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Abstract

Concrete is the most widely used construction material across the world. It is a heterogeneous
material consisting of cement paste, fine and coarse aggregates, and it is a multi-phase porous
media with dry air, liquid water, vapour and other kinds of fluids filling the pores. The hygro-
thermo-chemo-mechanical behaviours of concrete under elevated temperature have been
investigated for decades at the macroscale level using experimental methods and numerical
simulations, including material strength, material properties, variables (e.g. pore pressure) and
even microstructural properties. However, the findings are generally empirically in nature,
and the mechanisms underneath all these macroscopic behaviours are still not clear. The
objective of this thesis is to contribute to the understanding of the influences of
microstructural processes on the macro-level behaviour of concrete at elevated temperatures
through a combined numerical and experimental study. The work uses finite element analysis
with a fully coupled hygro-thermo-chemo-mechanical model in combination with water

vapour sorption isotherms measurements using the ‘Dynamic Vapour Sorption’ method.

Numerical parametric studies have been conducted for nine properties rooted in the micro-
scale. These have confirmed that: permeability is key to the development of gas pressures; the
description of the heat and mass boundary conditions can have a considerable effect on the
predicted results; the amount of water introduced into the system as a result of dehydration of
the cement paste, the influence of micro-scale gas flow behaviour and the evolution of
capillary pressures are all found to have a considerable effect on the development of macro-
scale behaviours. Furthermore, the transient behaviour of moisture under elevated
temperatures are found to be significantly affected by the formulation of the sorption
isotherm, especially where that relates to microstructural behaviour. To further investigate this
and potential contradictions between theoretical or observed microstructural behaviour and
macro-scale model formulations, a series of experiments were conducted to measure water
vapour sorption isotherms using the ‘Dynamic Vapour Sorption (DVS)’ method.
Investigations were carried out to determine the potential microstructural changes of hardened
cement pastes (CEMI with water to cement ratio of 0.4) subjected to different relative
humidity ranges. The results indicate that the microstructure of cement paste is not affected by
elevated temperatures until 80 C, after removing confounding effects from irreversible
changes upon first drying and harsh drying. The only microstructural changes consistent with
the presented results, during desorption and adsorption, appear to be reversible. The
temperature dependency of sorption isotherms was investigated as well. The results confirm
and extend the interpretation that the adsorption isotherm is near-equilibrium, and the



desorption isotherm is not. These results are qualitatively confirmed by classical Density
Functional Theory (DFT) theory. It is also confirmed that the adsorption isotherm is weakly
temperature-dependent and desorption is much less temperature-dependent than from
desiccator tests, where a marked increase of cavitation pressure is observed in the desorption
branch with increased temperature. Additionally, the mechanism of interlayer water was
investigated in this project by drying the samples to nominal RH=0%, instead of drying at 5%
RH. The results suggested that the interlayer water play a significant role in the desorption
range below 5% RH and the hysteresis in isotherms suggested that until the interlayer water
was evaporated sufficiently, the interlayer spaces were never filled even when re-wetting to
full saturation. All these results and their implications indicate the need for a revision of the
models linking water content with humidity at high temperature, with possibly important

implications for the understanding and prediction of temperature-induced damage in concrete.

All these results indicated that microstructural processes have significant influences on the
behaviours of concrete at the macroscale level when exposed to high temperature. However,
these microstructural processes are still vague, which are strongly affected by the pore size

