
'
'

.

~'

NUREG/CR-5542
EGO-2597

- . ... ... ...... ._. . . .. ..... . .. . - .. .. . .- . . . - . . _ . . . . . .. .-
-

-

Models for Estimation of
Service Life of Concrete Barriers
in Low-Level Radioactive
Waste Disposai

.. . . . ~ . . . _ . . . . . . . . . . . . . . . . . . , . . . . . . , . , . . . . .. . . . . . . . , . . . . . . . . . . . .

Prepared ty J. C. Walton, L H. Plansky, R. W. Smith

idthe National Engineering Laboratory
EG&G Idaho, Inc.

Prepared for
U.S. Nuclear Regulatory Commission

$$k00EOOIO ppg
CR-5542 H

m



I

4 .g

i

AVAILABILITY NOTICE

AvaRabil!!y of Retoronos Matonais Cnod h NRC 'ubicasons

Most docuenents cited h NRC pubEcatbne wlB be avahable from one of the tonowhg cources:

1. The fMC Publo Document Room,2120 L Street NW, Lower Level, Washtngton, DC 20555

2. The Superhtendent of Docurrants. U.S. Govenenent Preting Offloe, P.O. Box $7062. Washhgton,
DC 20013-7082

3. The Natbnal Technicalinformation Service, Sprbgfeld, VA 22161

Although the &cting that fotows represents the majority of documents cb h HRC pubhcations, it is not
htended to be exhaustive.

Referenced documents available for inspection and copying for a fee from the NRC PubHe Document Room
hclude NRC correspondence and Intemal NRC memorandal NRC Office of inopoetion and Enforcement-
butetins, ciretsars, Information notices, inspection and hvestigation notices; Uconsee Event Reportti ven.
der reports anJ correspondence; Corrrnistlon papers; and apppeant amt beensee documents and corte.
spondence.

The following documents h the NUREO series are avanable for purchase from the GPO Sales Program:
formal NRC staff and contractor reports, NRC-sponsored conference proceedings, and NRC booklets and
brochures. Also avalable are Regulatory Guides, NRC regulations in the Code of Federal Regulations, and
Nuclear Regulatory Commission Issuances.

Documents avanable from the National TechnMal information Servlee include NUfiEO series reports and
technica! reports prepared by other federal agencies and reports prepared by the Atorrno Energy Comrnia.
sion, forerunner agency to the Nuclear Regulatory Commission.

Documents available from public and special technical Ibrarles incbde at open Rterature items, such as
books, journal and periodical articles, and transactions. Fedetal Register noticos, federal and etate legisla-

. tion, and congressional reports can usually be obtahed from these Rwaries.

Documents such as theses, d!ssertations, foreign reports and translations, and non NRC conference pro-
ceed6ngs are availabis for purchase from the organt2ation sponsorbg the pubRcation cited.

$1ngle copies of NRC draft reports are avaRable free, to the extent of supply, upon written request to the
Office of Information Resources Management. Distribution Section. U.S. Nuclear Regulatory Commission,
WasNngton, DC 20555.

Coples of Industry codes and standards used in a substantive manner in the NRC regulatory process are
maintained at the NRC Library,7920 Norfolk Avenue, Bethesda, Maryland, and are avalable there for refer.
ence use by the pubile, Codes and standards are usualy copyrighted and may be purchased from the
originating organization or, if they are American National Standards, from the American National Standards
Institute,1430 Broadway, New York, NY 10018.

n- --m
__

DISCLAIMER NOTICE

This report was prepared as an account of work sponsored by an agency of the United States Govemment.
Nolther the United States Govemment nor any agency thereof, or any of their employees, makes any warranty,
expresod or implied, or assumes any legal liability of responsibility for any third party's use, or the results of
such use, of any Intormation, apparaks, product or process disclosed in this report, or represents that its use
by such third party would not infringe privately owned rights.

