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Abstract

Concrete barriers will be used as intimate parts of systems
for isolation of low-level radioactive wastes subsequent to
disposal. This work reviews mathematical models for estimating
the degradation rate of concrete in typical service environments.
The models considered cover sulfate attack, reinforcement
corrosion, calcium hydroxide leaching, carbonation,
freeze/thaw, and cracking. Additionally, fluid flow, mass
transport, and geochemical properties of concrete are briefly
reviewed. Example calculations included illustrate the types of
predictions expected of the models.

FIN No. A6858 - Performance of Concrete Barriers in
Low-Level Waste Disposal



Summary

Concrete barriers are likely to be incorporated
into low-level radioactive waste disposal facilities
as structural components and barriers to fluid flow
and mass transport of radionuclides. Analysis of
the role of the concrete barriers in low-level waste
isolation requires that performance assessment
models be applied to concrete degradation.
Because the history of modem concrete is short
(~100 years) relative to the required prediction of
service life, the task is difficult and subject to
uncertainty.

This report consists of a critical review of
mathematical models that predict concrete
material properties over long time periods.
Models obtained from the literature are explained
in enough detail to illustrate derivation and basic
assumptions. Additional example calculations are
includedto illustrate application of the models and
to indicate the types of predictions that can be
expected from the models.

Degradation processes important to waste
isolation include sulfate attack, reinforcement
corrosion, leaching, carbonation, freeze thaw, and

 stress cracking. A brief review of mass transport

and fluid flow through concrete is provided. The
transport  material provides  consistent
nomenclature for the calculations in the models.
Examples of the range of water chemistry
expected in subsurface environments in the
United States and an overview of concrete pore
water chemistry and its potential influence on
radionuclide mobility are provided. Basic
knowledge of concrete chemistry is necessary for
applying the degradation models. The
background sections are followed by individual
chapters covering the mathematical models for
each class of degradation. A future report will
evaluate the implications of degradation and
general design for performance of the concrete
vault.
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MODELS FOR ESTIMATION OF SERVICE LIFE
OF CONCRETE BARRIERS
IN LOW-LEVEL RADIOACTIVE WASTE DISPOSAL

INTRODUCTION

Congcrete barriers are likely to be incorporated into
low-level radioactive waste disposal facilities as structural
components and barriers to fluid flow and mass transport of
radionuclides. Analysis of the role of the concrete barriers
in low-level waste (LLW) isolation requires that
performance assessment models be applied to concrete
degradation. Because the history of modern concrete is short
(~100 years) relative to the required prediction of service
life, the task is difficult. The task is made cven more difficult
by the great importance of quality assurance and
workmanship. Thesc aspects are of crucial importance to
durability but difficult to quantify and include in models.
Another large problem is that the majority of models tend
to be empirical in nature. Because the determinations of
service life are of necessily longer than the empirical
database, the cmpirical models are almost always applied
outside the bounds of the initial data. Blind extrapolation
of empirical data is difficult to defend technically, but is
frequently the only option to no prediction at all.

This report consists of a critical review of mathematical
models that predict concrete material propertics over long
time periods. Models obtained from the literature are
explained in enough detail to illustrate derivation and basic
assumptions. Additional example calculations are included
to illustrate application of the modcls and to indicate the
types of predictions that can be expected from the models.

Degradation processes important to waste isolation are
listed in Tuble 1. Models have been found that attempt to
cover sulfate attack, reinforcement corrosion, leaching,
carbonation, freeze/thaw, and stress cracking. A brief
review of mass trunsport and (uid fow through conerete is
provided. This transport material provides consistent
nomencluture for the celculations in the models. Examples

of the range of water chemistry expected in subsurface
environments in the United Siates and an overview of
concrete pore water chemistry and its potential influence on
radionuclide mobility are provided. Basic knowledge of
concrete chemistry is necessary for application of the
degradation models.

The background sections are followed by individual
chapters covering the mathematical models for each class
of degradation. Example calculations and graphs are
included in several sections and illustrate the types and runge
of predictions to be expected from some of the models.
These calculations are nominally organized along the lines
of vaults located in different portions of the United States;
however, associations betweca soil chemistry and region
arc approximate. A futurc report will evaluate the
implications of degradation and general design for
performance of the concrete vault.

Table 1. Categories of concrete degradation phenomena

Sulfate Attack Carbonation

Reinforcement Corrosion
(Chloride Attack)

Skrinkage Cracking
Thermal Cracking
Miscellaneous Cracking

Stress Cracking Alkali-Aggregate Reaction

Leaching of Concrete
Constituents

Freeze/Thaw Damage

Acid Attack Oxidation and
Bicdegradation of Cealings

and Scalants




CHEMICAL EMVIRONMENT

Chemicals Important to Concrete
Durability

The loss of durability of concrete is caused either by the
external environment or intemal causes. The external
causes can be physical, chemical, or mechanical. Internal
causes of degradation are the alkali-aggregate reaction,
volume changes due to differences in thermal propertics of
aggregate and cement paste, and most importantly, the
permeability of the concrete. Permeability of the concrete
Is important in limiting mass transport of corrosive agents
(e.g., sulfate, chloride) into the concrete and leaching of
cement components [e.g., Ca(OH),] from the concrcte,

The near ficld environment, as considered herein,
conslitutes the soil and soil moisture conditions directly
surrounding and in contact with the concrete structure as
well as the wastes contained inside the concrete vault. The
near field environment is considered from the perspective
of the concrete.

A number of chemicals are important to concrete
degradation. These have been identified by the American
Concrete Institute (ACT) and summarized by the Portland
Cement Association (PCA) (PCA, 1986). In general, most
acids attack either the cement itself or the steel
reinforcement.  Salts and alkalies known to cause
degradation include: salts containing sulfate, bisulfite,
cyanide, dichromate, fluoride, hexametaphosphate, nitrate,
or chloride ions; sodium perborate, sodium perchlorate,
potassium persulfate, sodium phosphate, thiosulfate;
ammonium superphosphate; and borax. Petroleum oils
generally do not lead to degradation; some coal tar distiilates
such as creosote may cause slow disintegration. Most
solvents and alcohols do not lead to degradation. Exceptions
are curbon disulfide, glycerin, and cthylene glycol, which
lead to slow degradation. Muany vegetable and animal oils
lead to concrete degradation.

In typical disposal situations, the ions in the soil
environment of greatest concermn are sulfate, chioride,
carbon dioxide, and magnesium. Because these ions are
ubiquitous, model development has focused on their effects,
In general mathamatical models are not available to
evaluate the concrete degradation caused by the multiple
othier chemicals that could be present in the waste. Current
models have been develeped almost eatirely from the
recspective of exwmal altack on the concrete from the soil

ST
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Soil Moisture Chemistry Importance and
Dependencies

Soil moisture levels and the chemistry of soil moisture
are important to the siting of waste repositories. Soil
moisture can be an important transport medium for
radionuclides. It can affect the performance of a disposat
site through chemical degradation phenomena, such as
sulfate or chloride attack. Soil pH and Eh also affect the
sorption and precipitation mechanisms that can control
radionuclide mobility.

The soil moisture chemistry of a potential disposal site
is dependent upon environmental factors. These factors
include soil source material, drainage, proximity to oceans,
and climate, especially the balance between precipitation
and evapotranspiration. In humid environments, soils
become leached of soluble salts, leading to low ion
concentrations in soil moisture. As precipitation rates fall
relative to evaporation, soluble salts begin to accumulate in
the soil, leading in extreme cases to saline soils. Although
climate is very important, source rock type, drainage, and
location are also of great importance. Locations near oceans
typically experience higher chloride levels.

Examples of Different Soil Moisture
Chemistries

Examples of soil moisture chemistry at different
locations in the United States (Table 2) were obtained from
several sources. These data represent chemical analyses of
stream flow, springs, soil meisture collected from suction
lysimeters, and precipitation. Stream flow represents a
composite of precipitation, runoff, and infiltrated water. In
humid regions, this is a reasonable estimate of typical soil
water composition. In arid, mountainous regions, stream
flow may be dominated by snowmelt and runoff that will
differ greatly from soil moisture in chemical compeosition.

The data indicate arid regions may have increased
concentrations of chloride and sulfate, making them much
more aggressive towards concrete.  The aggressive
composition of the soil moisture in arid regions is balanced
against lower infiltration rates and amounts of moisture that
coniact the conerete.

Processes such as leaching are relatively more |
inhumidsituations whereas arid environmens may predece
specific aituck on the conorete tumrier compernanis (2.2,

sulfate attack, chioride attack).



Table 2. Water chemisiry characteristic of several locations in the United States,

Constituent Humid Northern Midwestera Arnd Precipitation World River Watwr
(mgM) {Hubbard Brook] [Mississippi River] Western [Hubbard Brook] (Hem, 1970)

(Likens et al., (Hem, 1970) [INEL} (Likens et al., 1977)

1977) (Laney er al., 1988)

Sulfate 6.3 56 1430 2.9 11
Chleride 0.55 30 3150 0.47 7.8
Magnesium 0.38 12 372 0.04 4.1
Bicarbonate 0.92 132 125 0.0006 58
pH 4.92 75 - 4.14
Dissolved Oxygen 10 -
Sitica 6.7 81 13
Calcium 1.65 42 438 0.16 15
Potassinm 0.23 29 36 0.07 23
Sodium 0.87 25 1652 0.12 6.3
Dissolved Solids 256 7315 90
Constituent Big Spring, Jumping Springs, Cooks Springs, Well, Saz Miguel  Salt Banks, Well, Owybye
(Horne, 1978) Hunwsville, AL Eddy County, NM  Colusa, CA County, NM Chrysotile, AR County, ID
(ppm) Limestone Gypsum Serpentine Shale
Sulfate 4.0 1570 6.0 303 882 30
Chloride 3.5 24 360 80 16,000 10
Magnesium 4.2 43 614 31 286 1.4
Bicarbonate 146 143 4090 445 1,450 111
pH 7.0 71 9.2
Siliea 8.4 29 80 13 45 99
Calcium 46 636 26 30 496 2.4
Dissolved Solids 139 2,410 3760 973 28,400 348




FLOW AND TRANSPORT THROUGH CONCRETE

Fluid flow and mass transport through a concrete vault
are two of the most important factors influencing concrete
¢egradation rates and the ability of the concrete to assist
with isolation of the waste. Over time as a concrete vault
ages, the propertics of the concrete and its ability to assist
with isolation of the waste will change. Portions of the
concrete will crumble and become more permeable.
Eventually cracks will penetrate the concrete slabs, leading
to preferential pathways through the barrier. This section
reviews some of the aspects of flow and transport through
concrete that are relevant to understanding the mathematical
models for concrete degradation.  The performance
implications of the degradation phenomena will be treated
in more dctail in a future document.

Fluid Flow Through Matrix

The rate of water percolation through a waste isolation
system is onc of the most imporiant measures of
performance. Initial matrix permeability of cement paste is
influcnced strongly by water-to-cement ratio (WCR) with
its influence upon capillary porosity (Powers, 1958 and
1960). Evaluation of fluid flow is complicated by location

of the low-level waste (LLW) facilities in the unsaturated
Zone.

Flow through the unsaturated zone can be described using
the Richard’s equation (Hillel, 1971).

st (1) g
where

P = pressure head (cm)

8 = volumctric water conient

K = hydraulic conductivity (cm/s).

Concrete differs from other components of the vault
system (e.g., soils) in that typical pore sizes in concrete are
very small. Typical soils can be dried to near the residual
saturation at soil tensions of a few bars (Wosten and van
Geruchien, 1983), while removal of water from cement or
concrete requires tensions of hundcreds to thousands of bars
(Daian, 1988). [or example, concrete can maintain 83%
suturition al tensions of 9 bars (Daian, 1983, The small
low WCR

Crbmaee
suhsl

pure sizes are ospecially  churacteristic of

cororeies used

CoNvIronments, e

remove water from the suround

2 materials leading

The concrete mairix
remains near saluration even wien the surrounding soils are
guite dry.

saturation of the concrele mulrix.

