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Abstract 

The paper 1 reviews recent researches at Northwestern University deal
ing with (1) the intentional spalling of concrete by very rapid mi
crowave heating, aimed at removing a concrete layer contaminated 
by radionuclides, and (2) the degradation of concrete by alkali-silica 
reaction or other expansive reactions. In view of space limitation~ only 
the mathematical modeling of the former is described in some aetail. 
The problem of scaling with the change of spatial dimensions and time 
scales, whici?- is comm~m ~o these !IDd other situations of response to 
extreme envlTonment\ IS discussed In the coriference presentatIon, doc
umented by numerical. computations, but cannot be fit into the present 
article. 

1. Introduction 

The simulation or prediction of the response of concrete exposed to extreme hy
grothermal environments or environments produced by various chdmical processes 
typically involves a great variety of physical and chemical processes which need 
to be modeled mathematically. Depending on the particular situation at hand, 
some processes control the outcome while other have little importance and can 
be ignored. Which one can be ignored can be often be decided by simple scaling 
analysis of the mathematical model. 

The conference presentation illustrates this approach by analysis of two important 
problems, particularly (1) the rapid heating of concrete, which is often considered in 
connection with fire exposure or hypothetical nuclear reactor accidents, but is here 
focused on the deliberate inducement of concrete spalling by microwave radiation, 
and (2) the alkali-silica reaction (ASR) in supply of water from the environment can 
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engender volume expa.nsion of silica containing particles leading to severe damage 
to concrete (BaZant et al. 2000a,b). These and other problems involve diffusion 
processes of heat, moisture, etc., constitutive models for pore water, elastic and 
inelastic deformation, creep, and fracture modeling. 

Since the scaling aspects and the modeling of damage due to ASR are discussed 
in' other recent papers (Batant et al. 2000a,b), and since the space is limited, 
the present article describes only the mathematical model for the rapid microwave 
heating producing spallation of concrete. The experience gained in food engineer
ing is exploited to develop a simple formula for computing the volumetric heat 
generation rate in concrete reinforced by steel bars, subjected to microwave radi
ation. This is done by averaging the Ohmic heat generation in space as well as time. 

The discretization of the governing equations to be described at the conference and 
in a detailed journal article currently under preparation is carried out by the finite 
volume method in space, and by an implicit finite difference scheme in time. The 
conference presentation will give a number of numerical examples and experimental 
comparisons which are still in progress at the time of writirig. 

2. Model for Heat and Moisture Transport 

Concrete has been a common materials at nuclear facilities. Unfortunately, a thin 
surface layer of vast areas of concrete surface has been contaminated at those fa
cilities over many years of operation by nuclear waste. 1b guarantee safe long-time 
working environment, the contaminated surface layer must be removed from the 
concrete mass and disposed of as nuclear waste. 

There are several possible techniques such as the use of hammer and chisel or 
high pressure water jet, and various kinds of aggressive thermal treatments. The 
present study is focused on rapid heating by microwave radiations and deals with 
the modeling of heat and moisture tra.nsfer. Both the heating by conduction from 
the surface and the volumetric heating by penetrating electromagnetic radioation 
are studied, but the present article is focussed on the microwave heating. The 
condutive heating has been extensively studied in many works, as it is relavant to 
fire resistance (BaZant and Thonguthai 1978, 1979; Ahmed and Hurst 1997; Gamin 
et. all999), and 80 have been the relevant thermodynamic properties of concrete 
(Harmathy 1970; Harmathy and Allen 1973; Neville, 1973; BaZant and Kaplan 
1996; Vod8.k 'et. &11997). Therefore the characteristic of temperature profiles and 
pore pressure profiles are relatively well known for the c~ of ccinductive heating 
from a hot surface. The studies of microwave heating h~n more limited, 
confined mainly to the determination of temperature distributions (Li et al 1993; 
White et. &11995). A linear heat conservation law was used in those models and 
the distributed heat source which was obtained by averaging in time domain. 

Concrete is a kind of hygrotherm&1 material jIl.. whose mechanical behavior depends 
very strongly on temperature change as well as humidity change. The humidity 
change causes shrinkage and drying creep, and of course it affects the relative wa-



ter vapor pressure and capillary tension in the cement paste pores, which drive 
moisture transport. Therefore it is required to analyze not only the temperature 
profiles but also the pore pressure profiles. The moisture content, temperature and 
pore pressure are coupled thermodynamically, and so a coupled heat and moisture 
transfer model must be used. The basic framework of this model is inherited from 
the previous work (BaZant and Thonguthai 1978). 