1

.. . .. .. - - .. . .. :--- .. .-



_ _ _ _ _ _ _ _

NUREG/CR-5542
EGO-2597
RW, CC

Models for Estimation of
Service Life of Concrete Barriers
in Low-Level Radioactive
Waste Disposal

.. . . . . . . . . . . . . . . . . . . . . . . . . . . . _ . . . . . . . . . . . . . . . . . . . . . . . . _ . _ . . . . . . . . . . . . . . . . .

Manurript Completed: July 1990
Date Published: September 1990

'

Iton, L E. Plansky, R. W. Smith.

Idaho National Engineering laboratory
. Managed by the U.S. Department of Energy

EG&G Idaho, Inc.
P.O. Ilox 1625
Idaho Falls,ID 83415

Prepared for
Division of Engineering
Omce of Nuclear Regulatory Research
U.S. Nuclear Regulatory Commission
Washington, DC 20555
NRC FIN A6858



Abstract

Concrete barriers will be used as intimate parts of systems
for isolation of low level radioactive wastes subsequent to
disposal. *!his work reviews mathematical models for estimating
the degradation rate of concrete in typical service environments.
'Ihe 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 Cona te Barriers in
Low-Level Waste Disposal

til

* s



|-

i

Summary i

!

Concrete barriers are likely to be incorporated Degradation processes important to waste !

into low level radioactive waste disposal facilities isolation include sulfate attack, reinforcement !
'

as structural components and barriers to fluid flow corrosion, leaching, carbonation, freeze thaw, and
and mass transport of radionuclides. Analysis of stress cracking. A brief review of mass tran' port
the role of the concrete barriers in low level waste and fluid flow through concrete is provideJ. The ,

isolation requires that performance assessment transport material provides consistent .

.models be applied to concrete degradation, nomenclature for the calculations in the models.
Because the history of modern concrete is short Examples of the range of water chemistry ;

'

(~100 years) relative le the required prediction of expected in subsurface environments in the
service life, the task is difficult and subject to United States and an overview of concrete pore
uncertainty. water chemistry and its potential influence on

This report consists of a critical review of radionuclide mobility are provided. Basic

mathematical models that predict concrete knowledge of concrete chemistry is necessary for

material properties over long time periods. applying the degradation models. ' Die
'

Models obtained from the literature are explained background sections are followed by individual
in enough detail to illustrate derivation and basic chapters covering the mathematical models for
assumptions. Additionalexamplecalculationsare each class of degradation. A future report will
included to illustrate application of the models and evaluate the implications of degradation and
to indicate the types of predictions that can be general design for perforrnance of the concrete
expected ', im the models. vault. '
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MODELS FOR ESTIMATION OF SERVICE LIFE !

OF CONCRETE BARRIERS l
IN LOW-LEVEL RADIOACTIVE WASTE DISPOSAL !

|
i

|

1

INTRODUCTION )
i

Concrete barricts are likely to be incorporated into of the range of water chemhtry expected in subsurfanc !

- low level radioactive waste disposal facilitics as structural environments in the United States and an overview of i
'

components and barricts to fluid flow and mass transport of conacte pore water chemhtry and its potenttalinfluence on
radionuclides. Analysis of the role of the concrete barricts radionuclide mobility are provided. Ilasic knowledge of
in low level waste (LLW) isolation requires that concrcic chemistry is necessary for application of the
performance assessment models be applied to conacte degradation models.
cegradation. Because the history of modern concrete is short
(~100 years) relative to the required prediction of service 'the background sections are followed by individual )

!

life, the task is difficult. "Ihc task is made even mot c difficult chaptcrs covering the mathematical models for cach class

by the grert importance of quality assurance and of degradation. Exampic calculations and graphs are :

workmanship. 'ihese aspects are of crucial importance to included in several sections and illustrat c the typcs and range [
durability but difficult to quantify and include in models, of predictions to be expected from some of the models. |

Another large problem is that the majority of models tend 'Ihese calculatkins are norninally organized along the lines

to be empirical in naturc. Because the determinations of of vaults located in different portions of the United States;
service life arc of necessity longer than the empirical however, associations between . oil chemistry and region t

database, the cmpW;.! ..nA*u are almost always applied arc . approximate. A future report will evaluate the !

