernandez [17] a well identified peak

for lime CaO was also present but this is not observed in the present work. This is

possibly due to poor crystallinity of the present CaO.

For the 35% slag specimens, exposure to 800ºC also significantly reduced the

CaOH2 peak, almost completely (Fig. 3). No CaO peak is present, also possibly due

to its poor crystallinity as well as to the significantly lower amounts of CaO present

in 35% slag pastes when compared to OPC pastes.
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In summary, exposure to 800ºC dehydrates both OPC and 35% slag crystalline

phases in a similar way. Both OPC and 35% slag presented starting materials as

larnite, calcium silicate, C3A as major phases after 800ºC. The key difference

between OPC and 35% slag pastes after 800ºC being related to the intensity in the

CaOH2 peak. This is in accordance with previous works by the authors [3, 4], in

which the higher content of CaOH2 in OPC pastes, was found to be the cause to the

greater deterioration of mechanical properties of these pastes after exposure to

800ºC. This deterioration was significantly lower for pastes where OPC has been

partially replaced with slag [3, 4].

The very low peak intensities for the aluminate phases in the 800ºC XRD spectra

confirms that the unassigned chemical shifts observed in the 27Al NMR are possibly

related to an amorphous, disordered aluminate phase.

3.4 Infrared Spectroscopy (IR)
Infrared spectroscopy (IR) is useful for determination of molecular structure,

identification of chemical species, quantitative/qualitative determination of chemical

species [35]. Vibrational frequencies measured by IR can provide valuable

information regarding the silicate, sulphate, and carbonate phases [29].

At room temperature, five main bands have been identified for both the OPC and

35% slag spectra. In Fig. 4 starting from the left, the sharp peak at approximately

3644 cm-1 relates to CaOH2. This is in accordance with previous studies [29, 36-38].

The lower intensity bands near 3670 and 3530 cm-1 relate to M-O-H stretching of

structural hydroxyl associated with other hydrous mineral phases [39-43]. The

broad peak centred near 2900 cm-1 relates to the O-H stretch of strongly polarised

H-bonded waters associated with cementitious minerals [42]. The peaks near 1450

cm-1 are due to C-O stretch of CaCO3 [44]. The peak near 977 cm-1 is referent to the

Si-O stretch mainly representing the C-S-H gel and other silicate phases (e.g.

larnite) of the cement paste [45]. A band for S-O stretch occurs near 1130 cm-1 and

is partially covered by the Si-O stretch [40, 41, 43, 46-48].

Furthermore, large differences are observed in the spectra of the OPC and the 35%

slag pastes RT (Fig. 4).  In general, the O-H (CaOH2), HOH, carbonate, silicate and

possibly sulphate bands are all more intense in the OPC specimens relative to the
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35% slag. The OPC peaks for CaOH2 and bound water are twice as intense as the

peaks observed for 35% slag. This is in accordance with the present XRD findings

and previous works by the authors [3, 4].  For the carbonate and sulphate bands,

these are nearly three times more intense in OPC than in the 35% slag pastes. This

is also in accordance with XRD results for calcite in OPC as a major phase. In

addition, the OPC specimens also contained CO2, which was not observed for the

35% slag.

Fig. 4 FTIR spectra of OPC and 35% slag pastes RT and 800ºC. Spectra have been normalised to the

OH bands near 3670 cm-1 to better display differences

After exposure to 800ºC, the main changes observed for OPC and 35% slag pastes

are (Fig. 4, from left to right): decreased CaOH2 peak intensity (35% slag is almost

absent); significant decrease in the bound water stretch at ~ 2900 cm-1;

disappearance of CO2 peak present in OPC paste RT; significant decrease in the

carbonate peak (as also observed in XRD studies by Alonso and Fernandez [17]);

shift of the silicate/sulphate peak stretch to lower wave bands as a result of

depolymerization [49].

The sulphate SO stretch band at approximately 1130 cm-1 is of interest as it can

provide information regarding the sulphoaluminate phase in both OPC and 35%

slag specimens. At room temperature, the silicate Si stretch at 968 and 963 cm-1
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(for OPC and 35% slag, respectively) is encompassing the sulphate band, thus not

enabling precise determination of the phase in question. However, as indicated by

Bensted and Varma [41], the differences between ettringite and monosulphate

bound water HOH bending bands at approximately 1650 cm-1 and OH stretching

bands of water above 3000 cm-1 might provide useful information in the

determination of ettringite and monosulphate phases. Their work reported OH

stretching bands at 3500, 3540, 3675 cm-1 for monosulphate. For ettringite, OH

stretching bands at 3420 and 3635 cm-1 [41]. In Fig. 4 (enlargement on the left), for

the RT spectra, it is possible to observe a low-intensity OH stretching band centred

at approximately 3666 cm-1 in the 35% slag RT spectrum (this occurs as a weak

shoulder in the OPC spectrum). This possibly indicates the presence of

monosulphate OH stretching water, suggesting that the encompassed sulphate

band at 1130 cm-1 might be a monosulphate band. As discussed in the previous

sections, monosulphate was present in both OPC and 35% slag samples according

to 27Al NMR. In addition, XRD detected the presence of monosulphate in the 35%

slag pastes while no ettringite was detected for 35% slag pastes in either 27Al NMR

or XRD.

After exposure to 800ºC, the sulphate SO stretch band is no longer encompassed

by the SiO stretch and it can be observed at ~ 1130 cm-1 (Fig. 5). The enlargement

insert shows a doublet present at 1120 and 1145 cm-1. According to Bensted and

Varma [41], during hydration, gypsum converts into ettringite followed by

monosulfate formation. Their work reported that gypsum presents a doublet peak

centred at 1120 and 1145 cm-1 [41]. Therefore, it can be concluded that exposure to

800ºC possibly converts ettringite and/or monosulfate into the starting material

gypsum. Fig. 4 shows this is more pronounced for OPC pastes, with the gypsum IR

peak being three times more intense for OPC relative to 35% slag. The conversion

from aluminate hydrate phases into products similar to the starting materials is in

accordance with 27Al NMR findings (increase in the tetrahedral Al(4) sites with

heating). Furthermore, the increase in the OPC octahedral Al(6) observed by the
27Al NMR and related to rehydration after 800ºC is in accordance with the IR

spectra regions between 3000-2500 cm-1 and 2000-1500 cm-1. This regions show a

slope relating to bound water for the OPC pastes after exposure to 800ºC. This is

not observed for the 35% slag pastes after exposure to 800ºC.
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3.5 NEXAFS
The Si NEXAFS spectra of OPC and 35% slag pastes before and after exposure to

800ºC is presented in Fig. 5. The present analysis is based on the work conducted

by Li et al. [13]. Their work lists the main Si K-edge NEXAFS peak positions with a

limited number of corresponding 29Si NMR chemical shifts for a variety of Qn

silicates. In general, the main peak in the Si NEXAFS spectrum shifts to higher

energy with increasing degree of polymerisation [13] .