The hydraulic conductivity of gel pores is approximately
7x10"°m/s (Powers, 1958). The permeability of the cement
paste is a function of capillary porosity. Capillary porosity
intuen is dependent upon the WCR and degree of hydration.
Typical cement paste has a permeability of 20 to 100 times
the minimum (Powers, 1958). In general, the hydraulic
conductivity of concrete with a low WCR should be less
than 10°"° m/s.

Fluid Flow Through Cracks

Approach. Even in relatively minor amounts, cracking
can lead to orders of magnitude increases in saturated
hydraulic conductivity of concrete. If the concrete is one of
the more significant barriers to flow through the system, the
increase in hydraulic conductivity can lead to proportional
increases in water percolation through the system.

Location of the LLW facilities in the unsaturated zone
greatly complicates the role of cracks in influencing
performance of concrete barriers. In unsaturated
environments, water remains in a state of tension created by
capillary action (absorption) and adsorption. Because
cracks are large relative to the pore size of the matrix, they
have a limited ability to hold water in tension. In other
words, under unsaturated conditions cracks will drain
quickly. The draincd cracks not only no longer contribute
to flow but may also serve as barriers to flow (Wang and
Narasimhan, 1985). Depending upon the degree of
saturation, cracks may range from orders of magnitude
increases in flow rate to significant decreases in flow relative
lo an uncracked specimen. The ability of cracks to hold
water (and thereby contribute to flow) as a function of
pressure head is illustrated in Figure 1.

100 T
wWE N
8 - \

70 \

Head for Drainage (-cm)
8
T

-~

Figure 1.
satumated condiiions.



Saturated System. The permeability of intact concrete
with low water to cement ratio is very low. For this reason,
cracks, particularly microcracks, are thought to actually
control concrete permeability in service environments,
Microcracksare caused by a variety of phenomena including
response of concrete and reinforcement bars to physical
loading, drying shrinkage, and expansion/contraction from
temperature changes.

If an infinitely long, parallel sided crack through the
concrete is assumed, the flow though a crack is

pgb
K = T ()
where

= hydraulic conductivity (cm/s)

p = density of water (g/cm®)

8 = acceleration of gravity (980 cm/s?)

b = fracture aperture (cm)

w = viscosity of water (~0.01 g/cm s).

Studies of flow through cracks in concrete slabs have
shown that actual flow is typically 1/3 to 2/3 of the
theoretical value (Loadsman et al,, 1988). A value of 1/2
is applied giving (Figure 2)
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Figure 2. Individual crack hydraulic conductivity for
concrete as a function of crack width.

More gencrally desireble is the contribution of a serics
of cracks to overall or average permeability of a slab. If s
is the crack spacing (cm/crack) for evenly spaced cracks of
consiant aperture, then the proportional area of cracks is

Ao =hs, and the bulk permeudility of the cracked shub is
3
o
L ) (4)
Qdpg e

(1]

Usually the matrix permeability (Ka.) is much less than the
Crack permeability and can be ignored.

Partially Saturated Systems. The above analysis
assumes that all cracks are salurated. For concrete vaults
located in the unsaturated zone, this is not always the case.
The pressure head for drainage of a crack of width b is

P ~2ycos(a)

bog 5)
where
¥ = surface tension of water (72.7 dyne/cm)
@ = cement water contact angle (assumed = 0)
h = pressure head (cm).

Thus, the crack width giving permeability increase at any
given pressure head is the greatest width that will not be
drained or

-2ycos(a) -0.148[cm?]
fipg = h

) (6)

@ ax flow =

Mass Transport Through Cement and
Concrete Matrix

Overview. The primary modes of radionuclide transport
in an intact concrete are advection/dispersion and diffusion
through the matrix. The transport of fluids and chemicals
through the concrete is also the sin gle most important factor
in controlling concrete degradation. This is evidenced by
the importance of WCR - which determines the final
concrele porosity and permeability to durability {(Powers,
1960).

Other modes of transport that may become significant
are nonaqueous liquid phase movement {(e.g., organic
liquids in the waste) and gascous transport. An example of
gascous transport scenario is when tritiated water reacts with
steel containers and/or reinforcement bars leading to the
formation of hydrogen gas

3Fe(c)+4l1,0 = Fe,0c)+4/g). )]

The rate of escape of the hydrogen gas is then important
to system performance. Gascous transport can also be
significant in influencing the oxidation-reduction status of
the interior of the vault. Oxidation-reduction conditions in
turn are important in influencing metal corrosion rates and
radionuclide mobitity (solubility/sorption).

Diffusion Transport Parameters. In relatively
impermeable materials such as intact concrete, the rate of
water flow is very low. In low flow situations, diffusional
transport according to Fick’s laws of diffusion will dominate
mass transport. Diffusion of dissolved species con coour in
either the gasceus or liquid phase. Because of the small pore
sizes concrete matrix present in below ground vaulis remains
near saturation with water even when the surrounding soil






If (14R) is replaced with R, and D with Dg in the above
equation, then we have the form used in Equation (8).

1t is very important to carefully define and understand
the meaning of all the terms when applying the transpott
equation. Consistency must be maintained between the
conventions used in the experimental determinations of
diffusion coefficients and in the use of diffusion coefficients
in performance assessments.

Experimental Diffusion Results. In the absence of
radioactive decay, steady-state flux is independent of
sorption.  Sorption delays the time for attainment of
steady-state, but does not impact steady-state flux. If
radioactive decay is significant, then sorption will lower the
steady-state flux.

Most diffusion coefficients obtained in the literature
result from measurement of steady-state flux. The reported
(intrinsic) diffusion coefficients lump the tracer diffusion
coefficient in water, the porosity, and tortuosity into one
parameter. Atkinson et al. (1984) report laboratory and
literature results for intrinsic diffusion coefficients as a
function of the WCR. These results are fit to an equation
of the form

logD; = 6wcr - 9.84

or
D, = ¢tD w 1.45- 107 exp(13.8wer) (19)
where

D; = intrinsic diffusion coefficient (cm?/s)

wer = water-to-cement ratio (by mass).

The results are illustrated in Figure 3. In the lower range
of WCRs (0.2 to 0.44), characteristic of well-designed
concrete engineered barriers, the intrinsic diffusion
coefficient ranges from 10° to 107 cm?ss.

The porosity of concrete is dependent upon WCR, curing,
and the porosity of the aggregate. Powers (1958) reports
that the densest possible completely hydrated cement paste
has a porosity of about 28%. This occurs at a WCR of around
0.35 - 0.40. Porosity lower than 28% in cement paste can
only be generated by the presence of unhydrated cement.

Figure 4 illustrates the porosity data from Alford and
Rahman (1981). The data has been fit to a curve of the form
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Figure 3. Intrinsic diffusion coefficient in cement paste as
a function of WCR.

¢ = 0.61 +0.231n(wcr). (20)

In the interest of generality, most reasearch on cement
properties is performed with cement past in the absence of
aggregate. When examining the literature on concrete and
when preparing performance assessment calculations, one
must be careful to distinguish between the two. Generally
about 60-75% by volume of concrete is aggregate.
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Porosity
a

30% A

20% -

10% T T T T T T T
0.1 0.3 0.5 0.7 0.9

Water/Cement Ratio

Figure 4. Relation between WCR and porosity.

The decomposition of measured diffusivity into
individual components of porosity, tortucsity, and diffusion
coefficient in water becomes important when transient
diffusional processes are considered. Transient diffusicnal
fronts move more rapidly when the tortuosity factor is high.
Thus, a low tortuosity factor is favorable for waste isolatica.
Combination of the empirical relaticnships for porosity of
cement and effective diffusivity gives an estimate of
tortuosity factor as a function of WCR.



D, 1.45-10"exp(13.8wc)

T="T"mo
D¢ (0.61 +0.23In(wc))107°

0.00145 exp(13.8wcr) 1)
61+23In(wer)

The estimated tortuosity factor is illustrated in Figure 5.
Note that the tortuosity factor declines with lower WCR.
Thus, a lower WCR tends to slow transient diffusion rates
and gives increased contaminant residence times as well as
slow steady-state diffusional transport.
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Figure 5. Estimated tortuosity factor for cement as a
function of WCR.



SULFATE AND MAGNESIUM ATTACK

Sources of Sulfur and Magnesium

Sulfur. Sulfur generally occurs in the fully oxidized (S*)
state when dissolved in water and is combined with oxygen
as sulfate (SO,”) ion. The reduced form of sulfur, sulfide
(S*) occurs as the bisulfide ion (HS) or undissociated H,S
in most soil watersolutions, although the S* form may occur
at the high pH of concrete. Conversion to and from the
oxidized state is often associated with biochemical
processes. Because of the slowness of sulfur oxidation or
reduction reactions, nonequilibrium forms of sulfur can
persist for long periods (Hem, 1970).

Sulfur is not a major constituent of the earth’s crust, but
is widely distributed in igneous and sedimentary rocks as
metal sulfides. Weathering in contact with oxygenated
water results in oxidation leading to the formation of sulfate
ions. Sulfate occurs in certain igneous-rock minerals of the
ficldspathoid group, but the most extensive occurrences are
in evaporite deposits.  Calcium sulfate as gypsum,
CaS0,2H,0, or as anhydrite, which contains no water of
crystallization, makes up a considerable part of many
evaperite-rock sequences (Hem, 1970).

The second source of sulfate is from precipitation. At
Hubbard Brook, New Hampshire, an extensively studied
watershed, sulfate inputs exceed outputs indicating net
accumulation of sulfate in the ecosystem (Likens et al,
1977).

Sulfate concentrations are increased in arid regions by
evapotranspiration. This is especially important in regions
where potential evapotranspiration exceeds precipitation.

Magnesium. The magnesium ion (Mg®") is normally the
predominant form of magnesium in solution in natura]
water. The complex MgOH* willbe significant at pH > 10.0
(llem, 1970).

In igneous rock, magnesium is typically a constituent of
the ferromagnesian mincrals. These include olivine,
pyroxcnes, amphiboles, and dark-colored micas. In
mctamorphic rocks, magnesian mineral species such as
chlorite, montmorillonite, and serpentine  occur.
Scdimentary forms of magnesium include carbonates such
as magnesite and hydromagnesite, brucite, and dolomite
(Hem, 1970). Studies at Hubbard Brook indicate that output
of magnesium consistently exceeds input from precipitation
(Likens et al., 1977).

Muagnesium may be acded {o sites in the form of dust
suppressants such as MgCl, during or after construction.

Sulfate and Magnesium Attack

Sulfate reacts with tri-calcium aluminate (C,A) to form
calcium aluminum sulfates leading to expansion and
disruption of the cement. A related problem is the reaction
of magnesium with the cement to form Brucite [Mg(OH),].

Sulfate jons migrate into the concrete and react with the
cement paste, forming gypsum and calcium
sulphoaluminate. The products of the reaction have
considerably greater volume than the compounds they
replace, so that the reactions with the sulfates lead to
expansion and disruption of the concrete. The reaction of
sulfate with portlandite [Ca(OH),] to form gypsum,
monosulphoaluminate, and ettringite can be written as

Gypsum:
Ca(OH), + SO}~ + 2H,0 =

CaSO, - 2H,0 +20H" (1)
Monosulphoaluminate:
3Ca0 - ALO,-6H,0 + CaSO, + 6H,O =

3Ca0 -ALO,(CaSO,) - 12H,0 ¢3)
Ettringite:
3Ca0 - ALO(CaSO,)- 12H,0 +2CaS0, + 20H,0 =

3Ca0 -ALO;- 3(CaS0,) - 32H,0. K))

Studies on the behavior of concrete in sulfate soils (Stark,
1982) indicate that the WCR with its attendant impact upon
porosity and permeability is the single most important factor
affecting resistance to sulfate attack. C,A content of the
cement also significantly affects concrete durability in
sulfate environments with a low C,A content, leading to
greater resistance to sulfate attack. Studies at the PCA
(Klieger, 1980) indicated that the rate of sulfate attack in
high sulfate soils was approximately proportional to C,A
content. Type V cement had a lifetime about 2-3 times as
long as Type I cement. Performance had a greater
dependence upon WCR than C,A content. Moving from
four bag to seven bag cement resulted in a 10-20 fold
increase in lifetime.