outside N Wunds of the initial data. Illind extrapolation implications of _ degradation and general design for
of empirical data is difficult to defend technically, but is performance of the concrete vault,

frequently the only option to no prediction at all. Table 1. Categories of mncrete degradation phenomena f
'this report mnsists of a critical review of mathematical'

models that predict concrcic material properties over long Sulfate Attack Carbonation
time perkids. Models obtained from the literature are e

explained in enough detail to illustrate derivation and basic Reinforocment Corrosion Skrinkage Cracking +

nssumptions. Additional exampic calculations are included (Chloride Attack) ThermalCracking
to illustrate application of the models and to indicate the Miscellaneous Cracking
types of predictions that can be expected from the models.

Stress Cracking Alkall Aggregate Reaction
Degradation processes important to waste isolation are

listed in Tabic 1. Models have been found that attempt to teaching of Concrete Frcerc/lhaw Damage

cover sulfate attack, reinforcement mrrosion, leaching, Constituents

carbonation freczc/ thaw, and stress cnicking. A brici Acid Attack Oxidation and
review of mass transport and fluid flow through concrctc is Blodegradation of Coatings
provided. 'lhis transport material provides consistent and Scalants
nomenclature for the calculations in the models. Examples

|

|

|

|
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CHEMICAL ENVIRONMENT

Chemicals important to Concrete Soll Moisture Chemistry importance and
Durability Dependencies

The lohs of durability of concrete is mused either by the Soil moisture levels and the chemistry of soll moisture

extemal environment or intcmal causes. *lhe external are important to the siting of waste repositories. Soil
causes can be physical, chemical, or mechanimi. Internal moisture mn be an important transport medium fot
causcs of degradation are the alkali aggregate reaction, radionuclides, it an affect the p:rformance of a disposal
volume changes due to differences in the.Tnal properties of site through chemical degradation phenomena, such as
aggregate and cement paste, and inost impodantly, the sulfate or chloride attack. Soil pil and Eh also affect the

permeability of the concrete. Permeability of the concrete sorption and precipistion mechanisms that can control
is important in limiting mass transport of corrosive agents radionuclide mcGlity.

(e.g., sulfate, chloride) into the mncretc and 1 caching of The soll moisture chemistry of a potential disposal site
cement components [c.g., Ca(Oll)2] from the concrete, is dependent upon environmental factors. 'Ihese factors

"Ihc nean fic1d environment, as considered herein, include soil source material, drainage, proximity to occans,

constitutes the soil and soil moisturc (nnditions directly and climate, capecially the balance between precipitation

surrounding and in contact with the or uctc structure as and evapotransphtlon. In humid environments, soils
well as the wastes contained inside the cuncretc vauh. *lhe become leached of soluble salts, leading to low lon
near field environment is considered from the pctspective conantrations in soil moisture. As precipitation rates fall
of the concrete, relative to evaporation, soluble salts begin to accumulate in

the soil, leading in extreme cases to salinc soils. Although
A number of chemicals arc important to concrets c ac y dan , swrce M type, hge, W

degradation. These have been identified by the American * * * " 8''" " " " " ' " 5"**' """"
Concrcic Institute (ACI) and summarized by the Portland 'I I * *E' *"" '' # * ***
Cement Association (PCA) (PCA,1986). Iri general, most
acids attd cither the cement itself c the steel Exampisa of Different Soll Molsture
reinfctment. Salts and alkalics known to cause ChemlStries
degnxlation include: salts containing sulfate, bhulfite,
cyanide, dichromate, fluoride, hexametaphosphate, nitrate, Examples of soil moisture chemistry at different
or chloride ions; sodium perborate, sodium perchlorate, lomtions in the United States (l'able 2) were obtained from
potassium persulfate, sodium phosphate, thiosulfalc; several sources. 'these data represent chemical analyscs of

ammonium superphosphate; and borst. Pctroleum oils stream flow, springs, soll moisture collected from suction

generally not icad to degradation; some coal tar distillat cs lysimeters, and precipitation. Stream flow represents a

such as crcosote may cause slow disintegration. Most composite of precipitation, runoff, and infiltrated water, in