The equations of mass and heat conservation are 

8w 8 at + \7. J = Iw , 8t {(wCw + pC) T} + \7! q = lH (1) 

where w = tPPw = water content, ifJ = porosity, Pw = specific mass of water, Iw = 
source of water, J = water flux vector, Cw = specific heat of water, P = mass of 
concrete, C = specific heat of concrete, T =temperature, q = qed + qcv = total 
heat flux vector, qed = cllmductive heat flux vector, qcv = convective heat flux 
vector, and IH = source of\eat. Although the general approach within the frame 
of irreversible thermodynamics is well known (Nield and Bejan 1992; Coussy 1994), 
the problem in its full detail is very complex and must, therefore, be simplified. 
The heat capacity of concrete G can be divided into the heat capacities of solid 
part Cs and of dehydration heat Cd' Further complications stem from G", which 
includes the heat of chemical conversion of various components of concrete during 
heating because concrete is a chemical mixture of many components. The complete 
description seems very complicated. However, in concrete, the latent heat effects 
in concrete appear less important if one takes account of the aggregates (Harmathy 
1973). Therefore, the heat capacity of oven dried concrete is used as C, and the 
term wGw term is dropped. The water flux J and the conductive heat flux qed 
are expressed as linear combinations of the gradient of water content w and the 
gradient of temperature T.If pore pressure is taken as the driving force, the cross 
effect of temperature on water flux can be dropped(Bazant and Kaplan 1996). 

a 
J=--\7P, qed=-k\lT (2) 

9 

where a = permeability, 9 = gravity acceleration, P = pore pressure, and k = 
heat conductivity; (2), which is the classical Darcy's law, can be applied to non
saturated concrete provided that P is interpreted as the pressure of pore vapor 
(Baiant and Najjar 1972; Baiant 1975). The heat convection by water negligible. 
When concrete is heated, the water which is chemically bound becomes free and 
is released into the pores. This is reflected in the source term Iw. Below 100°C, 
Iw is negative due to hydration. The boundary conditions for the mass and heat 
transfer at the surface are n . J = Bw(Pb - Pen) and n . q = BT(Tb - Ten) where 
n = unit outward normal of the boundary surface, Pen = the partial pressure of the 
adjacent environment, Ten = the environmental temperature, Pb = surface partial 
pressure, Tb = surface temperature, Bw = surface emissivity of water, and BT = 
surface emissivity of heat. 

The formulation of the equation of state of pore water and of permeability is com
plex problem and because of space limitations the reader is referred to BaZant and 



Thonguthai (1978, 1979) and BaZant and Kaplan (1996). 

3. Model for Rapid Microwave Heating of Concrete 

The a.pproach to mathematical modeling of microwave heating and its effects on 
concrete will now be described, based on an internal research note by G. Zi (2001) 
at Northwestern University. The electromagnetic waves are governed by Maxwell 
equations which describe the evolution of the coupled electric and magnetic fields. 
The Maxwell equations can be decoupled since a dielectric source (ferromagnetic 
material) can be neglected (von HippeI1954). The energy carried by electromag
netic waves is described by the Poynting vector P (Cheng 1983); 

-Is P . dB = - Is Ex'! . dS (3) 

= !... { (~~~:t ~P,H2) dV + { aE2dV 
at Jv . 2 2 Jv 

= ! [(we +wm)dV + [ Pt7dV (4) 

which gives the power density transmitted by the electroma.gnetic wave; E = elec
tric field strength vector, H = magnetic field strength vector, e = £' - ie" = 
complex dielectric permittivity, £' = dielectric permittivity, f" = dielectric loss, 
p, = p,' - ip," = complex magnetic permeability, p,' = ma.gnetic permeability, and 
p," = magnetic loss; a = dielectric conductivity, We = electric energy density, Wm = 
magnetic energy density, Pt7 = Ohmic power dissipation, t = time, and V = vol
ume. If a medium is lossless (a = 0), the Ohmic power· dissipation term vanishes. 
When a medium is exposed to microwave radiation, the last term describes the 
heat generation, Le., the Ohmic heat dissipation in (4) and (4). For the present 
problem of microwave heating of concrete, it sufficeS to consider only transmitted 
electromagnetic waves that are parallel, with normal incidence at surface. Then the 
dielectric field depends only on the normal coordinate ~ (distance from concrete 
surface) and time tj 

(5) 

where w = 211v = angular velocity, /J = frequency, "I = iw..jfJi = a + if3 = complex 
propagation factor, a = attenuation factor, and f3 = phase factor. A part of 
an electromagnetic wave is reflected at the interface of two media, and a part is 
transmitted as a refracted wave (which may be computed by Fresnel's equation, 
the reflection and refraction angle being given by Snell's law; von Hippel1954). If 
the wave is incident to the interface of two dielectric media in normal direction, 
the wave forms a standing wave pattern and can be calculated simply from the 
continuity condition at each interface (Cheng 1983; Wait 1985). For calculations, 
one must distinguish strips orthogonal to the surface which do or do not include a 
steel bar. The wave solution in concrete may be written as 