An example of the reaction of cement paste with
magnesium sulfate (Neville, 1981) is

3Ca0 - 25i0, + 3MgSO, - TH,O =

3CaS0, - 2,0 + 3Mg(OH), + 2Si0,. (4)



The low solubility of Mg(OH), causes the reaction to
proceed to completion, making the atlack more severe.
Further reaction between Mg(OH), and silica gel is possible
and may also cause deterioration,

Models of Sulfate and Magnesium Attack

Empirical (Atkinson and Hearne, 1984 and Atkinson et
al., 1985), shrinking core mechanistic models (Rasmuson
et al, 1987), and more complete mechanistic models
(Atkinson and Heame, 1990) have been applied.

An empirically derived relation for sulfate attack was
devcloped by Atkinson and Heamne (1984). Data collected
in the Northwick Park study (Harrison and Teychenne,
1981) was used to develop the empirical model. The logic
was as [ollows; The observed loss of cement at the corers
of the blocks after 5 years in 0.19 M Na,SQO, solution was
42 mm. The cube experiments indicated that the depth of
attack was linear with time. It was assumed that the rate of
attack is proportional to sulfate concentration in the solution
and tricalciumaluminate content of the cement. The depth
of attack in MgSO, solution was approximately twice that
in Na,SO,. Ordinary Portland Cement (CPC) with 8% CA
had the greatest effects and was used as a reference material.
These assumptions lead to the following equation

42C,(Mg** +507})
x e ————

“58 019
=0.55C,(Mg** + SO ™ x (5)
where
x = depth of deterioration (cm)
C, = weight percent of C,A in unhydrated cement

Mg**, SO*= concentration in bulk solution (mole/1)
t time (yr).
A modificd version of this empirical model is used in the
Barrier code (Shuman et al., 1989)

x = 1.86-10°C,(Mg** +SO;"\Dt (6)

wher:

c
D, = intrinsic diffusion coefficient
(cm/s).

This relationship can be derived from Equation (1) by
introducing the further assumptions that (a) the intrinsic
diffusion coefficient in the experimental concrete blocks
was 3 x 107 cm¥'s and (b) the rate of attack is proportional

to the diffusion coetficient.

in concrete

Empiricul
eXDeC

LA

correlations  have obviocus limitations,
ially when applied outside the range of the basis data.
Correistions are only valid over the range of the time/system
parameters tested.  Application outside of this range is
highly guestionable. The empirical correlation does not
include the impacts of advective transport und/or the known
importance of WCR on durability. Application of the
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empirical model is not clearly conservative.
Notwithstanding these limitations, the simple empirical
model is frequently the best option available for estimating
resistance to sulfate attack (Figure 6).

Sulfate Transport

Intact Concrete

Figure 6. Schematic of sulfate attack.

Shrinking Core Model. Shrinking cor¢ models have
been used in chemical engineering where a moving
boundary condition exists, but the rate of movement of the
boundary is slow relative to transport rates. Because of the
slow movement of the boundary, the mass transport
processes can be considered to be always near steady state.
This assumption is sometimes referred to as a series of
stationary states.

In the case of sulfate attack, envision that sulfate jons
migrate inward through weathered concrete to the boundary
with intact, unweathered material. At the interface, the
sulfate jons react with hydration products of tricalcium
aluminate forming insoluble solids (e.g., etiringite). The
mass transport equations are assumed to be always at steady
state and are then used (o estimate the rate of movement of
the weathering zone into the concrete. The reactions are
simplistically reduced to the format

SO +X** = XSO;". o)
The flux of sulfate jons is given as

C,
N=-D—. 3)

The rate of movement of the weathering zone is then the
rate of mass transport divided by the conceatration of
tricalcium aluminate in the solid



& rL ©
dt C, Cx

2D.C :
x= ( —C"-f—t) (10)
where

C, = concentration of tricalcium aluminate in the

solid (moles/cm?)
C, = concentration of sulfate in the bulk solution
(molesfcm’)
X distance (cm)
D, = intrinsic diffusion coefficient (cm¥s)
molar flux [moles/(cm® s)]
t time (s).

A more rigorous mathematical solution of the same
problem, considering a full set of chemical reactions and
rigorous solution of the mass transport equations, has also
been applied to the problem (Rasmuson et al., 1987) and
gave similar results to the shrinking core model. The actual
ratio of sulfate to C,A is variable. For simplicity, a 1:1 ratio
was assumed in the derivation.

Examination of the two formulae for sulfate attack (or
taking derivatives) indicates that the impact of the C,A
content of the cement differs not only in magnitude but in
sign. The empirical model predicts that sulfate attack rate
will increase with increasing C,A content while the
shrinking core model predicts that the attack rate will
decrease with increasing C,A content of the cement. Thus,
the shrinking core model is in direct conflict with
experimental data and field experience with sulfate attack.

A second problem with the shrinking core or simple mass
transport limitation to sulfate attack is that it predicts a
square root of time dependence of the attack rate, whereas
experimental data are consistent with a constant rate of
attack.

Mechanistic Model. Atkinson and Heame (1990)
developed a mechanistic model for sulfate attack. The
model considers sulfate attack as a three step process:

1. Sulfate ions penetrate the concrete, usually by
diffusion

2. Sulfate ions react expansively with aluminium
containing phases in the concrete

3. The resulting internal expansion causes stress,
cracking, and exfoliation of concrete from the
surface.

The process is dependent upon concrete composition,

muss trunsport rules, and reaction rates. Reaction kinetics
are estimated by
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m<nt,

m=m, m>m, (11)

The concentration of reacted sulfate as ettringite (Cg) is
given as

CE-m-( mass cement ) (12)
volume concrete
The thickness of a layer that spalls off is given by
2ay(l -v)
X, o-—— i3
#4 " E(BC,) (13)
The time for the layer to spall is given by
XuCr
bpait = ﬁ: . (14)
The degradation rate is given as
X EB%,C.D,
= E (15)

) Lopat - ay(l-v)

Depending upon the rate of diffusion relative to reaction
rates, some iteration may be required to determine the proper
value for C;.

where

¢ = sulfate concentration in kinetic experiments
(molm’)

¢, = sulfate concentration in bulk solution (mol/m®)

Ce = concentration of reacted sulfate as ettringite
(mol/m*)

D; = intrinsic diffusion coefficient (m¥s)

E = Young’s modulus (20 GPa)

m = quantity of sulfate reacted with cement (mol/kg

anhydrous cement)

m, value of m for complete reaction (molkg
anhydrous cement)
1.24 for OPC and 1.07 for Sulfate Resistant
Portland Cement (SRPC)

m, = kinetic constant for m
0.32 for OPC and 0.16 for SRPC

R = concrete degradation rate (m/s)

t. = characteristic time for reaction (s)
3577 for OPC and 1555 for SRPC

o« = roughness factor for fracture patn {assumed to
be 1.0)

B = lirear strain caused by one mole of sulfate
reacted in 1 o’ (1.8x 107" m’/mol)

v = fracture surface energy of conerate (10 J/m™)

v = Poisson’s ratio (0.3).



In the example calculations given by Atkinson and
Heame (1990), the rate of attack for the sulfate resistant
portland cement (SRPC) was approximately 305 lower than
the attack rate for ordinary portiand cement (OPC). This
suggests that WCR (as reflected in the intrinsic diffusion
coefficient) will be more important in controlling sulfate
attack than the chemical composition of the cement. The
importance of WCR in the mechanistic model is consistent
with the observed importance of WCR in sulfate attack
(Klieger, 1980).

Example Calculations

A few example calculations illustrate the types of
concrete longevity predictions expected from the models for
sulfate attack. Figures 7 through 9 represent predictions
from the empirical model for sulfate attack. These graphs
represent three different water chemistries that typify soil
chemistry from around the United States. The different
water chemistries are nominally labeled as northeast,
midwest, and southwest locations. Actual performance
calculations should utilize site specific chemical
parameters; these calculations are only intended as
illustrations.
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Figure 7. Estimates of sulfate attack in a low sulfate
environment based upon empirical model.

The empirical model suggests that, from a standpoint of
sulfate attack, concrete barriers will be much more effective
in humid climates where sulfate levels are lower. However,
the data upon that the empirical model is based do not
include a situation where the water is forced to flow through
the concrete (e.g, the situation with the roof of a concrete
vault).

Resulis from the mechanistic model of Atkinson and
Heame (1$90) are given in Figure 10. The graph is based
upon the measurements for OPC and SRPC made in
laboratory experiments. Because of the limited amount of
data available for paramecterization of the mechanistic
model, it is difficult to directly compare empirical and
mechanistic model predictions. The diffusion coefficient
and the sulfate concentration are the most significant factors
influencing resistance to sulfate attack, even more important
than the type of concrete. High quality concrete with a low
WCR will have a low diffusion coefficient leading to
enhanced sulfate resistance.
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Figure 8. Estimates of sulfate attack rate in a midrange
sulfate environment based upon empirical model.
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Figure 10. Estimates of sulfatc attack rate based upon
mechanistic model of sulfate attack. The lines represent
calculations for OPC and SRPC at sulfate concentrations of
10, 100, and 500 ppm.



REINFORCEMENT CORROSION/CHLORIDE ATTACK

Reinforcement Corrosion

Steel reinforcement is used in concrete construction
because the properties of the two materials are
complementary. Steel has a very high tensile strength but
less resistance to compressive stress. Concrete has low
tensile strength but high compressive strength and is
relatively inexpensive. These properties have led to
widespread use of reinforced concrete beams and slabs.

The alkaline environment inside the concrete and
isolation from external corrosive agents such as oxygen and
chloride protect the steel reinforcement from corrosion by
forming a protective oxide layer on the metalsurface (Figure
11). Asthe concrete deteriorates and is subject to ingression
of corrosive agents, the passive layer may undergo attack
leading to active metal corrosion. Corrosion of the steel
reinforcement, which occurs upon breakup of the passive
layer, is important both from a structural standpoint and
because corrosion can lead to concrete cracking.

Cracking of the concrete is caused because corrosion of
steel results in corrosion products that significantly increase
its molar volume. An example of the influence of different
steel corrosion products upon volume taken from Walton
and Sagar (1987) is given in Table 3. Expansion of the steel
leads to spalling and disruption of the concrete.
Reinforcement corrosion also lowers the strength of the
steel, leading to potential structural instabilities.

The methodology for determining when reinforcement
corrosion causes additional cracking is not straightforward.
Loss of steel causes increased strain from physical loads on
the structure. Additionally, the concrete can be expected to
crack over the steel when the internal pressure generated by

the corrosion products exceeds the tensile strength of the
concrete.

Table 3. Volume changes resulting from steel corrosion.

Corrosion Products  Molar Volume Proportional

(cm’/mole) Volume
Increase
Iron (Fe) 7.09 -
Magnetite (Fe,C,) 44.5 2.1
[ron Sulfide (FeS) 17.6 2.5
Siderite (FeCQ,) 29.4 4.2

Breakup of the passive layer has historically been
associated with the ingress of chloride ions into the concrete
(ACI, 1985). Elevated levels of chloride lead to destruction
of the passive layer because of specific attack or by serving
as a supporting electrolyte in the solution. Chlorides are
particularly important in concrete bridge decks where salt
is added for deicing (Clear, 1976). ‘The start of
reinforcement corrosion is thought to be associated with a
critical or threshold chloride level. Clear (1976) gives the
chloride threshold as 0.02 mass percent of the cement paste.
Subramanian and Wheat (1989) give the critical threshold
level for chlorides in the pore solution as approximately 700
ppm. Recent work (Yonezawa et al., 1988) has evaluated
the importance of good adhesion between steel and mortar
as being of equal importance in influencing the start of
corrosion in chloride solutions.