The Si K-edge NEXAFS spectra of OPC and 35% slag pastes are dominated by

peaks at ~ 1847 eV, 1849 eV and 1863 eV (Fig. 5). The first two are single electron

1s *Si-O transitions of silicate [12, 13]. The latter band is due to a broad *Si-O

continuum resonance [12] and is probably made up of several overlapping *

(antibonding) orbitals due to differences in inter-atomic distances. The broad

feature near 1855 eV is probably due to Si-O-O-Si multiple scattering [12].

Fig. 5 shows that both OPC and 35% slag spectra present 3 major peaks related to

Q0 [13]. The spectra do not allow differentiation of any possible contribution of Q1

and Q2 units in the material. For the RT pastes, OPC and 35% slag spectra are very

similar and there are no significant differences between the Q0 resonances of these

pastes. This confirms the 29Si NMR results reported in this study.

However, with heating to 800ºC, the peak at 1847 eV shifts to a lower energy,

indicating loss of polymerization [13]. This is observed for both OPC and 35% slag

pastes. In addition, for both pastes, the peak at 1849 eV increases significantly after

exposure to 800ºC. According to Li et al. [13], this peak relates to Q0 and its

increase is possibly a result of depolymerization due to rise in temperature. After

800ºC, the peaks at 1847 and 1849 eV are higher in intensity for OPC pastes

relative to 35% slag pastes. This suggests that after exposure to 800ºC, the OPC

paste is less polymerized than the 35% slag paste. This was observed in the 29Si

NMR results reported in this study.

It is important to note that while the spectra presented are limited in scope, Si K-

edge NEXAFS ability to characterize Q0 might indicate suitability of this technique to

study the hydration of the cement paste.
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Fig. 5 Si NEXAFS spectra of OPC and 35% slag pastes RT and 800ºC
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4 Conclusions

The present work investigated the contributions of paste hydrates to the

deterioration of the mechanical properties after exposure to elevated temperatures.

29Si NMR spectra showed that at room temperature there are no major differences

between the silicate phases of OPC and 35% slag pastes. Both pastes presented 3

Q0 resonances, 2 Q1 resonances and 1 Q2 resonance. In addition, both OPC and

35% slag pastes presented Q2(1Al) chemical shifts related to the Al substitution for

Si confined to the bridging tetrahedron. However, with the temperature increase,
29Si NMR spectra showed differences in the C-S-H gel of OPC and 35% slag

pastes. Above 400ºC, the 35% slag paste remained slightly more polymerized than

the OPC paste. After exposure to 800ºC, the OPC paste completely lost its

hydrated materials and presented only Q0 resonances while the 35% slag pastes

presented Q0 resonances and a small Q1 resonance. This indicates that the 35%

slag pastes remained slightly more polymerized than the OPC paste. This is an

important finding as it is likely that the further deterioration of mechanical properties

observed for the OPC paste in comparison to 35% slag paste can also be attributed

to the differences in the silicate phases between these pastes after exposure to

temperatures above 400ºC.

27Al NMR was limited in characterizing the aluminate phases after exposure to

elevated temperatures. However, above 400ºC, a conversion of octahedral Al(6)

sites to tetrahedral Al(4) sites was observed for both OPC and 35% spectra. This

shows that with an increase in temperature, the hydrated Al(6) dehydrates into Al(4)

unhydrated materials. After exposure to 800ºC, the conversion was sustained for

both pastes however, the octahedral Al(6) component of the OPC paste increased

from 400ºC to 800ºC. This indicates that rehydration occurred in the OPC pastes.

Therefore, it is likely that the aluminate phases also play a role in the further

deterioration of mechanical properties experienced by OPC pastes when compared

to 35% slag pastes.

XRD showed that after exposure to 800ºC, the very low peak intensities for the

aluminate phases suggest that the unassigned chemical shifts observed in the 27Al
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NMR spectra are possibly related to an amorphous, disordered phase. These

phases are probably dehydrated forms of the previously reported TAH phase.

IR showed that after exposure to 800ºC, ettringite and/or monosulfate are possibly

converted into the starting material gypsum. The gypsum IR peak was three times

more intense for OPC relative to 35% slag.

The Si NEXAFS spectra of OPC and 35% slag pastes at room temperature show

no significant differences between the Q0 resonances of these pastes. This

confirms the 29Si NMR results reported in this study. However, after exposure to

800ºC, the OPC paste was found to be less polymerized than the 35% slag paste,

also in agreement with the 29Si NMR results.
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8.1 Overview

Chapters 3 to 7 reported the effects of elevated temperatures on the microstructure

and mechanical properties of ordinary Portland cement (OPC) and OPC/slag

pastes. The present Chapter 8 investigates the effects of elevated temperatures on

the mechanical properties of OPC and OPC/slag concretes.

This chapter is based on the publication of the same name as the chapter title in

Materials and Structures Journal, DOI 10.1617/s11527-010-9660-2, published

online on the 31st of August 2010. The paper investigates the effects of slag

replacement and different cooling methods on concrete exposed to elevated

temperatures. In this study, OPC and OPC slag concretes were heat exposed to

400ºC and 800ºC. Following heating, specimens were cooled by either furnace or

water cooling. Infrared spectroscopy (IR) was used to analyse the phase

transformations that resulted from slag replacement, exposure to elevated

temperatures and different cooling methods.
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9.1 Overview

Chapter 8 revealed that ordinary Portland cement (OPC) concrete does not

disintegrate or present total strength loss after exposure to elevated temperatures

as OPC paste. Therefore, Chapter 9 investigates the differences in the behaviour of

OPC paste and concrete after exposure to elevated temperatures.

This chapter is based on the publication of the same name as the chapter title

submitted to Cement and Concrete Composites Journal in June 2010. This paper

investigates why calcium oxide (CaO) rehydration causes total strength loss of OPC

paste but only 65% strength loss of OPC concrete after exposure to 800ºC. As the

rehydration of CaO is a result of water absorption by the specimen after heating,

techniques such as water sorptivity, solvent sorptivity, solvent exchange method

(porosity) and nitrogen adsorption were used to assess the differences between

paste and concrete.
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Abstract
This study investigates why CaO rehydration causes total strength loss of OPC

paste compared to only 65% loss of OPC concrete after 800ºC exposure.

Subsequent water sorptivity tests revealed paste reacted instantaneously with

water, completely disintegrating within minutes. This was attributed to an

accelerated rehydration of CaO into CaOH2. This was not observed in concrete.

Sorptivity tests using acetone eliminated the disintegration due to CaO reaction with

water. Porosity tests indicated a higher porosity and coarser capillary pore size

distribution (PSD) in paste over paste in concrete. This has an influence on the rate

of water absorption. The rate of water absorption determines the growth rate of

CaOH2 crystals and ultimately the type of CaOH2 crystals formed. Different crystals

cause different levels of deterioration, not always leading to the total disintegration.