solvents and alcohols do not lead to degradation. Exmptions humid regions, this is a reasonable estimate of typical soll

are carbon disulfide, glyccrin, and ethylene glycol, which water composition. In arid, mountainous regions, stream

lead to slow degradation. Many vegetabic and animal oil, 110w may be dominated by snowmelt and runoff that will

lead to concrete degradation, differ greatly from soll moisture in chemical composition,

in typical disposal situations, the ions in the soil 'the data indicate arid regions may have increased

environment of greatest conam are sulfate, chloride, concentrations of chloride and sulfate, making them much

cartxm dioxide, and magnesium, llecause these ions are more aggressive towards mncretc. *lhe aggressive

ubiquitous, model development has focused on their effects, composition of the soll moisture in arid regions is balanced

in general, malhamatical models are not available to against lower infiltration rates and amounts of moisture that
cataa the omacte.evaluate the concrete degradation (cm4 by the multiple

other chemicals that could be pecent in the waste. Current Processes such as teaching are relatively more important
models have been developes akr.rn tirely from the in humid situations whereas arid environments may produce

perspective of extemal attack on the - - tc from the soil spccific attack on the concrete barrict components (e.g.,
side, sulfate attack, chloride attack).

2 .
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Table 2. Water chemistry characteristic of several locations in the United States. i

'' '
~ Constiteest lismid Worthere Midweskre - Arid Preciplistion Worid River Water 1

' (mgi) . ' [Ilubbard Brook) [Miulssippi River) Westers Illebbard firook) ' ' (lien,1970)
(Likens et d., (llem,1970)

(laney[lN11]1988) ([Jkens et al.,1977) ,

1977) er d., ;

Sutraw 6.3 56 1430 2.9 11-
Chiertae - 0.55- 30- 3150 0.47 7.8
Masseslem 0.38 12 372 0.04 4.1
Ilicaricaste 0.92 132 125 0.0006 58
pl1 _ 4.92 7.5 4.14--

Dissolved Oxygen 10 --

- Silica 6.7 81 13
Calcium 1.65 42 488 0.6 15

- Poisalem 0.23 2.9 36 0.07. 2.3
sodium . 0.87. 25 1652 0.12 6.3 i
Diuolved So ; 256 7315 90 |

l,

Constituesi Ilig Spring, Jumping Springs. Cooks Springs, Well, San Miguel Salt Banks, Well, Owybye
(llorse,1978) - lisetsville, AL Eddy Cooaty, NM Colosa, CA Con sty, NM Chrysotile AR Coasty,ID

|(ppm) ' Umestone Gypsem Serpentine Shaic
'

' Sutraw 4.0 1570 6.0 303 882 30 .
Chloride - 3.5 .24 390 80 16,000 10 .
Magnesium. 4.2 . 43 614 31 286 1.4
nic.rtionsie 146 143 4090 445 1,490 111 F

- pli ' 7.0 7.1 9.2
Silica 8.4 29 80 13 45 ~ 99
Calciem 46 636 26 '30 4% 2.4
Diuoived Solids 139 2,410 3760 973 28,400 348 ;
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. FLOW AND TRANSPORT THROUGH CONCRETE
. .

-

%c hydraulic conductivity of gel pores is approximately JFluid l'ow and mass transport through a concrete vault
.

are two of the most important factors influencing concrete 7 x 10 'm/s (powcts,1958). De permeability of the cement J
4

degradation rates and the ability of the mncrete to assist paste is a function of capillary porosity Capillary porosity
with isolation of the waste. Over time as a concrete vault in turn is dependent upon the WCR and degree of hydration.
ages, the properties of the mncrete and its ability to assist Typical cement paste has a permeability of 20 to 100 times
with isolation of the waste will change. Portions of the the minimum (Powers,1958). In general, the hydraulic
concrete will crumble and become more permeable. conductivity of mncrete with a low WCR should be less
Eventually cracks will penetrate the concrete slabs, leading than 10" m/s.
to preferential pathways through the barrict. His section
reviews some of the aspects of flow and transport through Fluid Fir' - Through Cracks

_;

concrete that are relevant to understanding the mathematical Apptt liven in relatively minor amounts, ancking
models for concrete degradation. De performance can lead to orders of magnitude increases in saturated
implications of the degradation phenomena will be treated hydraulic conductivity of mncrete. If the concrete is one of
in more detail in a future document. the more signifiaint barriers to flow through the system, the

Fluid Flow Through Matrix increase in hydraulic conductivity can Icad to proportional
increases in water percolation through the system.