In the absence of elevated levels of chloride,
reinforcement corrosion may begin when the alkalinity of
the concrete is reduced, making the passive layet less stable,
Processes such as carbonation and leaching lead to a gradual
lowering of pH in concrete with eventual loss of passivity.
Depassivation of the steel reinforcement can occur when the
pH near the bars drops below 9 (Papadakis et al,, 1989).
Chloride attack predominates in marine or coastal
environments or where deicing salts are applied to the
concrete. Depassivation by lowering the concrete pH
through carbonation or leaching may be more important in
low chloride environments.

Chioride Attack
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Figure 11.  Schematic of
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Studies of stecl corresion in concrete slabs (Clear, 1976)
clearly established that WCR and depth of cover over the
reinforcement are the most important parameters affecting
time until depassivation.

Sources of Chloride

Chloride is present as the chloride ion (CI'). In most soil
environments, chloride acts as a conservative jon with
relatively few chemical reactions.

Chloride is present in igneous rocks in lower
concentrations than any of the other major constituents of
natural water.  Sedimentary rocks, particularly the
evaporites, contain higher chloride levels (Hem, 1970).

Precipitation close to the oceans commonly contains
from 1 mg/l to several tens of mg/ of chloride, but the
concentrations observed generally decrease rapidly in a
landward direction.

Studies at Hubbard Brook, New Hampshire (Likens et
al., 1977), indicate that chloride in this humid northern
location is nearly at balance (i.c., input = output).

In arid regioas, soil concentrations of chloride may be
greatly elevated as a result of evaporation,

Chloride may be added to surfaces as a deicer and/or dust
suppressant during construction or operation of the site.

Models of Chloride Attack

Chloride attack is modeled as a two stage process (a) time
to breakup of the passive layer and initiation of corrosion

and (b) corrosion rate subsequent to breakup of the passive
layer.

Initiation.  An empirical correlation for time to
depassivation developed by Stratful and modified by Clear
(1976) is

120x!#

" wemicir v

where

time to onset of corrosion (yr)

X, = thickness of concrete over the rebar (in.)
WCR = watcr to cement ratio (by mass)
Cl = chloride ion concentration in groundwater

(ppm).
The empirical equation clearly illustrates the impacts of
cover over the steel and WCR on protection of the steel.

The empirical model of Clear is used in the Barrier code
(Shuman et al,, 1989).

A more complete mechanistic description of the problem
is given by Bazant (1979a, 1979b). Bazant derives the
governing equations for transport of chloride, oxygen, and
water through the concrete. Subramanian and Wheat (1988)
give the results of a one dimensional solution of Bazant’s
corrosion model.

An alternative for estimating the time to initiation of
corrosion is to solve the mass transport equation for the
arrival time of chloride. When the critical chloride level is
reached at the depth of the reinforcement, breakup of the
passive layer can be assumed (o initiate,

The govemning equation considering diffusion only
transport can be given as

€ -Ca X
C C. = jou\ 2)
=G ()
where
C = critical chloride concentration for initiation of
corrosion
Ci = initial chloride concentration in concrete pore
water
Cew = chloride concentration in the surrounding
material
X = depth of cover over reinforcement.

The equation can be solved iteratively to obtain the time
when the critical chloride threshold is reached at the level
of the reinforcement.

Note that Equation (1), the empirical model, contains no
provision for a chloride threshold - a serious but presumably
conservative limitation. Equation (1) was derived from
work related to bridge decks where salt is frequently applied
for deicing. Application of the empirical equation to
chloride concentrations typical of soils is clearly outside the
range of the basis experimental data.

Simplified Corrosion Rate Calculation. Thesimpliest
method for estimating the corrosion rate subsequent to
initiation of corrosion is a one dimensional diffusion
calculation assuming limitation of the corrosion rate by
oxygen diffusion.

The overall reaction is described by an equation such as

3 3
Fe +§HZO +j40z = Fe(OH),. (3)
The flux of oxygen from the surface of the concrete to
the level of the reinforcement is given by
C

Noz" D=

= 0

The resulting corrosion rate is then
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The amount of reinforcement per unit area of concrete is
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The percent of reinforcement remaining at any time is

3
% remaining = 100( 1 _4'9'4( %)SD‘C‘"‘ ] N
nd’AX

where

AX = depth of reinforcement below surface.

M, = molecular weight of iron

pr. = density of reinforcement bars

C,. = concentration of oxygen in surrounding

groundwater
d = diameter of reinforcement

spacing between reinforcement bars.

In the Barrier code, a one dimensional steady state
equation for the diffusion of oxygen is used with a zero
concentration boundary condition at the metal surface. This
type of calculation gives an upper bound to the contribution
of oxygen rcduction in saturated concrete. However
clevated transport rates of gases in partially saturated
concrete, advective transport, andfor the impact of the
hydrogen evolution reaction are not considered.

Complex Models. Computer codes and models
developed to evaluate container corrosion in radioactive
waste repositories are also applicable to prediction of the
corrosion rate of steel reinforcement. Harker et al., (1987)
developed a one dimensional model for active corrosion of
waste containers in concrete, Walton and Sagar (1987 and
1988) developed a general two dimensional model for active
corrosion of steel in multiple layered geologic materials.

The modecls for actlive corrosion of steel assume that
diflerent combinations of mass transport and/or kinetics are

rate limiting. In order to support oxidation of the steel
through the rcaction,

Fe(s) « Fe?* + 2¢*,

®
an oxidizing agent must be present. The oxidizing agents
most appropriate for a concrete environment are oxygen gas
and water. The kinetics of the oxygen reduction reaction
can cither be assumed to be transport limited or
approximated with Butler-Volmer kinetics.

0.(q) + 21,0 + 4¢” = 40H(aq). 9)
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An example of an kinetic equation for the oxygen
reduction reaction is (Turnbull, 1580)

oF E
zoz-koze RT ) (10
k = —4.9x10-3A /dm/mole
a=-05.

Because water is always available in a subsurface
concrete environment and the overall reaction is favorable,
the rate of the water reduction reaction must be estimated
using kinetic expressions.

H,0 + ¢ <« 0.5H/aq) + OH(ag) (11)
The Butler-Volmer equation written for this reaction is

E = -2.3031% {pH +05l0og[H,(2)]}

k =935 10"1°exp{ }

z,,zo-k[ xp{RT(E -E )}+c 'F(E _E )H (14)

(12)

o FE,,
RT (13)

=-0.5 a, = 0.5
where

E,, = equilibrium potential from the Nernst Equation
E = comrosion potential versus SHE = ¢,, - ¢5
a = transfer coefficient
i = current density (A/dm?)
a,c = anodic, cathodic.

Anodic reaction kinetics are assumed to be active

subsequent to the beginning of attack.
Fe(s) « Fe? (15)

For active metal surfaces the anodic kinetics are
described by the Butler-Volmer equation

* + 2¢*

E, = —0.44+¥log(}7e2‘) (16)

k= 1.99.:105exp{ %} an

[ xp{ E-£)}s rp{ (E - E“')H (19)
=-1.0 «,=10.

Mass Transport. The equation for transport of dissolved

electrolytes in dilute solutions, subject to advecticn

diffusion and electromizration, is (Newman, 1G73)

nzDF
RT

(19)

J,=-nD¥C, - CV$+VC



where
J = transport flux (moles/dm® s)
n = liquid porosity
D = diffusivity (dm’/s)
C = concentration (moles/dm’)
z = charge number

¢ = electrostatic potential in solution (volt)

—

V = vector gradient operator
V = Darcy Velocity (dm/s).

For uncharged species and/or when advection dominates
the electromigration term becomes unimportant. Sclution
of the mass transport and chemical reaction equations
(Walton and Sagar, 1987, 1988 and Harker et al., 1987)
suggests that oxygen levels quickly become depleted
foillowed by buildup of hydrogen gas in the system.
Corrosion rates then become limited by the diffusion rate of
oxygen gas in the system and the kinetics of the hydrogen
evolution reaction.

Exampie Calculations

The predictions of the simple models are illustrated in
the following figures. Figures 12 through 15 give time to
initiation of corrosion from Equation (1) as a function of
WCR, chloride concentration, and depth of concrete cover
over the reinforcement. The empirical equation contains no
provision for a threshold chloride concentration and may be
overly conservative. All of the graphs apply the empirical
equation well outside the bounds of the data the equations
were derived from with obvious implications for the quality
of the predictions.

Figure 15 illustrates the calculated corrosion rate
subsequent to initiation of corrosion assuming limitation by
oxygen diffusion from Equation (7). Oxygen diffusion rates
in actual systems become enhanced over lime as processes
such as calcium hydroxide leaching and suifate attack lower
the effective reinforcement cover thickness and incrcase
mass transport rates. No attempt has been made to illustrate
the coupled effects from mulliple types of conercte attack
in the example calculations.
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Figure 12. Time to initiation of reinforcement corrosion by
empirical model as a function of WCR and depth of cover
with soil chloride concentration of 1 ppm.
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Figure 13. Time to initiation of reinforcement corrosion by
empirical model with 50 ppm chloride in soil moisture.
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empirical model with 3000 ppm chleride in soil moisture.
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LEACHING

Cement components will be leached from concrete in
environments that are in contact with water and have
significant water percolation rates. The alkalis are initially
affected followed by calcium hydroxide. The alkalinity of
the concrete pore water decreases as the leaching process
progresses.

Based upon modeling and experimental results, Atkinson
(1985) and Atkinson et al. (1988) describe four stages of
leaching. The time frames involved with each stage are
dependent primarily upon water flow rates through the
concrete. The four stages are

1. Initially, the pH is around 13 due to the presence
of alkali metal oxides and hydroxides. The alkali
metals are the first components to leach from the
concrete.

2. After the alkali metals are leached, the pH is
controlled at 12.5 by solid Ca(OH),.

3. Following loss of calcium hydroxide, the calcium
silicate hydrate (CSH) gel phases begin to
dissolve incongruently while the pH slowly
moves down to 10.5. During this period, the
calcium to silicon ratio drops to 0.83.

4. In the final phase, the pH is held at 10.5 by
congruent dissolution of the CSH gel.

Leaching of calcium hydroxide tends to lower the
strength of cement. The strength is lowered approximately
1.5% for every 1% of calcium lost (Lea, 1970). In advective
environments, at least 66 m? of water is required to remove
33% of the calcium from 1 m® of typical concrete (Atkinson
and Heame, 1984).

Models of Leaching

Concrete Controlled Leaching. A shrinking core
model has been applied by Atkinson and Hearne (1984)
to evaluate leaching. The shrinking core model can be
given by

Ca(OH), = Ca** +20H" 10
Cl - ng
Flux = —D‘.——X—— (2)
d‘Y Di Cl = C,pv
“@TXC ©
C-Cp Y
X =| 2D, c t 4

where

C, = concentration of Ca** in concrete pore waters
liquid (moles/cm”)

C, = bulk concentration of Ca™ in concrete solid
(moles/cm®)

D, = intrinsic diffusion coefficient of Ca™ in
concrete (cm’/s)

C,. = concentration of Ca” in groundwater or soil

moisture (moles/cm*)
x = distance (cm)
N = molar flux [moles/(cm®s)]
t = time(s).