Therefore, the rate of water absorption is the determining factor controlling the

extent of deterioration caused by CaO rehydration.

Keywords: cement paste; concrete; elevated temperatures; strength loss; water

absorption
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1 Introduction

The behaviour of cement paste and concrete after exposure to elevated

temperatures, as in a fire event, has been of interest to many researchers for

decades. One of the first studies was conducted by Lea in 1920 [1].

When concrete is subjected to high temperatures, physical and chemical

transformations take place resulting in deterioration of its mechanical properties [2].

A common way of investigating those physical and chemical transformations is by

dividing the investigation into two steps: (i) the cement paste and (ii) the concrete

as a whole, i.e., paste, aggregates and the interface between paste and aggregate.

Investigating (i), the cement paste, Lea and Stradling [3] reported that one product

of hydration of ordinary Portland cement (OPC) paste is calcium hydroxide

(CaOH2). This compound decomposes at about 400ºC into calcium oxide (CaO)

and water. In addition, they proposed that the high loss of water that occurs

between 300 and 500ºC is due to the breaking up of the CaOH2.

Dias et al. [4] reported that although no initial signs of distress were visible on OPC

pastes heated to 400ºC or above and cooled to room temperature, all specimens

exhibited severe cracking to the point of disintegration after a few days. According

to Petzold and Rohrs [5], the reason for this cracking is the expansive and hence

disruptive rehydration (due to reaction with airborne water vapour) of previously

dissociated CaOH2 which is accompanied by a 44% volume increase.

Studies by the authors revealed similar findings [6, 7]. The critical temperature of

400ºC for OPC pastes was confirmed. Above this temperature, OPC pastes

presented total strength loss due to dehydration of CaOH2 and rehydration of CaO.

However, dehydration of CaOH2 and rehydration of CaO had no impact in pastes

where OPC was partially replaced with ground granulated blast furnace slag (slag),

a by-product of the iron blast furnace industry. This is illustrated in Fig. 1. During

hydration slag consumes most of the available CaOH2, consequently reducing or

even eliminating the negative effects caused by the CaOH2 dehydration and CaO

rehydration when cement paste is submitted to elevated temperatures. The
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compressive strength of OPC and 50% slag pastes after exposure to temperatures

up to 800ºC is presented in Fig. 2.

Fig. 1 OPC and 50% slag pastes after exposure to 800ºC.

Fig. 2 Compressive strength of OPC and 50% slag pastes at different temperatures.
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Following the investigation of the cement paste, Lea and Stradling [8] assessed the

effects of elevated temperatures on (ii), the concrete as a whole. Their work stated

that specimens of OPC concrete made with Rowley Rag aggregate (volcanic

dolerite stone) exposed to 700ºC crumbled to pieces six days after the heat

treatment.

Khoury [9] stated that, following Lea and Stradling, it was recognized that the

CaOH2 problem could be the Achilles’ heel of concrete in  high temperature

applications.

Moreover, other researchers reported strength loss of OPC concrete when

submitted to temperatures as high as 1200ºC, but no significant disintegration or

crumbling were found [10-13]. In addition, Khoury [9] affirmed that there was scope

for improvement within the temperature range of 300-600ºC. In 2000, Khoury [2]

suggested that the deterioration of the mechanical properties of concrete can be

reduced by judicious design of concrete mix, with the choice of aggregate possibly

the most important factor. Flint or Thames gravel is said to break up at relatively low

temperatures (< 350ºC), while granite is expected to exhibit thermal stability up to

600ºC. Basalt aggregate was reported not to undergo phase changes at

temperatures up to 800ºC [2, 14].

The authors have also performed tests on concrete [15]. The concrete specimens

were made with the same OPC cement and slag blends as the one used for the

paste in which OPC pastes disintegrated [15]. The coarse aggregate used was

basalt, as described above as having high thermal stability. Fig. 3 presents the

residual compressive strength for the OPC and 50% slag concretes after exposure

to 800ºC followed by either furnace or water cooling. It was found that even though

dehydration of CaOH2 and rehydration of CaO were determined to have occurred

by infrared spectroscopy (IR), the OPC concrete did not disintegrate or crumble

even months after the heat treatment.
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Fig. 3 Residual strength of OPC and OPC/slag concretes after exposure to 800ºC.

The authors have also reported the long-term effects of the CaO rehydration on

OPC pastes [7]. It was reported that one year after the 800ºC heat exposure, the

OPC paste has been reduced to a powder. This was confirmed to be due to

continuous rehydration of CaO via airborne water vapour throughout the year.

Based on that, it is expected that the OPC cement paste in the concrete would

disintegrate, even if over longer time periods, independently of the thermal stability

of the aggregate. However, it is clear from the discussion above that after exposure

to elevated temperatures, the OPC paste test results does not represent the same

deterioration behaviour of the OPC paste present in concrete.

Therefore, the present work aims to identify why the dehydration of CaOH2 and

rehydration of CaO is not detrimental for the OPC paste in concrete as it is for an

OPC paste specimen (Fig. 1). Thus, the present work investigates differences in the

dehydration/rehydration process of cement paste and concrete. Based on that, it

focuses on distinguishing how the water is absorbed by the cement paste and

concrete subsequent to heating. Firstly, water sorptivity tests were conducted.

Secondly, sorptivity tests using a solvent instead of water were performed without

damage to the specimens caused by reaction of water & CaO. Thirdly, an attempt

to determine the porosity of the pastes and concretes using a solvent was made.
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Afterward, nitrogen adsorption was performed to provide information regarding the

pore size distribution of the specimens. Discussion of each technique is presented

in the relevant sections.

2 Materials and methods

Paste

Ordinary Portland cement (OPC) and ground granulated blast furnace slag (GGBFS

or “slag”) conforming to the requirements of Australian Standard AS 3972 were

used as binder materials. The chemical composition and properties of the binders

are presented in Table 1. The OPC used in this study has a low C3A content of <

5%. In this investigation OPC was partially replaced (i.e., 50% by weight) with slag.

The term water/binder (w/b) ratio is used instead of the water/cement ratio to

include both binder types mentioned above. The (w/b) ratio used was 0.5.

Table 1 Chemical composition and properties of the binders.