(6) 



Hz = EollCt[e-711l>_Rte'Yt!1I>-21)] forO<x<l 
TJl. 

where '7 = 'Y/j;"Je = Me = intrinsic impedance (generally a complex number), 
C1 = magnitude factor, IIoIld Ri = effective reflection factor. From the continuity 
condition for each interface, 

(7) 

(8) 

At the interface of concrete with a steel bar, almost all of the wave is reflected 
since the intrinsic impedance of a meta.\. is very small compared. to concrete. So the 
reflection factor R t ~ -1 (von Hippe! 1954). 
The actual solution can be taken as the real part of E. After some mathematical 
mllollipulations, 

'Re(E) = C'(mcoswt + n sin wt) - CII(msinwt - ncoswt) (9) 

m = e-all> cos{jx + ea(:z:-21)(R~ cos{j(:c - 21) - Rr sin{j(x - 2/» (10) 

n = e,":all> sin{jx - ea(:Z:-21)(~ sin{j(x - 2/) + J({ cos{j(x - 2l» (11) 

where Ct = Cl + iCf, Rl = R~ + iR!{, IIoIld Ell is replaced by E for simplicity. 
The volumetric heat generation can be computed using (4) IIoIld (9). Because the 
frequency is so high that the propagation speed of a. heating front is negligible, the 
llea.t generation may be averaged over the time period T (Li et al. 1993); 

Ia:ue = ~ foT=~ q ['R.e(E)]2 dt l (12) 

= ~O-E~IIC1112 [e-2Q
", + I/R1 !l2e2Q(:r:-21) 

+ 2e-2al {R~ cos 2{j(x -l) - Rr sin2{j(:c -lH] (13) 

The coefficients of ~ and R!{ are the real part and the imaginary part of the 
refiection factor. If the wave is circularly polarized, the coefficient 1/2 in (13) 
disappears. 
In a concrete wa.\.l, the elecromagnetic wave is reflected IIoIld scattered mainly by 
steel reinforcing bars. In view of the heterogeneity of a concrete wall, one may take 
the spatial average of (13) over the wave number 27r/{3, where {3 is phase factor. 
The averaged heat generation rate is obtained as 

(14) 

where 

(15) 
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::::l Co [1.0 + 2:/1 Ro exp( -2/1l) {exp ( - 2~/1 ) - I}] (16) 
Note that if the reflection is not considered, (14) becomes the classical Lambert's 
law, widely used in food engineering; 

(17) 

where 10 = heat generation rate on surface; !aoE5I1C\1I2 in (14) is interpreted as 
the surface heat generation rate. Lambert's law is known to be inaccurate at high 
temperature becaUse latent heat during evaporation of water is ignored (Komol
prasert and Of ali 1989). While the latent heat is important for food materials, 
which generally have a high water content, it is not important for concrete because 
the water content is much lower, usually less than 6%. 
The heat generation in the unreinforced and reinforced strips of concrete wall may 
be averaged, which gives 

1= pIRH(d - x) + (1 - p)Iu (18) 

where p ::: the area ofrebar in unit area. By (7)-(8), and (14), the heat generation 
of each strip is expressed 

IR = iaE511CRII2 [e-2
0<., + IIRRII 2e20«:C-2dl] reinforced (19) 

Iu = ~aE51\Cu1l2 [e-2
0<., + IIRu\l2e20«O:-2Ll] unreinforced (20) 

with 
- Co CR - RR=-1 - 1 + Roe-2"Y,d ' 

reinforced 

- Co 
Cu = 1 _ ~e-2"YIL ' Ru = Ro unreinforced 

where H (x) =Heaviside step function. 
The frequency of the microwaves considered for the decontamination process ranges 
from about 2.45GHz to about 1O.4GHz (White et a1.. 1995). In this frequency 
range, the attenuation depth (or skin depth-the depth Q over. which the field 
strength decays to lie of its original value) is very small compared to the typical 
wall thickness. Hence, the reflection from the opposite face of the wall can be 
neglected. With this simplification, 

I = ~aE5[{pIiCRII2H(d-X)+(1-P)!lCuIl2}e-20<:C (21) 

+p!lCRRR!l2e2a(:c-2dl H(d - x)} 
= IO[l [{(l- p) + ppH(d - x)}e-2a

:c (22) 

+ppll RR !I 2 H(d _ x)e20«X-2dl ] 



where p = IOIl./Iou, 10" :::: surface heat genera.tion when the medium 2 is a. metal, 
and Iou :::: surface heat generation without reinforcement. 10 could be measured 
experimenta.1ly to extrapolate this results obtained above to much more compli
cated rea.! situation. 
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