The shrinking core model assumes that removal of
calcium from the exterior of the concrete is rapid relative to
the movement through the concrete. Thus, the transport rate
is controlled by diffusion in the concrete. Note that the
formulation only includes diffusional mass transport. A
more sophisticated model could include the influence of
advection through and around the concrete. Because
concrete is much less permeable than surrounding geologic
materials, the dominant flow direction will rarely be normal
to the concrete surface. Rather water tends to flow laterally
around the concrete mass. This type of problem could be
analyzed with two or three dimensional numerical flow and
transport codes.

The intrinsic diffusion coefficient in the calculations
applies to the leached or depleted portion of the concrete.
Thus, it can be expected to be substantially higher than the
D, for intact concrete. The permeability of the concrete will
also increase as leaching procedes, which leads to enhanced
flow rates in the leached region (i.e., diffusion may nolonger
dominate transport).

Geology Controiled leaching. An alternative
formulation (Figure 16), also by Atkinson and Heame
(1984), assumes that diffusion into the surrounding geology
is controlling. When diffusion is from a fixed concentration
into a semi-infinite domain, then concentrations are
described by an error function (Crank, 1975)

X
o ot | )
- (%)

The instantaneous flux at X=0 is obtained by
differentiation of the concentraticn profile

3(C -C,)

DERd)i' ©

]-¥-0= ‘¢C1‘C,w( b



*

The total amount of material leached (per unit ‘area)
during a given time period is obtained by infegrating with
respect {o time

!
)l

The total amount of calcium hydroxide removed (per unit
area) can be related to the inventory in the concrete as

M, =XC,

concentration of calcium in the concrete pore
water
concentration of calcium in the bulk concrete
(solid + pores). -

The assumption of surrounding geology limitin g calcium
hydroxide depletion is used in the Barrier Code (Shuman et
al, 1989). Note that the transport parameters Ry Dg, @) in

the geology controlled leaching model pertain to the
surrounding geologic medium, not the concrete.

..

4R Dyt
x

h[[ = ¢Cl - C‘w( (7)

®)

C,-C,,

X=2=

R.Dyt E‘)I ©)

kL

where

C,

Cs

c flow
gw direction
fixed concentration
concrete Cp; C,

Vault Interior

Figure 16, Schematic of calcium hydroxide leaching.

The impact of calcium hydroxide leaching has been
estimated by assuming that thc concrete loses half its
strength when 33% of the calcium hydroxide has been
depleted (Lea, 1970). Atkinson and Heame (1984) simply
assume the concrete fails when one third of the calcium in
tze fayer is depleted. In the Barrier code (Shuman er af,
1889), an cxponential loss of strength is (apparcently)
assumed

20

h ]

Y-Y;[]_...[(i)} }.
X
Where Y is the yield strength of the concrete, Y, is the
initial yield strength, and X, is the concrete thickness.
Assuming that half the yield is lost at 33% depletion gives

a value of 0.625 for a. The Barrier code documentation

omits the normalization of X by X, in the governing
equation.

(10)

Alcon et al. (1989) derive an expression for the change
in hydraulic conductivity as a function of the change in
porosity using data from different sources. The result is

AK = K *10M0 _ g an
where
AK = the change in hydraulic conductivity of the
concrete,
K, = initial hydraulic conductivity of the concrete
A¢ = change in porosity of the concrete.

The relationship is based on regressions of experimental
data from various sources. The estimates from the equation
are expected to be highly uncertain.

Ananalysis of combined geology and concrete controlled
leaching along with fluid flow could be analyzed with
numerical flow and transport codes if a more sophisticated
approach was warranted.

Example Calculations

The predominant flow system for a concrete vault located
in the vadose zone system is one of water moving around
the concrete vault. This water could serve to remove calcium
from the surface. The leaching process can be estimated
using the shrinking core model (Atkinson and Heame, 1984)
for concrete controlled leaching. Figure 17 illustrates the
predictions of the shrinking core model of leaching.
Leaching is most rapid in locations with lower calcium
concentrations.

Figure 18 illustrates the predictions for geology
controlled leaching using the parameter assumpticns listed
on the figure.

Both sophisticated and simplistic modzls of leaching
su

ggest that significant amounis of lewching reguire time
frames in the thousends of years - quile long in iae context

of low-level radioactive waste dispesal.
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Figure 17. Calcium hydroxide leaching assuming concrete
control in northeast, midwest, and arid environments.
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CARBONATION

Carbonation

Carbon dioxide reacts with cement components to form

carbonates - a process referred to as carbonation. The
reaction is represented by
Ca(OH),+ H,0 +CO, = CaCO,+2H,0. ¢))]

The depth of carbonation is roughly proportional to the
square-root of time, doubling between 1 and 4 years, then
doubling again between 4 and 10 years (Neville, 1981). The
rate of carbonation depends upon the moisture content of
the concrete and the relative humidity of the ambient
medivm. If diffusion in the concrete is too slow, an
equilibrium is reached where the diffusion of CO, and
carbonation are stopped or severely reduced. The type of
cement ultimately affects the depth of carbonization.

Unlike other degradation processes, carbonation is not
inconsistent with long-term durability of concrete.
Carbonation does not cause general disruption or increased
permeability of the concrete matrix. The formation of
calcium carbonate may even slow migration of some
radionuclides through solid solution reactions. Many
concretes surviving from Roman times are fully carbonated.,
Carbonation is associated with two potentially negative
changes in concrete material properties, shrinkage, and a
drop in pH.

The total shrinkage from carbonation can be in the range
of 0 to 0.1% (Verbeck, 1958). The shrinkage is thought to
occur (Powers, 1962) as the minerals are removed from
arcas of compressive stress and redeposited in regions of
lower stress, The compressive stress can occur as a result
of capillary forces in a partially dried concrete. This can
explain why carbonation under saturated conditions does
not result in shrinkage since capillary forces are absent at
saturation. The strength of concrete generally increases
under carbonation, with the exception of high sulfate
concretes. Carbonation of hydrated Portland-cement pastes
also results in reduced permeability and increased hardness
(Verbeck, 1958). The excess shrinkage may result in
increased cracking and/or joint permeability. Carbonation
forces the local pH toward ncutral, going from over 12 to
about 8, thereby removing some chemical barrier benefits
of the concrete and providing a potentially corrosive
environment forsteel reinforcements if water, moisture, and
oxygen can penctrate.

The rate of carbonation is dependent upon water
saturation or relative humidity of the environment. As
relative humidity increases from 0 to 100%, the rate of
carbonation passes through a maximum. The maximum rate
of carbonation occurs because water is required in the
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reaction of CO, and Ca(OH), to form CaCQ,, but increasing
water contents slow the diffusion rate of CO, through the
concrete.

Sources of Carbon Dioxide

Carbon dioxide, in the presence of moisture, reacts with
hydrated cement minerals in the form of carbonic acid.
Carbon djoxide occurs as a minor constituent of air and a
major component of carbonate rocks. Carbon dioxide is
also generated from decomposition of organic materials in
soils and/or waste.

Models of Carbonation Attack

Based upon Equation (1), a shrinking core model can be
derived for carbonation. Carbonation can occur only as
rapidly as dissolved carbonate can diffuse through the
concrete. At the high pH relevant to concrete, Equation (1)
actually occurs as
Ca(OH), + CO}™ = CaCO, + 20H". 2

However, the transport of carbonate through the concrete
can occur either as carbonate in the aqueous phase or carbon
dioxide in the vapor phase. Since vapor phase diffusion is
approximately four orders of magnitude more rapid than
aqueous diffusion, one would expect rates of carbonation to
increase as the saturation level of the concrete decreases -
at least until the water required for the reaction becomes in
short supply. Verbeck (1958) found that carbonation rates

peak at 50% relative humidity, consistent with this
observation.

A shrinking core model for carbonation can be
formulated by evaluating the migration rate of CO, into the
concrete in relation to the initial amount of calcium
hydroxide. Although carbonation is most rapid at 50%
relative humidity when significant amounts of water have
been removed from the concrete, typical subsurface
environments appreach 100% relative humidity. Under
these conditions, the concrete matrix remains water
saturated because of the small pore sizes relative to
surrounding soil materials. In most concrete vaults in the
vadcse zone, the transport of CO, 15 in the lguid phase,
resulting in slow rates of carbonation. The following
shrinking core derivation is valid for water saturated
concrete:



o
Flux = -D, =%~ 3)

X
dx D.C
“XC, @
1
C 2
X -(ZDE C‘" t) )
where

C, = bulkconcentration of Ca(OH), in concrete solid
(moles/cm?)

D; = intrinsic diffusion coefficient of Ca®* in
concrete (cm?/s)

Cew = concentration of total inorganic carbon in
groundwater or soil moisture (moles/cm®)

X = distance (cm)
N = molar flux [moles/(cm?s)]
t = time (§).

Papadakis et al. (1989) have developed a rigorous
mechanistic model for carbonation of concrete. The model
considers mass transport, chemical reaction, and reaction
kinetics. The model predicts that carbonation rates will peak
as relative humidity is decreased from 100 to 50%. Below
50%, relative humidity reaction rates decline rapidly leading
to slower rates of carbonation. In the range of 50 to 100%
relative humidity, the model can be simplified to a shrinking
core model similar to that given above. The derivation
assumes partially saturated conditions (i.e., vapor phase
diffusion of CO, dominates), thus the diffusion coefficient
and concentration of CO, reflect vapor phase values.

Experimental values of the diffusion coefficient as a
function of relative humidity are included in the paper
(Papadakis et al., 1989).

Concrete degradation by carbonation is not (currently)
considered in the Barrier code.

Example Calculations

The rate of carbonation by the shrinking core model is
shown in Figure 19. The predicted rate of carbonation is
slow for subsurface vaults because they are assumed to
remain at full water saturation. Vaults that are located above
the land surface or in highly desicated (i.e., desert)
environments where relative humidity is significantly below
100% will experience more rapid rates of carbonation.
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Figure 19. Rate of carbonation by shrinking core model in
different geochemical environments.



ALKALI AGGREGATE REACTION

Aggregate is an additive to OPC that consists of particles
of natural or artificial rock material of varying shapes
ranging in size from tens of millimeters down to tenths of
millimeters in cross section. Three quarters of the volume
of concrete may be occupied by aggregate. Chemical
reactions with the aggregate cause irreversible changes in
concrete and play an important role in the physical, thermal,
and chemical properties as well as in concrete durability and
performance (Neville, 1981).

Three categories of deleterious substances may be found
in aggregate (Neville, 1981): impurities that interfere with
the cement hydration process, coatings that prevent the
development of a good bond between the aggregate and the
OPC paste, and weak or unsound aggregate particles.

A variety of processes may take place because of
reactions between the components of the OPC and
individual components or impurities of the aggregate, in
particular, the reactions involving the alkali components of
the cement paste (alkaline hydroxides derived from alkaline

oxides in the cement) and the presence of active siliceous
components in the aggregate (e.g., opal, chalcedony, or
tridymite). An alkaline silica gel forms that alters the
borders of the aggregate and leads to abnormal expansion,
cracking, and loss of strength. This process is known as
alkali aggregate reaction. Other degrading reactions of the
aggregate include the oxidation of mineral oxides and
sulfides or an alkali carbonate reaction - the reaction of
catbonate in the aggregate with the alkali of the cement.

Alkali aggregate reaction can be reduced by the careful
selection of aggregate and the elimination of the alkali
components in the cement paste. It has also been found that
the introduction of finely powdered reactive silica to the
cement mix reduces or eliminates the reaction. This is due
to the increased area of the reactive silica with less alkali
per unit area being available (Neville, 1981). The alkali
aggregate reaction is highly complex, and no mathematical
models have been found to estimate its progression.