He rate of water permlation through a waste isolation location of the LLW facilities in the unsaturated zone
-system is one of the most important measures of greatly complicates the role of nacks in influencing . '

performance. Initial matrix permeability of cement paste is performance of concrete barricts. in unsaturated
influenced strongly by water.to-ccment ratio (WCR) with environments, water remains in a state of tension created by ]
its influence upon capillary porosity (Iowers,1958 and capillary action (absorption) and adsorption. Because '

1960). Evaluation of fluid flow is complicated by location cracks are large relative to the pore size of the matrix, they
of the lomlevel waste (LLW) facilitics in the unsaturated have a limited ability to hold water in tension. In other ,

zone, words, under unsaturated conditicos ancks will drain

Flow through the unsaturated zone can be described using quickly. De drained cracks not only no longer contribute
the Richard's equation (llillcl,1971). to 0 w but may also serve as barriers to flow (Wang and

Narasimhan, 1985). Depending upon' the degree of
00 , ,0,j K -1 (1) saturation, cracks may range from orders of magnitudeun' \ (qi) 82at ax inacases in flow rate to signliicant decreases in flow relativet o

to an uncracked specimen. De ability of cracks to holdwhere
water (and thereby contribute to flow) as a function of |

y pressure her' 'em) pressure head is illustrated in Figure 1. |
olume mntent 4.t >

,

a - k j1, wucuvity (cm/s).
a - ' '

C a6~ cr componcats of the vault
systt , 3 im pical pore sizes in concretc are fn -

.

very a w w: , can be dried to near the residual g, ,, _

saturutka. a .* . ions of a few bars (Wosten and van .g
_

g

Genuchten,1988), while removal of water from cement or a, \

concrete n: quires teiaions of hundreds to thousands of bars I" '

\
(Dalan,1988). For t : ample, concrete om maintain 85% |= -

\
saturation at tensions if 9 bars (Dalan,1988). He small se - N
pore sizes are e mally characteristic of low WCR ,, . N

N .- m __concretes used for concrete barriers. In subsurface
. ,

,

environments, the small pores in the concrete successively a u
crack width (mm)remove water from the surroundbg materiah. leading to ,

saturation of the concrete matrix. %c concrete matrix Figure 1, Suction head for crack drainage under partially
remains near saturation even when the surrounding soils are saturated conditions.
quite dry.

4
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Saturated System. %c permeability of intad conacte Usually the matrix permeability (K,,,) is mudi less than the
- with low water to cement ratio is very low. Far this rtason, crack permeability and an be ignored.

cracks, particularly microaacks, are thought to actually Partialy Saturated Systems. he above analysis
control concrete permeability in acrvice environments.

assumes that all cracks are saturated. For concrete vaulis
Microcracks are mused by a variety of phenomena including

located in the unsaturated zone, this is not always the asc.
response of concrcic and reinforcement bars to physlal . De pressure head for dralnage of a crack of width b is

- loading, drying shrinkage, and expanslorvcontraction from
temperature changa. h.~YC"(") (5)

.lf an infinitely long, parallcl sided crack through the '

conacte is assumed, the flow though a crack is where

I " " " ' * #" " ** W I" **)K = P# (2)
12H a = cement water contact angle (assumed = 0)

h = pressure head (cm).whcte
Rus, the crack width giving permeability inacase at any