Constituent/property % OPC Slag

SiO2 19.90 32.5

Al2O3 4.70 13

Fe2O3T 3.38 0.22

MgO 1.30 5.47

CaO 63.93 42.1

Na2O 0.17 0.21

TiO2 0.245 1.08

K2O 0.446 0.25

MnO 0.079 5.47

P2O5 0.063 bd*

SO3 2.54 4.1

LOI 2.97 0.35

Fineness, m2/kg 360 435

Specific gravity 3.15 2.92
*below detection

Concrete

Identical binders to the paste specimens were used. Pakenham Blue Metal (Old

Basalt) crushed type was used as coarse aggregate with the following properties:

Maximum size = 14 mm; specific gravity = 2.95; and absorption = 1.2%. Lyndhurst

washed fine sand was used as the fine aggregate with the following properties:

specific gravity = 2.65; absorption = 0.5%. The w/b ratio used was 0.63. All

concrete mixtures contained water reducer WRDA GWA Grace Construction
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products 4.03 ml/kg of total cementitious materials; Total cementitious content =

300 kg/m3; and Coarse aggregate = 1100 kg/m3.

Measurements of the moisture contents of the aggregates were taken the day

before and on the day of the concrete mixing. The aggregate weights were adjusted

to saturated and surface dry condition.

Mixing and Heat Treatment

For the paste, water was first added, followed by the binders. The mixing was

conducted in a mechanical mixer of 20 litres of capacity, 80 rpm, for five minutes

each mixture. For the concrete, the first step was the mixing of aggregates with a

third of the water for 30 seconds. The second step was the addition of the binders

and remaining water, followed by two minutes of mixing. The mixture was set to rest

for an extra two minutes. The final step consisted of adding the water reducer

during the last two minutes of mixing. For both paste and concrete, the specimens

were compacted using a vibration table for better compaction. Specimens were

sealed with a plastic sheet and demolded after 24 hours and cured for 28 days in

lime-saturated water at 23ºC. Specimens were then placed in a controlled

temperature room for drying during 30 days, at 23ºC and 50% of relative humidity.

Following drying, the heat exposure was conducted in a muffle furnace. The heat

exposure was as follows: constant heating rate of 6.25ºC/min until 750ºC, than 1

hour between 750-800ºC, and finally 1 hour in 800ºC.

Paste and concrete specimens were assigned as ‘RT’ for room temperature and

‘800ºC’ for the 800ºC heat exposed specimens.

Water and Solvent Sorptivity

Two specimens of each mix (for both paste and concrete) were tested. Sorptivity

tests were conducted in accordance with ASTM C 1585 – 04 Standard Test Method

for Measurement of Rate of Absorption of Water by Hydraulic Cement Concretes.

The test specimen’s size for pastes and concrete specimens was 100 mm x 50 mm.

The specimens were oven dried for 3 days at 50ºC followed by 15 days sealed

storage. The 800ºC heat treated specimens were tested immediately after the heat

treatment took place. The solvent sorptivity test was performed as per water
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sorptivity. Acetone ACS reagent grade  99.5% was used. The test was conducted

inside desiccators in order to avoid acetone evaporation.

Porosity – Solvent Exchange Method

Three specimens of each mix were tested. For the concrete specimens, only the

mortar part of the specimen was tested (no coarse aggregate). No pre-drying was

performed except for the specimens that were exposed to heat tests. The

specimens were saturated with acetone in a sealed container until constant mass.

The pycnometer test was based in the ASTM D854-05 Standard Test Methods for

Specific Gravity of Soil Solids by Water Pycnometer. Acetone density was

determined by the pycnometer test.

Nitrogen Adsorption

Nitrogen adsorption and desorption tests were conducted using a Coulter

"Omnisorp 360CX" gas sorption analyzer. Outgas was at 3.5 x 10-5 torrs, 40ºC for

approximately 30 hours. Specific surface areas were calculated by the Brunauer,

Emmet and Teller (BET) method over a relative pressure range of 0.05-0.25 on the

adsorption/desorption isotherm. Total cumulative pore volume available to nitrogen

(1-40 nm pore radius range) and pore size distribution were calculated by the

Barrett, Joyner, Hallenda (BJH) method [16] using data from the desorption

isotherm.

3 Results and discussions
3.1 Water sorptivity
Sorptivity tests were conducted to determine any difference in the water absorption

process of paste and concrete. A difference in water absorption leads to differences

in the CaO rehydration process. Sorption is a term used for water ingress into pores

under unsaturated conditions due to capillary suction [17]. Sorptivity testing has

been previously used as a measure of the ability of concrete to absorb water [17,

18]. The specimens in comparison consisted of room temperature ‘RT’ (not

exposed to heat) and ‘800ºC’ heat exposed (followed by cooling to room

temperature) paste and concrete specimens. For comparison, specimens with

partial replacement of OPC with slag (50% by weight) were also tested.
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During sorptivity testing, the OPC paste 800ºC immediately upon contact with water

released significant heat and cracked. The heat was so intense that the sealing

plastic was partially melted. Within a few minutes, the specimen had disintegrated

completely (Fig. 4). Similar disintegration is seen when the OPC paste 800ºC is

exposed to air moisture for a few days [6], however the excessive heat is not

apparent. Therefore, the authors believe that this abrupt disintegration of OPC

paste 800ºC in water was due to an accelerated rehydration of CaO. Therefore, the

same heat exposure as described in Section 2 was performed in a CaO sample. It

was observed that immediately after cooling, and in the presence of water, the CaO

reacted instantly, with the temperature reaching ~ 80ºC within 30 seconds. Thus,

confirming that immersing OPC paste 800ºC in water provided an accelerated

exothermic rehydration of CaO.

Fig. 4 OPC paste 800ºC. Left, after 800ºC heat treatment. Middle, immediately after water immersion.

Right, few minutes after water immersion.

None of the remaining specimens (OPC concrete and 50% slag paste and

concrete) presented the significant deterioration found for the OPC paste 800ºC

and therefore, in those specimens, sorptivity tests were possible. The slag

specimens (both concrete and paste) presented slightly higher sorptivity values

when compared to OPC, this is in accordance with previous work [19]. However,

the differences between OPC and 50% slag pastes and concretes were not

significant. Therefore, for better visualization Fig. 5 presents only 50% slag

specimens.  In Fig. 5, the test time has been truncated to show sorption differences

at earlier times.

The specimens are represented by ‘paste and concrete’ and ‘RT’ (not exposed to

heat) and ‘800ºC’. When comparing the paste with the concrete it should be taken

into account that the concrete specimens consist of approximately 20% paste.
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Therefore, to enable accurate comparison, the differential mass ( Mass %) of each

specimen was calculated [20] and is plotted against the time (s1/2) in Fig. 5.

Fig. 5 Water sorptivity test results for the different specimens (50% slag blend).