FREEZE/THAW

Concrete structures that are not buried below the local
freezing depth will be subject to freeze/thaw cycles. Even
structures built (or mounded) to depths below the freezing
level will be subject to freeze/thaw processes during the
operational phase of the facility. Upon freezing, water in
the capillary pores of the concrete freezes and expands in
volume by approximately 9%. Depending upon a varety
of factors including number of freeze/thaw cycles, rate of
freezing, concrete permeability, water saturation, water
availability, aggregate, salt content, and amount of entrained
air, degradation of the concrete can occur. Failure of the
concrete generally takes the form of loss of strength and/or
crumbling (Detwiler et al., 1989).

Two processes are considered to cause freeze/thaw
damage (1) hydraulic pressure and (2) ice accretion
(Detwiler et al.,, 1989, Clifton, 1990). Hydraulic pressure
occurs when water in large pores expands upon freezing.
The excess pressure can only be relieved when the excess
water migrates to void spaces, such as the voids caused by
airentrainment. Klieger (1980) suggests that osmotic forces
may also be important during freezing. Salts in the solution
are excluded from the ice crystals, leading to greater
concentrations in the water moving away from the ice. The
higher salt concentrations lead to counter osmotic forces that
further increase the excess pressure. This proposed
mechanism explains the negative impact that deicing
chemicals have on freeze/thaw durability. The osmotic
mechanism is a physical process consistent with
experiments illustrating that widely different chemical
compounds can have similar influences on freeze/thaw
damage (Klieger, 1980). The hydraulic pressure mechanism
is most important during rapid freeze/thaw cycles.

Ice accretion occurs when freezing causes a lowering of
vapor pressure in the large pores. Water in the gel pores
remains in a liquid state because of capillary attraction in
the very small pores. Gel water freezes at a temperature
below -78° C (i.e., gel water does not freeze in any expected
service environments). The supercooled gel water then
migrates to the large pores causing expansive forces around
the large pores and compressive forces in the gel pores. The
ice accretion mechanism is most important during extended
periods of freezing (Detwiler et al,,, 1989).

Detwiler et al. (1989) list air entrainment, WCR,
aggregate composition, and curing as the factors most
important  for making concrete that is resistant to
{rceze/thaw.  Air entrainment works by providing open
pores for relicf of excess pressure.  When air voids are
properly spaced the local pressure will never exceed the
tensile strength of the concrete resulting in a very resistant
concrete.

[
Ln

Total freeze/thaw damage depends both upon the
resistance of the concrete to frecze/thaw and the agressive
properties of the service environment. Properties of the
service environment that lead to damage are high water
saturation of the concrete, large number of freeze/thaw
cycles, and high salt content (Klieger, 1980). Typically a
concrete has a critical water saturation level above which
the material becomes very susceptible to damage.

Two testing methods for freeze/thaw resistance have
been commonly used. These are contained in American
Society for Testing and Materials (ASTM) Standard C
666-77. Both methods use rapid freezing first, but in one
both freezing and thawing take place in water, while in the
other freezing takes place in air and thawing in water. The
former method is more severe than the latter (Neville, 1981).
With these ASTM methods, freezing and thawing is done
for 300 cycles or until the dynamic modulus of elasticity is
reduced to 60% of its original value. A durability is
computed from

durability_factor = [(final_number_test_cycles)

(%_of _original _modulus))/300. 1)

There are no established criteria for the acceptance or
rejection of concrete in terms of this durability factor. Its
value is primarily for comparison of concretes. Usually,
however, a factor smaller than 40 means the concrete is
probably unsatifactory with respect to freeze/thaw
resistance or damage; 40 to 60 is the range for concrete with
doubtful performance; and, above 60, the concrete is
probably satisfactory (Neville, 1981).

Models of Freeze/Thaw Performance

Several models of freeze/thaw durability. have been
proposed. A review of several of the freeze/thaw models,
as well as an introduction to the problem is given by Clifton
(1990). The models range in complexity from empirical to
a full solution of the fluid flow, temperature, and stress
equations as proposed by Bazant et al. {1988). The
discussion below covers the model used in the Barrier code
(Shuman et al., 1589).

In the Barrier code, freeze/thaw durability is modeled by
afit of data that expresses the fractional decrease in dynamic
modulus of elasticity (DME) of the concrete as a curve fit
involving the % entrained air (AIR), water-to-cement ratio
(WCR),and the number of freeze/thaw cycles. The variation
of DME is taken to be linear when the number of freeze/thaw
cycles is greater than 50; this is based on experimental
results. The expression fit used in the Barrier code is



(NumCycles - 50)

Y1 - ((275*AIR)*(1.0 + 0.43*AIRy*F (WCR) - 100.0) @)
where
F(WCR)=4.2-8.0*WCR*(1.0-0.4*WCR) 3
Y1 = the fractional decrease in dynamic modulus of
elasticity of the concrete
N = number of freeze/thaw cycies

AIR = percent entrained air in the concrete

WCR = water-to-cement ratio.
Y1 = 0.5 is taken as the point of significant cracking and
deterioration of the concrete due to freeze/thaw action. The
amount of time (Tc) required to reach this level of damage
is given by

T, = (138*AJR)/N *(1.0 + 0.43*AIR)*F (WCR). 4
The annual rate of degradation (Ry,) is given by
Ry (N/T,)*( - 0-21‘T,) )
where

6 = water content

T, = residual water content (assumed = 0.09),

The Barrier code also computes the amount of time
required to reach a given level of damage for a given value
of fractional decrease in DME as well as an annual rate of
concrete loss. The barrier data are, in part, based on the
work of Pigeon et al. (1989).

An example of freeze/thaw loss predicted by the Barrier
code equations is given in Figure 20.
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Figure 20. Loss from freeze/thaw damage with 7%
entrained air,



CRACKING

Cracking can result from a number of phenomena
including, drying shrinkage, temperature change stress,
reinforcement corrosion  with resulting  expansion,
carbonation, and physical loadings. The location and nature
of a crack depends upon the cause. Current understanding
of concrete cracking was summarized by an ACI committees
(ACI, 1984, 1990).

The simplest form of crack is caused by physical loading
on the roof of the structure. This leads to a set of partially
penetrating cracks below the neutral axis of the slab (Figure
21). Alot of work has been done in predicting the location
and size of cracks formed by physical loading of concrete
beams and slabs (Broms, 1965; Bazant and Oh, 1983; Oh
and Kang, 1987). A variety of formulae has been developed
for crack prediction. In each case, the most important
parameter is the amount of strain in the steel reinforcement.

neutral axis

rebar

Figure 21. Schematic of cracks.

Microcracks in concrete may also be caused by drying
shrinkage. As the concrete dries, the capillary pressure
generated leads to shrinkage. Drying shrinkage leads to
systems of parallel cracks that are usually too thin to be
visible by the unaided eye (Bazant and Raftshol, 1982). This
type of drying might occur during the operational period of
a belowground vault. Even very tiny microcracks tend to
dominate the permeability of the concrete at low pore water
tensions,

Phenomena that cause general shrinkage of concrete,
such as drying and carbonation, can lead to crack formation.
Either drying shrinkage or carbonation can lead to shrinkage
in the range of 0.087%, cepending upon ihe moisture content
at exposure. Combined, they can lead to 0.16% shrinkage.
Lower moisture contents lead to greater drying shrinkage,
whereas shrinkage from carbonation peaks at a relative
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humidity of 50% (Verbeck, 1958). Temperature changes
leading to swelling and shrinkage of the concrete also cause
cracking.

Penetration Assumptions

One of the most crucial aspects of the evaluation of
cracking is the assumption concerning penetration of the
cracks. Most cracks from flexural loading are expected to
penetrate only from the bottom of the roof to the neutral
axis. Above the neutral axis, in the zone of compressive
stress, most cracks would not be expected to penetrate. In
the Barrier code (Shuman et al., 1989), cracks from physical
loading are assumed initially to penetrate only to the neutral
axis and not affect the hydrologic properties of the slab.
Once the cracks reach a depth of three-fourths of the slab
thickness or within 7.5 cm of the total slab thickness, they
are assumed to fully penetrate the slab. The increased
hydraulic conductivity caused by the crack is then added to
the slab permeability in the form of an equivalent porous
media. The specifics of the calculation of crack width,
spacing, and unsaturated hydrologic properties in the Barrier
code are not well documented.

Cracks resulting from volume changes in the concrete
caused by temperature changes, drying shrinkage, and
carbonation are more likely to penetrate the entire slab
thickness. Penetration of the slab is facilitated by the
absence of compressive forces at the top of the concrete slab.

Crack Prediction - Flexural Beams

The prediction of crack width and spacing in concrete
flexural members has been the subject of a fair amount of
rescarch. The simplest expressions can be attributed to
Broms (1965). Average crack spacing was given as

S =

2
g = 2L

ey
Average and maximum crack widths were given as
W, =2¢,

W, =1.66W, 2
where

t

concrete thickness over steel

£ strain in the steel reinforcement

s
S
W crack widia at tension face.
Broms (1965) and Broms and Lutz (1965) made several
observations concerning the nature of the cracks:

CTack 3pacing



L. Primary tensile cracks could be observed on the surface
of flexural members. The cracks extended to the neutral
axis. Sccondary tensile cracks were observed when the
stress inthe reinforcement reached approximately 20,000
- 30,000 psi. These cracks were confined to the
immediate vicinity of the reinforcement. Longitudinal
tensile cracks, which started at existing primary or
secondary cracks and spread along the reinforcement,
were noticed at the higher strain. Longitudinal cracks,
which formed in the compression zone, were observed
for the flexural members at high load levels.

. "The surface crack width will be small if the
reinforcement is distributed uniformly along the
periphery of a member, if a large number of small
diameter bars are used and if these bars are placed as
close to the surface as feasible."

Bazant and Oh (1983) derived theoretical expressions for
crack spacing in reinforced concrete. These expressions
indicated good numerical agreement with the empirical
Gergely-Lutz formula. Later Oh and Kang (1987)
developed simpler, easier to use expressions for maximum
crack width and crack spacing in concrete flexural members.
These equations give a better fit to the data than the Gergely
and Lutz formula.

The equations for maximum crack width are

wﬂlu
5= aye, -0.0001R @)
ay = 159( i)u + 2.83( ﬂ) ’ @
h, Ay
hz
*5
Q)
where
Wo,, = maximum crack width at extreme tension face
h, = distance between neutral axis and lower face
hy = distance between neutral axis and steel
reinforcement center
A, = effective area of concrete surrounding one
reinforcement bar
A, = area of onc reinforcement bar
1, = boltom concrete cover over reinforcement
D = reinforcement bar diameter
gs = steel strain.

To predict crack spacing, the following equation was
uscd

]

el

where s is the average spacing of cracks. The average crack
width at the surface using this formula would be

w,, =seR. 6

These equations are especially convenient because of the
dimensionless format.

A

A.rl (5)

Crack Prediction - Volume Change

Prediction of cracks caused by concrete volume changes
is covered in ACI 207 (ACI, 1990). Volume change
generally comes from temperature rise during setting,
seasonal temperature variations, and drying shrinkage. In
general, the summation of crack widths in a slab of concrete
must balance the shrinkage minus the extension of the
concrete. Cracks tend to originate at the midpoint between
previous cracks. In simple geometries, this leads to a setries
of evenly spaced parallel cracks. Addition of steel
reinforcement to the concrete tends to lead to smaller cracks
with closer spacing. Thus the reinforcement is typically
used to control the size and spacing of cracks. Smaller cracks
are more likely to heal through autogencous processes.

Autogenous Healing of Cracks

There is considerable evidence for autogenous healing

. of cracks formed in concrete (Guppy, 1988). Frequently,
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permeability of concrete has been found to decline with time
in flow tests (Loadsman et al., 1988). Healing occurs from
carbonation of calcium hydroxide in the cement paste by
carbon dioxide. Calcium carbonate and hydroxide crystals
are found to grow in the crack. Saturation of the crack with
water appears to be essential for developing substantial
strength from healing (ACI, 1984). Self healing is a very
desirable property for materials utilized for radioactive
waste isolation. The degree to which the self-healing
properties of concrete can be “taken credit for" in
quantitative performance assessments remains subject to
question and is a fertile area for future research.