L. w l@rau!1c conductivity (cm/s) given pressure head is the greatcst width dat will not &
6cnsity of water (g/a0 drained orp a

g = acceleration of gravity (980 m;$ 4 q
.b = fracture aperture (cm) b,# - " *

hpg h
viscosity of water (-0.01 g/crn s).p =

Studies of flow through nacks in concrete slabs have _ Mass Wansoort Through Coment and
shown that actual flow is typically 1/3 to 2/3 of the Concrett Matrix
theoretical value (Loadsman er al.,1988). A value of 1/2
is applied giving (Figure 2) Overview. De primary modes of radionuclide transport

in an intact mncrete are advection/ dispersion and diffusion
through the matrix. %c transport of fluids and chemicals --K P

(3)24p, through the concretc is also the single most important factor ,

in controlling concrete degradation. His is evidenced by !
*f the importance of WCR - which determines the' final j

r concrete porosity and permeability to durability (Powers,"

1960).,
p

Other modes of transport that may become signifiant,,

are nonaqueous liquid phase movement (e.g., organic
"' r- liquids in the waste) and gascous transporti An example of
** r gascous transport scenario is when tritiated water reacts with :

'

sicci containcts and/or reinforcement bars leading to the l
, , , , , ,

i
g ites formation of hydrogen gas i

!I r
3Fe(c) + 4H,0 + Fe,0 (c) + 4H,(g). (7) {

l -

F / 1
is

De rate of escape of the hydrogen gas is then important jj ,g,' , , , ,

to system performanes. Gascous transport an also beita * * = m ui n i,

camMmm) significant in inflrenci'.g the oxidation. reduction status of 1

[ Figure 2. Individual crack hydraulic conductivity for the interior of the vacit. Oxidation. reduction conditions in

!. concrete as a function of crack width, turn arc important in influencing metal corresion rates and
radionuclide mobility (solubility / sorption).

|, . More generally desirabic is the contribution of a scrics Diffusion Transport Parameters. In relatively !
f of cracks to overall or average permeability of a slab. If s - impermeable materials sucts as intact concrete, the rate of j

is the crack spacing (cm/ crack) for evenly spaced cracks of water flow is very low. In low ficw situations, diffusional
'

I

constant aperture, then the proportional arca of cracks is transport according to Fick's laws of diffusion will dominate ;

. A, = b/s, and the bulk permeability of the cracked slab is mass transport. Diffusion of dissolved species can occur in
'

3 -
cither the gascous or liquid pt asc.13ccause of the small pore

E
K 24 r + K ,.. (4) sizes mncrete matrix present in belowground vaults rcmains

near saturation with water even when the surrounding soil
..

i

? 5
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materials are relatively dry. Thus,it is anticipated that most Discussion. There are several potential problems mused
diffusional transport in subsurfaa conacte barriers will be by a lack of standardization of nomenclature in the diffusion

through the liquid phase, irrespective of whether the vault literature. Beause the nomenclature used in the literature

is located above or below the water table. for the different types of diffusion coefficients is highly
variable and inconsistent, we have attempted to apply a

The general transport equation for aqueous transport
c ent n me c a urc h repod as MM@adm

assuming linear partitioning between liquid and solid is
), vem crem appes fmM M (M memture

(Codell and Duguid,1983) are discussed below.

R, VI -(OD,VC - VC)- C-AOC. (8)
The tortuosity factor can be expressed as

0
BtDr g

t' (12)
1hc retardation factor is given by T

where
R, - 1 + p, K, (9)7 6 = constrictivity

where T. = tortuosity.

Since tortuosity and mnstrictivity corrections generallyR, = retardation factor
appear as a single lumped factor in experimental work,

C = conantration (g/cm') simplicity is maintained by using a single parameter (t).

A = decay constant (s'" Atkinson and Nickerson (1988) define a mpacity factor

(a) and relate it to the distribution coefficient in theK, = distr 9ution coefficient (ml/g)
following manner:

D, = cffective dispersivity/diffusivity (cm'/s)
u - 9 + (1 - 9)y, (13)

V = Darcy vckicity
0 volumetric water mntent (cm' water /cm' total) a - 9 + (1 -()p,K, - $ + p,K, = 9 ,. (14)R
+ = pormity (cm' voids /cm' total).

tal eccmmum of cmtamM b tM mnacte,
Diffusional flux of contaminants dissolved in liquids is . . " " " ' " '"'*"* * Eestimated from Fick's First 12iw

C, - 9 , + (1 - $)C, - C,a. (15)C- _. -.