It is clear from Fig. 5 that paste 800ºC absorbs water at a significantly faster rate

than concrete 800ºC, paste RT and concrete RT. Therefore, this results in more

available water for the rehydration of CaO in a shorter period of time. Fig. 5 shows

that after 100 s1/2 (~ 3 hours) of exposure to water, the paste 800ºC absorbed ~

97% of the total amount of water absorbed, while the concrete 800ºC absorbed ~

60%. When comparing the pastes RT and 800ºC, it is possible to see that the heat

exposure caused the water absorption to increase from 47 to 85% in 60 s1/2 (1

hour). On the other hand, for the concrete, the increase from RT to 800ºC after 1

hour exposure to water was 17%, showing that the effects of the heat treatment on

the absorption of concrete were not as severe as for the paste.
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3.2 Solvent Sorptivity
In the water sorptivity test, the OPC paste 800ºC crumbled and completely

disintegrated during the first few minutes of the test, inhibiting completion of the

test, and consequently, determination of its capacity to absorb water. As explained

above, the instantaneous disintegration is a result of the accelerated rehydration of

CaO caused by the reaction of the dehydrated OPC paste with water. Hence, the

need to find a way of determining the absorption of this paste is necessary.

Two issues were of concern when performing the water sorptivity test: the pre-

treatment required (drying) and rehydration of CaO leading to damage in the

presence of water.

Regarding the pre-treatment required, the fine pore structure of concrete is very

sensitive to drying procedures, which might result in microstructural damage [21].

Previous works have used temperatures as high as 105ºC as a pre-treatment prior

to porosity test techniques such as sorptivity, MIP or vacuum saturation [22-29]. It is

generally considered that, at 105ºC, only free water (evaporable water) is removed

from the pore spaces of most materials [23]. However, it has been reported that

ettringite crystallinity is readily destroyed, with loss of water, by heating in air ~ 100

– 105ºC [30]. In addition, drying may result in structural and physical collapse of

other hydrates as monosulfate hydrate (AFm) and C-S-H [30]. The temperature at

which the decomposition of C-S-H initiates is not well established but C-S-H is

partially dehydrated at 105ºC [23]. Furthermore, it has been reported that even

drying temperatures as low as 50ºC may not be appropriate for all concretes [17].

This is because the concretes with low water/cement ratio dry at a much slower rate

than those with high water/cement ratio [21]. In addition, drying can introduce

microcracks that influence the measured sorptivity.

The other concern relates to the rehydration of CaO in the presence of water.

Especially for the 800ºC specimens, on exposure to water, the dried material may

also rehydrate [31, 32], affecting the accuracy of the sorptivity test measurement.

An alternative to the use of the water as the wetting medium in the sorptivity test is

the use of a solvent. The solvent acetone was chosen for the present work

because: (i) water is miscible in it, thus it will remove strongly bound pore water; (ii)
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it has a lower dielectric than water, thus it will be less likely to hydrogen-bond

strongly to surfaces; and (iii) it has a lower capacity of formation of covalent

bonding to oxides such as CaO, thus will be less likely to significantly react with the

highly reactive components in heated cements than water. Acetone has been

successfully used to remove free water from cement paste and concrete, i.e., as a

drying method prior to mercury intrusion porosimetry (MIP) [33, 34]. Therefore,

while acetone will remove the capillary water from both the cement paste and

concrete, it will penetrate essentially the same pore space as water via capillary

attraction, enabling the determination of each specimen’s sorption. However, the

viscosity and density of acetone and water differ enough to possibly affect some of

the results.

Further, the effects of acetone in the microstructure of the cement paste have been

the focus of previous works. The main concern being that acetone would impact on

an accurate quantitative determination of the CaOH2 content of the hardened

cement paste [33]. It is suggested that the length of CaOH2 crystals increased when

immersed in acetone [35]. This finding is not expected to significantly impact on the

current experiment, especially for the 800ºC specimens, as those have experienced

complete CaOH2 dehydration. In addition, Taylor and Turner [36] reported that in

the presence of acetone, C3S paste quickly turned yellow, the colour deepening

after a few days to a reddish yellow. This was not observed in the present

experiment and may be an artefact of their experiment. Furthermore, acetone

quenching was reported to have preserved the pores better than other drying

techniques (freeze drying, oven drying, and vacuum drying) [23, 33, 37, 38].

Thus, the sorptivity test was repeated using acetone. Fig. 6 presents the acetone

sorptivity results for all OPC specimens, as completion of OPC paste 800ºC

sorptivity test was now possible without the reaction of CaO with water that lead to

completely disintegration. The 50% slag specimens presented similar acetone

sorptivity results as OPC, and for better visualization, only OPC specimens are

presented in Fig. 6. It is possible to see that concrete RT (room temperature)

absorbs acetone slowly, approximately 9% in 60 s1/2 (first hour). In a faster rate than

concrete RT, paste RT absorbed ~ 29% in the same period of 60 s1/2. Interestingly,

a slower rate of acetone sorption was observed for the paste and concrete RT in

comparison to the rate of water sorption as seen in Fig. 5. This may be a result of

the acetone reaction with CaOH2 as described by others [33, 35]. In addition, the
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slower rate may be also a result of the lower surface tension of acetone compared

to water; the very small pores present in concrete RT (see BET section) may be

less accessible to acetone than water.

For the concrete 800ºC, a different scenario was found. While the acetone

absorption of this specimen was quite fast, 82% in 60 s1/2 (first hour - Fig. 6), the

water absorption was much slower 32% in the same period (Fig. 5). This suggests

that although the OPC concrete 800ºC capacity to absorb a liquid is significant,

when the liquid is water this absorption is quite slow. The slower rate is also related

to the greater viscosity and density of water compared to acetone.

Fig. 6 Acetone sorptivity test results for the different OPC specimens.

The OPC paste 800ºC absorbed ~ 89% of the total amount of acetone absorbed in

60 s1/2 (first hour).  This shows the higher capacity of this specimen to absorb a

liquid when compared to the remaining specimens.
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Fig. 7 Comparison between OPC and 50% slag pastes 800ºC (acetone sorption).

Fig. 7 presents the acetone absorption for the OPC and 50% slag paste 800ºC. It

can be seen that OPC and 50% slag pastes 800ºC presented similar acetone

absorption. Therefore, the 50% slag water absorption results would provide an

indication of the OPC paste 800ºC rate of water absorption (Fig. 8 – dashed line).

For the 50% slag paste 800ºC, water and acetone were absorbed in a very similar

way, approximately 85% of water and 93% of acetone absorption in 60 s1/2 (first

hour). Based on this, as the OPC paste 800ºC acetone absorption is in the range of

92% in the same period of 60 s1/2, very similar to the 93% found for the slag

specimen, the water absorption would be expected to be similar. Considering the

50% slag paste 800ºC rate of water absorption of 84% in the first hour, it is

reasonable to expect that the OPC paste 800ºC rate would be of similar value for

the same period. This is represented in Fig. 8 (dashed line) and is expected to be

the minimum amount absorbed during the first 100 s1/2 (~ 3 hours). In addition, as

described in the previous section, OPC paste 800ºC disintegrated minutes after

being in the presence of water. The reason for this fast disintegration was attributed

to the rehydration of CaO. Therefore, indicating that in the OPC paste 800ºC this

reaction is almost instantaneous.
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Fig. 8 Water absorption of OPC and 50% slag blends 800ºC. Dashed line indicates expected

absorption for the OPC paste 800ºC.