Implications of Cracking

Cracking has tremendous implications for performance
of concrete barriers. Cracks represent a preferential
pathway for fluid {low and mass transport that bypesses the

favorable trarsport propert.c:, of e concreie matrix. In
very smell aracks, e ars wiiange wisihe
passage through the craei haelly owover, in larger oracks
the primary resistance (o {low comes o entrance and exit
head losses at the ends of the cracks, The entrance and exit



head losses are controlled by crack spacing and the
permeability and thickness of the materials adjacent to the
concrete. Frequently the leakage rate through a concrete
slab will be directly proportional to the permeability of the
adjacent soil or backfill. This fact suggests that low

permeability backfill materials should be placed adjacent to
concrete vaults if the impacts of cracking are to be
minimized. The impacts of cracking on the performance of
concrete barriers will be covered in a future NUREG
document under the same FIN Number.



CONCRETE CHEMISTRY, RADIONUCLIDES,
AND NEAR FIELD EFFECTS DUE TO CONCRETE

Radionuclide Geochemistry in Concrete

The geochemical environment of concrete in a LLW
disposal setting affects not only the durability of the concrete
but also the aqueous ¢chemistry and transport properties of
radionuclides that are released throughout the lifetime of a
LLW disposal site. Because source term radionuclide
concentrations are strongly dependent on the geochemical
environment at the source, accurate and defensible modeling
and performance assessment analyses of the release of
radionuclides from (or through) concrete requires
characterization of the temporal variation in concrete
chemistry. There are also recent concemns about the
radionuclide adsorption on colloids with subsequent
transport. It is the combination of the physical and chemical
propertics of the concrete mixture together with the
radionuclide properties that is responsible for radionuclide
release and migration. This section briefly discusses the
physical and chemical properties of concrete, the aqueous
chemistry of pore fluids in concrete, the temporal variation
in pore fluid chemistry within concrete, and the effects of
concrete on the chemical behavior of earthen materials in a
low-level disposal site. In addition, a discussion of the
aqueous chemistry of important radionuclides in a concrete
dominated system is presented.

Chemical and Physical Properties of
Concrete

Concrete is composed of amixture of cement, aggregate,
water, and additives such as fly ash or silica flume. Because
the chemistry of concrete is dominated by reactions that
occur in the cement portion of the concrete, the focus of this
section is on that chemistry. Portland cement is composed
of primarily four compounds: tricalcium silicate (CS),
dicalcium silicate (G,S), tricalcium aluminate (C,A), and
tetracalcium aluminoferrite (C,AF). During the curing of
concrete, the cement hydrates to form a high surface area
microporous matrix that is saturated with an aqueous phase.
The composition of the aqueous phase assumes considerable
importance in determining the properties of the composite
(Angus and Glasser, 1985). Furthermore, the overall
permeability and porosity of a concrete is dependent upon
beth the grain siee of the hvdraied cement paste and upon
the grain size of any additives to the concrete. Because of
the fine pore size, the transport and release of radionuclides
in concrete will be dominated by diffusion as long as the
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concrete is structurally intact. The physical properties of
four types of concrete representative of barrier materials are
given in Table 4,

Table 4. Properties and constituents of example concretes
(Jakubick et al., 1987).

Normal High Density -
Density - ND  HD with silica
with fly ash fume
Properties
Compressive 42.0-29.9 39.0-62.6
Strength (28 days),
MPa
Porosity, Vol. % 12.8-124 9.6-6.5
Hydraulic 3.2x10°"- 3.9x10"-
Conductivity (m/s) 4.9x10°" 7.0x10%°
Density (kg/m”) 2593-2618 4036-3894
Composition, Vol.
%
Course Aggregate  38.4-43.3 40.4-40.7
Fine Aggregate 30.5-30.0 27.3-27.5
Fly Ash 03
Silica Fume 3.7
Cement 12.1-8.6 12.9-10.4
Water 15.6-14.1 1.50-11.4
Voids 34 4.4-6.3

The microporous matrix phase of Portland cements
(sulfate free) contains a poorly crystalline to amorphic
calcium silicate hydrate (C-S-H) gel and crystalline
Ca(OH), (portlandite). Although C-H-S exhibits
considerable short-range ordering, it is X-ray amorphous
because long range ordering is minimal (Grutzek, 1989).
C-H-S also exhibits extensive solid solutions and can be
formulated as Ca,H,,,S5i.0,-zCa(OH),-nH,0 (Glasser,
1987). In addition, the occurrence of aluminates in
unhydrated cement resuits in the formation of silica
substituted hydrogarnet (Grutzeck, 1689). The cccurrence
of alkali oxides (Na,0 and K,0) in the unhydroizd cement
dominates the aqueous chemisiry of pew concrele as
discussed below (Angus and Glasser, 1985). The chemical
composition of typical cement is given in the Table 5.



Table 5. Chemical composition limits of Portland cements
(Neville, 1981).

Oxide ‘Wt. percent
CaO 60 - 67
Si0, 17 -67
ALC, 3-8

Fe,05 0.5-6.0
Na,0 +K,0 02-13
SO, 1-3

MgO 0.1-4

Concrete Pore Water Chemistry

The hydration of cements results in the formation of very
alkaiine pore fluids. It had been believed that the solubility
of portlandite controlled the pH of pore fluids. However,
Glasser et al. (1985) indicate that direct analysis of pore
fluids reveals that NaOH and KOH are the dominate
electrolytes (Table 6); all other things being equal, the alkali
concentrations and the pH of pore fluids are a function of
the alkali content of the cement. Since much of the alkali
present in cement is rapidly released to the pore fluids
(Glasser et al., 1985), the importance of alkali hydroxides
in the pore fluid will be temporary. Leaching of the cement
by groundwater results in the loss of alkalis, and the pH of
the pore fluid drops as portlandite and C-S-H reactions
become important. The early presence of alkalis is
unbuffered; once they have been leached from the pore fluid,
there is no mechanism to replace them. C-S-H reactions are
buffered by the solubility of phases in the hydrated cement.
For systems open to the transport of chemical species by
groundwater, irreversible reactions will occur in the
concrete, An example of such a reaction is the altering of
portlandite to calcite by CO, dissolved in groundwater via

Ca(OH), + 2HCO; = CaCO, + H,0 + COZ. ey

Reactions, such as above, c¢oupled with physical
displacement of pore water by diffusion dominated transport
results in a gradual loss of buffering capacity. This loss can
be visualized as a series of stages with the pH gradually
dropping over time (Atkinson et al., 1988). Because of fluid
flow though the disposal site, the expected pH drop will not
be uniform. Atkinson (1585) estimates a range of from
approximately 10" years for the pH to drop to less than 10.5
in the outer meter of a highly permeable concrete disposal
facility in contact with a groundwater, containing reactive
species to 2 x 10 years at the center of a disposal facility.
An example of the temporal variation of pH for a
groundwater containing reactive icnic species is shown in
Figure 22. In general, the processes that lower the pH in the
concrete are very slow, requiring time periods on the order
of thousands or millions of years for completion. These
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results suggest that the influence of concrete cnthe chemical
environment of the disposal facility may last for hundreds
of thousands of years. Hence, the chemical effects of
concrete can far outlast the structural lifetime of the
concrete.

Reduction in pH when Affected by Groundwater
Containing 0.01 Mole of “Reactive” lons
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Figure 22. Change in pH with time as predicted by
Atkinson et al.,, 1987.

The redox chemistry of concrete is controlled primarily
by additives to the cement. Angus and Glasser (1985) found
that the Eh of blastfurnace slag (BFS) cement was slightly
oxidizing (+35 to +82 mV) and insensitive to composition
for OPC:BFS ratios above 0.33. For lower ratios, reducing
Eh values as low as -330 mV were observed. However, the
addition of zinc or magnesium powder to OPC had no effect
on Eh. Tuutti (1982) suggests that nonpassivated mild steel
will Jower the Eh of pore waters. Eh values of pore water
provide insight into the potential redox speciation of
radionuclides. However, the long term chemical
performance of cement is also a function of its reducing
capacity. The reported reducing capacity of BFS is 1.1
mmole g™ and compares to values of 0.1 mmole g for OPC
and 0.2 for high alumina cement and natural pozzolan
(Angus and Glasser, 1985). These results suggest that
concrete ¢an be engineered to have pore water Eh values
that will ensure that radionuclides with multiple oxidation
states (e.g., plutonium} are reduced.

Angus and Glasser (1985) also found that the BFS altered
the aqueous speciation of sulfur. For a OPC:BFS ratio of
lower than 0.33, aqueous sulfide concentraticns of 4 to 34
mmole liter' were cbserved by Angus znd Glasser (1985).
The presence of sulfide in pore water may limit the
concentration of radionuclides that are chalcophile elements
(e.g., cobalt) by the formation of insoluble sulfide phases.



Table 6. Measured ranges of pore-water compositions of
hydrated cements (Berner, 1987). Composition
in mmole liter” except for Eh (mV) and pH.

Oxidizing®  Reducing®
Na 13-70 78-139
K 15-200 146-154
0.4-12 0.5-2.3
Mg 0-0.01 <0.01
Si <0.2 0-02
pH 84-139 -377--19%

a. Based on six cements. b. Based on two cements.

Modification of External Environment by
Concrete

The alkaline cement components that leach from the
concrete may have a significant influence on the earthen
materials surrounding the concrete barrier. Jefferies et al,
(1988) investigated the response of clays in contact with
concrete. They found that the buffering capacities of clays
subject to alkali intrusion are best explained by cation
exchange of aqueous calcium for sorbed cations and the
precipitation of calcite. The saturation of the clay with
calcium and the precipitation of calcite may affect the
sorptive and hydraulic properties of the clays. Jefferies et
al. (1988) also state that the pH of clay pore waters will
ultimately rise toabout 12 because of the long term chemical
effects of concrete.

The importance of the potential changes to the
surrounding materials depends upon the aspect of
performance considered. Dispersion and expansion of clays
leads to filling gaps and fissures in the system and lowers
hydraulic conductivity but results in lower slope and
structural stability. The precipitation of calcite *cement"” in
clay materials may lead to hardening and embrittlement of
the clay. In addition, Melchoir et al. (1988) suggest that
mineral phase transformation in earthen materials as a result
of interactions with concrete needs to be considered.

The affects of pH on the sorptive properties of
radionuclides on clinoptilolite and Dochart clay have been
investigated by Buckley, Philipose et al. (1988). Their
results are shown in Figures 23 and 24.

106,%0¢
YN
L N
/ N
80,000 # ME\ .....
/ o
.00 / ~
' / \‘a\
/ S
el SN
0 M
2 ‘ 7 2 1
pH
Co0 S35  Celar

Figure 23. Effect of pH on distribution coefficient of
conditioned clay (Buckley et al., 1988).
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Figure 24. Effect of pH on distribution coefficient of
conditioned clinoptilolite (Buckley et al., 1988).

Radionuclide Behavior

The radionuclides used to classify waste types in 10
CFR 61 are taken as a starting point for selection of the
radionuclides of interest. The primary selection criteria of
the regulations are based on radionuclide lifetime and
imminent hazard such as reactivity and high probability of
uptake to living organisms and humans. Other criteria in
addition to these include: expected disposal site
environment; radionuclide inventory level; disposal
facility performance effects; chemical state; and
radioactive progeny. The basis for selection needs further
examination.  Relative to concrete performance in
particular, certain radionuclides, or chemicals in the waste
cr groundwater, of high chemical reactivity, conoentoicn,
and sufficient lifetime could te datrimental 1o a concrete
disposal facility and its cencrete components. Reported
results from the literature are given below for the
radionuclides of interest in LLW.