distribution that needs to be explored and clarified further.
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Nomenclature
Specific heat of phase i (fori =A, L, S, V)
Diffusion coefficient of adsorbed water
Diffusion coefficient of dry air in water vapour (i = AV) or water vapour in
Dry air (i = VA) within the porous concrete
Emissivity
Rate of evaporation (including desorption)
Convective heat transfer coefficient on the boundary
Radiative heat transfer coefficient on the boundary
Combined heat transfer coefficient on the boundary
Mass flux of a phase i (fori =A,G,L,V)
Thermal conductivity of concrete intrinsic permeability of the dry concrete
Intrinsic permeability of the dry concrete
Relative permeability of phase i (for i = G,L)
Capillary pressure
Partial pressure of phase i (fori =A,G,L,V)
Averaged fluid pressure in pore space saturation pressure of water
The saturation pressure of water
Gas constant of phase i (for i = A,V)
Degree of saturation with free water
Degree of saturation with adsorbed
Solid saturation point
Time
Absolute temperature, K
Temperature, °C
Component of velocity of phase i (fori =B,G,L)
Thermal diffusivity of dry air
Coefficient of water vapor mass transfer on boundary
Concrete constrictivity factor
Volume fraction of phase i (for i = A,D,G,L,S,V)
Specific heat of dehydration
Specific heat of evaporation
Dynamic viscosity of phase i (for i = A,G,L,V)
Heat capacity of concrete



(PC) 4ir Heat capacity of dry air

pC, Energy transferred by fluid flow, i.e., convection
p; Density of a phase i (for i = Cem,L,S)

P Mass of a phase i per unit volume of gaseous material (fori =A, G, V)
T Concrete tortuosity factor

() Porosity

Subscripts

A Dry air phase

B Physically bound, adsorbed water

C Capillary

Cem Cement

D Chemically bound water released by dehydration
FW Free (combined liquid and adsorbed) water

G Gas phase

L Liquid water phase

M Moisture (free water and water vapour phases)

S Solid phase

\Y Water vapour phase

o0 Atmospheric conditions beyond the boundary
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Chapter 1 Introduction

1.1 Background

Concrete is the most widely used construction material across the world. It is a heterogeneous
material consisting of cement paste, fine and coarse aggregates, and it is a multi-phase porous
medium with dry air, liquid water, vapour and other kinds of fluids filling the pores. Concrete
has been widely used, well-understood and extensively researched for many years in different
ways. However, in view of extreme events and safety-critical industrial applications, such as
terrorist attacks, incendiarism, accidents, biochemical protections of the nuclear reactor, oil
and gas drilling well, etc., (see Figure 1.1) the performance of concrete when exposed to
elevated temperature is one area of particular interest to both researchers and industry. The
lack of understanding of how concrete behaves under high temperature has been suggested by
lots of events and recent research. For example, as shown in Figure 1.1a, the first Channel
Tunnel fire in 1996 which raged for 10 hours, reaching temperatures of 700<C, caused critical
structural damage over the length of the affected area and emphasised the vulnerability of
concrete in case of fire-induced spalling (UIm et al., 1999). After further investigation, there

was no real consensus to explain the mechanisms of the observed spalling phenomenon.

Figure 1.1 Example of concrete spalling: a) Channel Tunnel Fire, 1996 (www.tunneltalk.com), b) Grenfell
Tower Fire 2017 (Metropolitan Police, 2017), ¢) Concrete nuclear reactor vessel, (www.power-eng.com), d)

Deepwater Horizon drilling rig explosion (www.telegraph.co.uk).


http://www.power-eng.com/

Spalling is one of the most common forms of damage to concrete when the surface of the
concrete is exposed to rapidly rising extreme temperatures. Spalling can be defined as the
violent or non-violent (explosive or non-explosive spalling) detachment of concrete cover or
concrete pieces from the surface of a structural element, during or after it is applied to high
and rapidly rising thermal loading, like fires (Khoury et al., 2007). This phenomenon can lead

to premature failure of concrete structures due to:

- Reinforcement exposure: The depth of spalling is usually as same as the depth of the
concrete cover. The thermal load is applied to the reinforcement due to the detachment
of the concrete cover (spalling). This leads to the reduction of the yield strength of
steel bars.

- Reduction in cross-section of concrete structural element: The dimensions of the
concrete structural members are optimised for a certain fire-resistance designed with

the assumptions that the same size of the cross-section of the element.