This is an important finding as shows that the OPC paste 800ºC rate of water

absorption (expected to be ~ 85% in 1 hour and > 90% after 3 hours) occurs in a

much faster way compared to OPC concrete 800ºC (approximately 32% in 1 hour

and 53% after 3 hours). This is represented in Fig. 8 by the arrow, with the top

indicating paste 800ºC and the bottom, concrete 800ºC.

Differences in rate of water absorption lead to differences in growth rates of CaOH2.

Fast growth of crystals favours crystal growth at selected faces of the crystal, the

crystals are acicular [39]. A slow growth yields equant crystals [39]. Faster water

absorption leads to faster CaO rehydration, and consequently faster growth of

CaOH2. Acicular and fast crystal growth are more conducive of causing damage to

a porous matrix than slow and equant crystal growth [39]. Equant growth may not

cause any damage [39].  Ramachandran et al. [40, 41] analysed the hydration of

CaO pressed compacts exposed to either a limited quantity of liquid water or to

water vapour. The compacts are reported to have a void content of 46% by volume

and a CaO content of 54%. For the liquid water the compact remained strong and

undamaged. In contrast, for the compact exposed to water vapour, a volume
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increase was observed resulting in disintegration. Chatterji [39] concluded that not

all crystal growth leads to disintegration of the constraining body.

Thus, the differences in the rate of water absorption observed for the OPC paste

and concrete 800ºC lead to differences in the growth rate of CaOH2 crystals during

rehydration of CaO.  The different CaOH2 crystals formed will lead to different

deteriorations. This explain why OPC paste disintegrates after exposure to 800ºC

followed by air moisture and/or water (CaO rehydration), and why, on the other

hand, the OPC concrete does not disintegrate, even though CaO rehydration has

been confirmed to take place.

In conclusion, the dehydration of CaOH2 and rehydration of CaO might cause

damage to OPC paste and concrete after exposure to temperatures above 400ºC

followed by exposure to air moisture. However, the extent of the deterioration is not

only related to the rehydration occurrence, but most importantly it is related to the

rate of how the rehydration occurs, i.e., the rate of water absorption.

3.3 Porosity – Solvent Exchange Method
The fast rate of acetone absorption of both paste and concrete 800ºC, in which

reaction is expected to be minimal, indicates differences in the porosity of those

specimens when compared to the RT specimens. As reported previously [24, 42],

the porosity of concrete allows movement and retention of water and other

substances.

An accurate measurement of porosity and pore size distribution of hardened

cement paste is extremely difficult to obtain [37, 43]. While determining porosity,

there are evidences that the fragile microstructure of the cement matrix can be

damaged by two causes: by the drying procedure itself and/or, by the measurement

technique employed for the pore structure determination [37, 38, 44].

Based on that, the present work used the solvent exchange method to minimize the

effects of both pre drying and the technique itself. No drying is required using the

solvent exchange method. Parrot [45] used methanol as a drying treatment prior to

nitrogen adsorption and concluded that the pore structure had not been excessively

disturbed and that subsequent desorption and adsorption of methanol rather than
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nitrogen might be used to study pore structure. In 1984, Parrot [46] concluded that

solvent exchange can provide a simple physical measure of diffusion in

cementitious pastes, that can reflect the effects of pore structure alterations arising

from previous drying. Robler and Odler [34] used an acetone-ether extraction to

determine the porosity of the cement paste. Having free water removed by acetone-

ether and bound water by loss of ignition, it was concluded that an accurate

measurement of porosity was obtained [34]. Day and Marsh [43] concluded the

alcohol exchange process, followed by removal of the alcohol may be a preferred

drying method if accurate pore size distributions are to be obtained.

The acetone used in the present work, as described in the previous section, is

expected to have a low detrimental impact on the microstructure of the specimen.

Saturating the specimen with acetone enabled estimation of porosity. It is assumed

that total penetration of the acetone into the pores occurred. The total mass of

acetone absorbed by each specimen was recorded. As the acetone’s density at the

test temperature is known, the volume of acetone in the specimen can then be

determined. In a similar way, the volume of the specimen can be determined by the

known mass and bulk density. The porosity is then determined by the equation 1

below:

P (%) = Va/Vs                (1)

Where, P (%) refers to the porosity of the specimen in percentage, Va the volume

of acetone inside the specimen and Vs the volume of the specimen. For

comparison, a pycnometer of known volume was weighed, filled with a known mass

of finely ground specimen and acetone until saturation, followed by weighing. With

the mass and density of acetone and total volume known, the volume of the sample

and its particle density can be calculated. Finally, with the known bulk density ( bulk)

and particle density ( particle) the porosity P (%) can be determined by the equation 2

below:

P (%) = bulk particle (2)
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Both the solvent exchange method and the pycnometer method provided very

similar results and those are presented in Fig. 9. For the concrete specimens the

porosity results are related to the paste in concrete only, not considering

aggregates and ITZ porosities. For the room temperature specimens, as expected,

paste is more porous compared to the paste in concrete [26]. In addition, partial

replacement of OPC with slag tends to slightly increase the porosity of concrete RT

and 800ºC and paste RT. This is in accordance with previous work [33]. For the

paste 800ºC, a different scenario was found, with the OPC paste presenting higher

porosity than 50% slag paste, possibly due to the higher deterioration occurred due

to the CaOH2 dehydration. The higher porosity of OPC paste 800ºC is in

accordance with same trend found for the compressive strength, in which higher

porosity lead to a higher deterioration of mechanical properties. This is in

accordance with previous works [11, 22, 34].

Fig. 9 Porosities determined by the solvent exchange method using acetone, for both OPC and 50%

slag specimens.

3.4 Nitrogen adsorption

As described by Day and Marsh [43], when only one porosity measurement

technique is used during an examination, interpretation of results is restricted

because the method is based on a number of underlying assumptions. As an

example, differences in viscosity, density and surface tension for acetone and water
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mean that slightly different pores will be accessed by these two solvents.  While the

authors believe the differences will have minimal effect on the bulk results, it is

useful to have another means to prove the specimen pore space. Therefore,

nitrogen adsorption technique was performed to complement the porosity

characterisation obtained by the acetone exchange methods described in the

previous section. It must be noted that nitrogen absorption/desorption isotherms

only prove a specific range of pore sizes, thus is also limited in its ability as a stand-

alone technique in characterising the porosity of paste and concrete.