The aqueous chemistry of radicnuclides and other
contaminants in ccncrete will be dominated by the
interactions of portlancite, C-S-H, and additives with the
pore fluids. As discussed, the pore fluids are characterized
by high pH values and oxidizing to reducing Eh values.
The concentrations of common inorganic ligands in the
pore-fluids are reduced because of the high pH and calcium
concentrations. Carbonate is likely to be removed from
ingressed groundwater by the precipitation of calcite.
Likewise, phosphate is reduced by the precipitation of
apatite [Cay(PO,);OH] or other insoluble phosphates. The
predominate ligands in pore fluid are hydroxide, sulfur
species (SO,%, S,0,%, and HS'), and perhaps chloride.

Carbon and Carbon-14. Carbon-14 has a half-life of
5,730 years and is easily taken up into the biosphere in solid,
liquid, or gaseous compounds. Carbon combines with many
other elements to give solid or highly mobile, liquid or
gaseous compounds. It is alsoa primary constituent of living
matter. The aqueous chemistry of carbon for disposal
facility condition will be dominated by carbonate equilibria.
Hietanen et al. (1985) found that carbon-14 was effectively
removed from the aqueous phase in groundwater/concrete
tests by the precipitation of calcium carbonate.

lodine and lodine-129. Todine-129 has a half-life of 15.7
million years and is also easily taken up into the biosphere.
In humans, iodine is an important chemical in the endocrine
system and thyroid. For all but the most oxidizing
conditions, iodide (I') will be the predominate form of iodine
in pore fluids and groundwater. lodine is more strongly
sorbed to hydrated cement than to natural silicates (Hoglund
etal.,, 1985), and I' will be less mobile in concrete than in
neighboring geologic media. Atkins and Glasser (1990)
studied the adsorption properties of specific phases in
concrete. They found that OPC is a good adsorbent for I
and that the hydrate calcium aluminum sulfates were the
best sorbents. The Atkins and Glasser result provides insight
into the Hoeglund et al. (1985) observation that the sorption
of jodine on BFS cements was lower than for other cements.
Because BFS cements are more reducing, significant
portions of the sulfate is reduced to sulfide resulting in
smaller amounts of hydrate calcium aluminum sulfates.

Actinides. The aqueous chemistry of actinide elements
(of interest here are thorium, uranium, neptunium,
plutonium, and americium) is characterized by a multiple
oxidation state. The behavior of actinides in concrete
pore-fluids will be strongly influenced by the Eh. The
aqueous chemistry will be dominated by the formation of
neutral or anion hydroxide complexes (Allard, 1983).
Hoglund et al. (1983) report high sorption and low mobility
of actinides in pore fluid/concrete systems. They also
observed that the sorption behavior (as measured by K)) is
very similar for trivalent (Am), tetravalent (Th), pentavalent
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(Np), hexavalent (U), and mixed valent (Pu) actinides.
These results suggest that concrete can be an extremely
effective barrier to actinide migration.

Hydrogen and Tritium. Hydrogen-3, tritium has a
half-life of 12.3 years and can replace hydrogen in most of
its compounds. Tritium is very mobile in most
circumstances, and because it is present as tritiated water,
it will not interact significantly with water saturated
concrete. Uncoated concrete absorbs water rapidly, and
once wetted, conducts tritium in the waters at about 8 x 10
cm’ cm™ day™ (Eichholz er al., 1989). Diffusion rates can
be reduced by finishing the concrete surface or using a
smaller aggregate size and vibratory packing. Unless a
concrete wall is coated or sealed in some way, little credit
can be taken for concrete as a retarding barrier (Eichholz et
al., 1989). Harris (1988) reports that the transport of tritium
is not hindered by concrete.

Technetium and Technetium-99. Technetium 99 has
a half-life of 2.6 million years and in oxidized form (TcO,)
is highly soluble and easily taken up in the biosphere. The
aqueous chemistry of technetium in concrete pore fluids can
be very complex because for oxidizing conditions, the
highly soluble pertechnetate jon dominates. Tallent et al.,
(1988) investigated the behavior of pertechnetate and nitrate
in BFS cement-based materials. They found that the
inclusion of BFS reduced the release of technetium but not
nitrate and attribute this difference to reduction of
pertechnetate to the tetravalent oxide. Lee and Bondietti
(1983) indicate that ferrous iron or sulfide bearing waters
decrease the mobility of technetium by precipitating
reduced technetium bearing iron and sulfide phases. These
results suggest that technetium can be effectively retarded
by engincering the chemical properties of concrete barriers.

Cobalt and Cobalt-80. Cobalt-60 has a half-life of 5.3
years and can become resident in bone structures. Cobalt
occurs as anionic hydroxide species in pore fluids (Baes and
Mesmer, 1976). Cobalt (II) hydroxide has a minimum
solubility in the pH range of 10.2 to 11.5. The concentration
of cobalt in pore fluids may be suppressed further by
substituting for calcium in portlandite and C-S-H. Habayeb
(1985) found that release of cobalt-60 from cement waste
forms was below detection levels.

Strontium and Strontium-90. Strontium-90 has a half
life of 28.5 years, readily replaces calcium in carbonate
compounds, and becomes resident in bone structures.
Strontium is retarded by BFS concretes (Harris, 1988). In
concrete pore fluids, strontium will occur as S¢** and
Sr(OH)". Because of the similarities between calcium and
strontium, theses two ions compete for similar sites and
ligands in concrete. Therefore, the sorption/precipitation of
strontium is a function of the Ca:Sr ratio of the fluid.
Jakubick et al. (1587) found that the sorption of strontium
onto concrete is greater for scdium chloride solution than



for calcium chloride solutions. In addition, during calcite
precipitation, strontium is preferentially enriched in the fluid
phase relative to calcium (Mucci and Morse, 1983).
Sorption experiments with concrete indicate that strontium
is only weakly adsorbed (Jakubick et al., 1987, Hietanen et
al., 1985).

Cesium and Cesium-137. Cesium-137 has a half-life
of 30 years. Hoyle and Grutzeck (1988) incorporated
cesium hydroxide in cement and observed complete
removal of cesium from a solution in the form of cesium
zeolites. They also observed that cesium fixation increased
as the amount of calcium decreased and the ratio of Al:Si
increased. Grutzeck (1989) reports that the concrete phases
that form affect the chemistry of the remaining pore solution
and tailoring concrete with silica or BFS can reduce the pote
solution composition of cesium and strontium by a factor of
10. Furthermore, decreasing the activity of the calcium in
the system led to a decrease in the amount of cesium and
strontium leached by a factor of ten. Hictanen et al. (1685)
found high sorption of cesium in tests made with natural
ground waters. However, the sorption of cesium on concrete
is due primarily to adsorption on the aggregate. Robertson

(1934) notes preferential sorption of Cesium-137 and
Cesium-134 on unfinished or eroded concrete surfaces used
in reactors. The behavior of cesium in concrete is
compositionally dependent, with the formation of cesium
bearing zeolitic phases limiting cesium mobility.

Summary

Concrete acts as a effective barrier for the migration of
most radjonuclides The potential problem nuclides are
tritium, iodine, strontium, technetium, and cesium. Design
consideration of the chemical environment in concrete can
result in substantial improvement of concrete as a barrier
to radionuclide migration. The mobility of radionuclides
can be reduced in most cases by a factor of 10 and in some
cases by a factor of 100. The transport and release of
radjonuclides in concrete will be primarily by diffusion as
long as the concrete is structurally intact. Longer curing
(Crawford et al., 1985) or the custom tailoring of concrete
can achieve reduced permeability and porosity, reduced
leachability, lower diffusion rates, and increased sorption
for most radionuclides (Harris, 1988; Grutzeck, 1989;
Izumida er al,, 1987).



SUMMARY AND CONCLUSIONS

Thisreport hassummarized and critically evaluated some
of the models available for estimating long-term
degradation of concrete barriers. A companion report will
evaluate the implications of degradation on fluid flow and
mass transport through concrete barriers. It is apparent that
available models are limited in terms of scope and validity.
Although more sophisticated models are continuously being
developed, all the inherent problems will not be resclved
soon, Several problem areas are discussed below.

Concrete longevity is dependent upon quality, much
more so than most materials. This high dependence on the
quality of cement; aggregate type, size, and quantity;
water-to-cement ratio; and workmanship severely limits our
ability to quantitatively estimate performance. A simple
example comes from the building where one of the authors
works. Outside the back door are two rain spouts
constructed from concrete. In the approximately 5 years the
building has been in existence, one of the rain spouts
evidences no visual damage while the other spout has
completely degenerated into a rubbie heap. Although
quality assurance levels can be expected to be much higher
in LLW disposal facility construction, leading to more
consistent concrete quality, the observation nonetheless
illustrates the potential problems with predicting long-term
concrete performance.

The sections on individual types of concrete attack do
not address the combined or coupled effect of all processes
working simultancously. In the Barrier code (Shuman et
al., 1989), the coupled attack is simulated with annual
changes in the properties of each concrete layer. Processes
such as sulfate attack and freeze/thaw are assumed to lead
to annual reductions in the effective thickness and transport
properties of the concrete slab. For example, a loss in
thickness of the outer roof surface translates into a reduction
in the steel reinforcement cover thickness, causing more
rapid initiation of corrosion. Since most of the empirical
concrete degradation models were based upon data from a
single type of attack on concrete samples with fixed
dimensions, the approach is not necessarily valid in all cases.
However, in the absence of more detailed information, this
may be the best available option. The coupling approach
applied in the Barrier code is at least more conservative (i.e.,
predicts more rapid degradation) than separate applications
of each degradation model, such as the example calculations
included at the end of most sections in this decument.

The models that currently exist have almost entirely been
derived from the point of view of external attack. Prediction
of attack raies from materials included in the wastes will be
made more difficult by the absence of appropriate models.
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Our ability to model concrete performance is limited on
all sides. The empirical concrete degradation models
included in this report are of necessity applied outside their
range of validity when evaluating long-term performance
of concrete.  Mechanistic models, where available,
frequently lack adequate parameter data bases. In some
cases, the mechanistic models predict trends that directly
conflict with experimental and historical data.

The lack of adequate models and physical understanding
for many of the degradation processes makes the application
of Monte-Carlo and other statistical techniques to account
for uncertainty of questionable validity.  Statistical
techniques that propagate parameter uncertainties cannot
account for basic uncertainties or lack of understanding in
the conceptual model of the waste isolation system. Given
the current state of model development, the classical
conservative analysis mode of calculations may be most
appropriate.

Cracking of the concrete is one of the most difficult types
of degradation because it is very difficult to predict where
and when cracks will occur.  Although predictive models
are available for cracking in simple structural arrangements
(e.g., flexural beams), their application to complex
underground structures over long time periods remains
questionable. The difficulty of predicting crack occurrence
must then be combined with significant changes to
permecability of the concrete. Even a very small crack can
change the transport properties of a concrete slab by orders
of magnitude. After formation, the cracks may self heal
over time, although the specifics of when autogenous
healing will occur are not clear. In cases where crack
formation is not expected, it is difficult to clearly
demonstrate in a performance assessment that no cracks wili
form. Questions such as the following are of prime
importance to understanding and predicting the long-term
performance of concrete barriers: When and where will
cracks occur?, Under what conditions does autogenous
healing occur?, and What is the impact of cracks upon
performance of the concrete barrier? A future publication
will analyze the impact of cracking on concrete
performance.

The geochemical properties of concrete offer great
promise because they are long lasting and robust, and
concrete  chemistry shows promise for significant
retardation of carbon and iodine, two radionuclides that are
difficult to contain.

Further development work is needed in all areas of
concrers degradation. A major priority should be in the
analysis of cracking and autogencus healing of cracks.
Cracking is the one degradation process that is most difficult

to predict and can have the greatest impact upon
performance.
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