The driving mechanisms underneath spalling are because concrete shows the complex hydro-
thermal-chemo-mechanical behaviours when exposed to elevated temperatures. This is
because concrete is a multi-phase material, which is composed of a porous solid skeleton,
filled with gas mixture (such as water vapour and dry air) and liquid water
(chemically/physically bound water, capillary water, interlayer water etc.). The mechanical
characteristics at high temperatures are not only determined by those components within the
concrete but also associated with the intrinsic properties of concrete, such as elasticity,
permeability, relative humidity, porosity, thermal conductivity, the compressive strength of
the concrete (Davie et al., 2012a). Most of these intrinsic characteristic properties are
temperature-dependent, and their initial values cannot be identified or quantified easily for a
specific concrete. Furthermore, many numerous complex phenomena will occur when
concrete is exposed to high temperatures, such as dehydration of cement paste, shrinkage of
concrete, thermal expansion of the solid skeleton (see Figure 1.2a), heat conduction and
convection, transportation of liquid water and gases in pores and evaporation of liquid water
within pores (see Figure 1.2b, the water released from concrete during the fire), most of them
strongly interact with each other. With the increasing temperatures, all these processes will
result in degradation of concrete chemically or mechanically, changes in the microstructure of
concrete, development of micro-fracture, reduction of concrete elastic stiffness and strength
and other changes of characteristic concrete properties, including thermal conduction,
porosity, permeability, etc. (Zhang & Davie, 2013).



There are various numerical models which have been developed, simulating the complex
behaviours on concrete with various assumptions and different levels of simplification at
macroscale level when concrete is exposed to high temperatures [e.g.(Bazant and Thonguthai,
1978; Gawin et al., 1999; Stabler, 2000; Tenchev et al., 2001a; Khoury et al., 2002; Chung
and Consolazio, 2005; Davie et al., 2006; Dal Pont et al., 2007; Dwaikat and Kodur, 2009;
Davie et al., 2010)]. Depending on the previous research, concrete behaviours are governed
by a combination of heating rate, moisture content of concrete, permeability, section shape,
size of the concrete element and concrete structural restraint (Zhang & Davie, 2013). These
numerical models can provide reasonable predictions at macroscale level (such as results of
gas pressure, temperature, and mass loss), there are still many controversies regarding the
driving mechanisms, interdependent relationships underlying concrete behaviours exposed to
high temperatures. Furthermore, the influences induced by the different material properties
and phenomena at microscale level (effects from the microstructure of concrete at high
temperature), such as the interaction of material properties and behaviours (from, e.g.
porosity, permeability, dehydration, etc.) in concrete exposed to elevated temperature, are still

not clear.

a) b)

Figure 1.2 Concrete behaviours when exposed to high temperature: a) Concrete slab showed spalling and
thermal expansion after the fire-spalling test (www.tunneltalk.com); b) Moisture content released from the
concrete specimen when exposed to fire (McNamee, 2013).

In this research, the aim is to provide a better understanding of the influence of
microstructural processes on concrete exposed to elevated temperatures. According to
previous research outcomes, changes of variables and material properties such as pore
pressures, capillary pressure, porosity or permeability, etc., have been investigated and can be
described as functions of temperature. However, most of the variables and material properties
would be influenced by the pore size distribution, which means the evaluation of pore
structure could make a great contribution to modelling the microstructure of concrete.
Nevertheless, the potential reasons for those phenomena of concrete which are induced by the

elevated temperatures still cannot be clearly understood. Therefore, the comprehensive
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understanding of the effects due to those variables, material properties and the phenomena at
the microscale level that may affect macroscale behaviour in concrete at high temperatures
need to be established clearly and precisely. Then how the existing model could be improved
to capture the results by considering those microstructural processes should be determined.
The microstructural processes due to the high temperature are explored, and the implications
of those microstructural processes to the real application should be provided for future

research.

1.2 Outline of Methodology
In 