Adsorption measurements using various adsorbates (N2,  H2O, Kr, etc.) generate

values of specific surface areas and cumulative pore volumes [31]. The cement

paste has by volume a relatively large porosity, which can be defined in terms of

void volume, capillary pores and gel pores. The voids are formed on mixing when

air is entrapped into the mixture and the resulting voids can vary in size from

approximately 1 to 500 µm. Capillary pores have an average radius greater than 50

Å and are originally water filled. When interconnected these pores dominate water

transport [47]. Gel pores have a radius less than 50 Å [47]. The water present in gel

pore is more strongly bound water and can be removed only by drying [31] or by

solvent exchange.

In the case of heat exposed specimens, structural changes which may result from

dehydration processes are predominantly effectual in a pore radius range below 40

Å [48]. The occurrence of structural changes in this range might be investigated by

N2 adsorption [48].

Fig. 10 presents the adsorption isotherms for OPC paste and concrete, RT and

800ºC. In general, the results are in accordance with the porosity results presented

in Fig. 9.  OPC paste RT has a N2 adsorption volume of ~ 52 cm3/g while paste in

concrete RT has an adsorption volume of ~ 20 cm3/g. A higher adsorption is found

for the OPC paste 800ºC at the same p/p0 compared to the paste RT. The OPC

paste 800ºC has an adsorption volume of ~ 70 cm3/g while OPC paste in concrete

800ºC has ~ 26 cm3/g. This supports the findings described in the previous section,

as the OPC paste 800ºC presented higher total adsorption, and therefore greater

porosity, when compared to the OPC paste in concrete 800ºC.
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Fig. 10 Nitrogen adsorption isotherms for OPC paste and concrete, RT and 800ºC.

Fig. 11A and B present the BJH desorption cumulative pore size distribution for the

different OPC specimens. In Fig. 11A, a comparison between paste RT and 800ºC

is made in order to determine the effects of the heat exposure on the pore size

distribution of the cement paste. For both RT and 800ºC the peaks near 5 nm

relates to the gel pores [47] which are of a size that is not conducive to unsaturated

flow by capillary attraction. As discussed above, the water present in the gel pores

is more strongly bound water and can be removed only by drying [31]. After

exposure to 800ºC, it can be seen that the gel pores have drastically decreased.

This is evidenced by the increase in capillary pores and microcracks, which when

interconnected dominate the water transport [47]. Thus, this change in pore size,

and change in the volume of pores of different sizes (i.e. gel and capillary),

facilitates the absorption of water in the system.

In Fig. 11B, OPC paste 800ºC is compared to paste in concrete 800ºC so that the

differences between the pore size distributions of those specimens can be

determined. Regarding the gel pores, the heat treatment seems to result in similar

loss of gel pores volume, as a result of the dehydration due to the loss of bound

water. However, regarding the capillary pores, the OPC paste 800ºC presents a

greater volume of the coarser pore size distribution. As discussed above, the

capillary pores dominate the water transport, therefore leading to greater absorption
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of water by the paste 800ºC when compared to the paste in concrete 800ºC. This is

in accordance with the sorptivity tests discussed in the previous sections,

confirming that OPC paste 800ºC absorbs water at a faster rate when compared to

OPC paste in concrete 800ºC. This results in different CaO rehydration process

between those specimens.

Fig. 11 BJH desorption pore size distributions. ‘A’ OPC paste RT and 800ºC. ‘B’ OPC paste and paste

in concrete 800ºC.
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4 Conclusions

The present work investigated why, after exposure to 800ºC, rehydration of CaO

causes total strength loss in OPC paste, leading to complete disintegration of the

paste yet only 65% strength loss in OPC concrete.

Water sorptivity tests have shown that OPC paste 800ºC specimens reacted

instantaneously with water, releasing heat and disintegrating, inhibiting test

completion. This was found to be due to an accelerated rehydration of CaO in the

presence of water; an expansive, exothermic and instantaneous reaction.

Acetone sorptivity tests provided an indication of the OPC paste 800ºC rate of water

absorption. Based on that, it was concluded that OPC paste 800ºC absorbed water

faster than OPC concrete.

The rate of water absorption determines the growth rate of CaOH2 crystals and

ultimately the type of CaOH2 crystals formed. Therefore, the faster rate of water

absorption observed for OPC paste 800ºC compared to OPC concrete 800ºC, led

to different CaOH2 crystal formation in each specimen. Different crystals cause

different levels of deterioration, not always leading to the total disintegration of the

constraining body.

This explain why OPC paste disintegrates after exposure to 800ºC followed by air

moisture and/or water (CaO rehydration), and why, on the other hand, the OPC

concrete 800ºC does not disintegrate, even though CaO rehydration has been

confirmed to have taken place.

Therefore, the extent of the deterioration is not only related to the CaO rehydration

occurrence, but most importantly it is related to the rate at which rehydration

occurs, i.e., the rate of water absorption. The rate of water absorption is the

determining factor controlling the extent of deterioration caused by CaO

rehydration.

The solvent exchange method using acetone provided a good indication of the

porosity of the specimens. In addition, it eliminated the negative effects of the pre-
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drying required by other porosity testing techniques such as mercury intrusion

porosimetry (MIP). The porosity was significantly higher for the paste 800ºC

compared to the paste in concrete 800ºC.

Nitrogen adsorption tests confirmed the porosities results obtained with acetone

exchange method. A greater volume of the coarser pore size distribution, capillary

pores (radius greater than 50 Å), known for dominating the water transport, was

found in the OPC paste 800ºC in comparison to the paste in concrete 800ºC. This

supports the finding that paste 800ºC absorbs water faster than the paste in

concrete 800ºC.
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10. 1      Summary and conclusions

Most of the current literature describing the effects of elevated temperatures on

OPC concrete is contradictory, as outlined in Chapter 2 of this thesis. Above 400ºC,

one of the main hydrates of the cement paste, calcium hydroxide (CaOH2)

dehydrates into calcium oxide (CaO) causing the OPC paste to shrink and crack.

During cooling and following exposure to air moisture, CaO rehydrates into CaOH2

causing expansion, disintegration and total strength loss of the OPC paste. Through

this study, although the critical temperature of 400ºC has been confirmed for OPC

paste, this was not valid for OPC concrete. This highlights that the behaviour of

paste and concrete, following exposure to elevated temperatures, can differ. The

rate of water absorption, which enables the CaO rehydration, was found to be the

key factor controlling the extent of deterioration of the mechanical properties of

paste and concrete. This is further summarized, along with other key conclusions,

in this chapter.

1. The dehydration of CaOH2 and rehydration of CaO leads to total strength loss

and complete disintegration of OPC pastes. As indicated by thermogravimetric

analysis (TGA) and compressive strength tests, partial replacement of OPC

with slag resulted in a significant and beneficial reduction of the amount of

CaOH2. An increase in the proportion of slag in the cement paste led to an

improvement in the mechanical properties following exposure to temperatures

beyond 400ºC. OPC/slag pastes presented compressive strength in the range

of 15 MPa after exposure to 800ºC, while OPC pastes presented total strength

loss.

2. The CaO rehydration progresses with time resulting in severe deterioration of

the OPC paste structure. After one year of exposure to air moisture, the CaO

rehydration led the hardened OPC paste to completely disintegrate to powder.

On the other hand, OPC/slag pastes were not affected by the progressive CaO
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rehydration, presenting no visual or residual strength changes after one year of

exposure to air moisture.

3. The use of sealants has proven to be a promising option to minimize the

negative impact of CaO rehydration on OPC pastes exposed to elevated

temperatures. After exposure to 800ºC, the application of paraffin as a sealant

resulted in OPC pastes retaining 15% of residual strength even after one week

of exposure to air moisture. On the other hand, OPC pastes coated with

silicone presented residual strength lower than 2.5%, indicating that silicone

was not as successful as paraffin. Infrared spectroscopy (IR) tests revealed

that OPC pastes coated with paraffin presented a very minor CaOH2 peak

intensity. This shows the efficiency of this sealant in acting as a barrier to

reduce moisture ingress and therefore, minimize the CaO rehydration. In

contrast, OPC pastes coated with silicone presented a CaOH2 peak 16 times

more intense than the OPC pastes coated with paraffin.

4. The role of other paste hydrates, rather than CaOH2, in the deterioration of the

mechanical properties of OPC and OPC/slag pastes was determined using the

following techniques: nuclear magnetic resonance (NMR), X-ray diffraction

(XRD), infrared spectroscopy (IR) and Synchrotron NEXAFS. The behaviour of

the calcium silicate hydrate (C-S-H gel) of OPC and OPC/slag pastes after

exposure to elevated temperatures was found to differ. After exposure to

800ºC, the C-S-H gel of OPC/slag pastes remained more polymerized than the

C-S-H gel of OPC pastes. This is of importance as it indicates that the total

loss of C-S-H gel for OPC pastes has also contributed to the greater

deterioration of mechanical properties of these pastes when compared to

OPC/slag pastes.

5. Furthermore, NMR, XRD and IR tests revealed that the aluminate phases of

OPC and OPC/slag pastes differ after exposure to temperatures up to 800ºC.

The OPC pastes presented rehydration of the aluminate phases, while this was

not observed for OPC/slag pastes. Therefore, it is likely that the aluminate

phases also play a role in the greater deterioration of mechanical properties

experienced by OPC pastes when compared to 35% slag pastes.
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6. The temperature of 400ºC is below the critical temperature necessary for

CaOH2 dehydration. OPC concrete heated to 400ºC followed by exposure to

air moisture presented strength loss of approximately 20%. When water

cooling followed the exposure to 400ºC, a further 20% strength loss was

observed for the OPC concrete. OPC/slag concrete presented similar strength

losses to OPC concrete. The further strength losses due to water cooling are a

result of thermal stresses caused by the thermal shock experienced by

concrete when in contact with water.

7. The temperature of 800ºC is above the critical temperature necessary for

CaOH2 dehydration. OPC concrete heated to 800ºC followed by exposure to

air moisture presented strength loss of 65% while OPC pastes presented total

strength loss and complete disintegration. Therefore, the dehydration of CaOH2

and rehydration of CaO is significantly less detrimental for OPC concrete than

it is for OPC paste.

8. OPC concrete heated to 800ºC followed by water cooling presented a further

strength loss of 14%. For OPC/slag concrete the further strength loss due to

water cooling was approximately 5%, therefore, significantly less than the

strength loss observed for OPC concrete. Infrared tests revealed that the

greater strength loss observed for OPC concrete was a result of the

accelerated rehydration of CaO caused by the water cooling method.

9. Exposure to 800ºC followed by air moisture caused further deterioration in

OPC and OPC/slag concretes. After one week exposure to air moisture OPC

and OPC/slag concrete presented the same strength loss caused by water

cooling, i.e., 14% and 5% respectively. IR tests showed that this further

deterioration was caused by the slower rehydration of CaO as a result of

exposure to air moisture. However, even though the different sources of water

(air moisture and water cooling) caused similar deterioration, the amount of

CaOH2 formed by each source differed.

10. OPC pastes exposed to 800ºC followed by cooling to room temperature were

later investigated by water sorptivity tests. During testing, the OPC paste

reacted instantaneously with water, releasing heat and disintegrating, inhibiting

test completion. This was found to be due to an accelerated rehydration of
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CaO in the presence of water; an expansive, exothermic and instantaneous

reaction. Acetone sorptivity tests provided an indication of the rate of water

absorption of OPC pastes previously exposed to 800ºC. When compared to

water sorptivity results for the OPC concrete (previously exposed to 800ºC

followed by cooling to room temperature), it was concluded that after exposure

to elevated temperatures, OPC paste absorbs water at a faster rate than the

OPC paste in concrete.

11. The rate of water absorption determines the growth rate of CaOH2 crystals and

ultimately the type of CaOH2 crystals formed. Therefore, the faster rate of

water absorption observed for OPC paste compared to the OPC paste in

concrete, led to different CaOH2 crystal formation in each specimen (previously

exposed to 800ºC followed by exposure to moisture). Different crystals cause

different levels of deterioration, not always leading to the total disintegration of

the constraining body. This explains why OPC paste disintegrates after

exposure to 800ºC followed by air moisture and/or water (CaO rehydration).

And this also explains why, on the other hand, the OPC paste in concrete

exposed to 800ºC followed by air moisture and/or water does not disintegrate,

even though CaO rehydration has been confirmed to have taken place.

12. The extent of the deterioration is therefore, not only related to the CaO

rehydration occurrence, but most importantly it is related to the rate at which

rehydration occurs, i.e., the rate of water absorption. The rate of water

absorption is the determining factor controlling the extent of deterioration

caused by CaO rehydration.

13. Nitrogen adsorption tests were conducted in OPC paste and concrete

previously exposed to 800ºC. Test results showed that a greater volume of the

coarser pore size distribution (capillary pores with radius greater than 50 Å),

known for dominating the water transport, was found in the OPC paste in

comparison to the OPC paste in concrete. This supports the finding that OPC

paste absorbs water at a faster rate than the OPC paste in concrete.
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10.2      Suggestions for future work

This thesis investigated the effects of elevated temperatures on the mechanical

properties of OPC and OPC/slag paste and concrete. The following suggestions are

proposed to better supplement the findings of this thesis.

1. Study of different binders

The investigation of the effects of binders such as fly ash and silica fume on the

microstructure and mechanical properties of OPC paste and concrete exposed to

elevated temperatures is of interest as it would provide further information on how

elevated temperatures impact on the OPC binder. In addition, different binders

might result in better mechanical properties after exposure to elevated

temperatures.

2. Thermal resistance under loading

The assessment of the impact of loading/unloading during exposure to elevated

temperatures would provide additional information regarding the behaviour of

concrete during a fire event.