F - -OtDVC - -0D,VC = -DyC (10)
Substituting into the diffusion Equation (11) the following

where is obtained
2

D = tracer diffusion coefficient in water (cm /s) BC, _, 919 - ~
' ' '

- -

I)
D,, = cffective diffusion coefficient (used in Br " Y

"-

'

2transport equation)(cm /s)
where

D, = intrinsic diffusion mcfficient (measured in
veady state flux cxperiments)(cm'/s) D, = (Dtt)/a

t = tortuosity factor. Y = volumetric distribution coefficient

if linear reversible sorption is assumed, Equation 2 (dimensionicss)

reduces to p, = density of the solid (g/cm')

a = capacity factor (dimensionless).OC De
O p 1 V - (&tDVC)- C p - AOC

. -.

(11) Using the Atkinson nomenclature the diffusional flux of
contaminant can be expressed as

where p , pyc,, (17)
C = concentration in liquid (g/cm')

In Crank (1975), the diffusion equation with linear sorption
decay constant (s") is expressed asA u

dispersivity (cm'/s) 90C' 1
D =

- -

(18)V gDVC.-
bulk density (g/cm'). dt I+Rp, =

6

A %
. . . . . _ . . . . . _ . . . _ . . . . _ . . . _ _ _
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if (l+R) is replaced with & a'nd D with De in the above
* * *

. equation, then we have the form used in Equation (8). :lr

1 -

It is very important to carefully define and understand - .
,

the meaning of all the terms when applying the transport
'

equation. Consistency must be maintained between the $".*.

. conventions used in the experimental determinations of -

Jiffusion coefficients and in the use of diffusion coeffics n . ;
in performance assessments, g to .

-

Experimental Diffusion Results. In the absence of |

radioactive decay, steady-state flux is independent of '-
;

sorption. Sorption delays the time for attainment of " o., da a:4 o's
' '

steady state, but does not impact steady-state flux, if Water /Coment Ratio I

radioactive decay is significant, then sorption will lower the
F 3. idb'm Wfh WM P4 m,

steady state flux.
a function of WCR.

Most diffusion coefficients obtained its the literature
result from mea urement of steady state flux. %c reported $ = 0.61 + 0.231n(wcr). (20)
(intrinsic) diffusion coefficicats lump the tracer diffusion

in the interest of generality, most reasearch on cement
coefficient in water, the pormity, and tortuosity into one properties is performed with cement past in the absence of
parameter, Atkinson et al. (1984) report laboratory and aggregate. When examining the literature on cono cte and
literature results for intrinsic diffusion coefficients as a when preparing performance assessment alculations, one
function of the WCR. %csc results are fit to an equation must be careful to distinguish between the two. Generally

~ of the form about 60 75% by volume of concretc is aggregate,

sa
log D, - 6wer - 9.84

' " ~or

|.
! D, = ttD = 1.45 10 'exp(13.8wcr) (19) a-

4
%

1 .
,

where ' s -=
a m_

2D, = intrinsic diffusion coefficient (cm /s)
en -

wcr = water to-ccment ratio (by mass).

Rc results are illustrated in Figure 3. In the lower nmge sa . . .

" " " " "of WCRs (0.2 to 0.44), characteristic of well-designed
Wate@ement Rauoconcrete enginected barricts, the intrinsic diffusion

4coefficient ranges from 10'' to 10 cm'/s. Figure 4. Relation between WCR and porosity.'

he porosity of concrete is dependent upon WCR, curing, %c decomposition of measured diffusivity into
and the porosity of the aggregate. Powers (1958) reports individual components of porosity, tortuosity, and diffusion j
that the densest possible completely hydrated cement paste coeff cient in water becomes important when transient

U ' has a porosity of about 28%. His occurs at a WCR of around diffusional processes are considered. Transient diffusional
0.35 - 0.40. Porosity lower than 28% in cement paste can fronts move more rapidly when the tortuosity factor is high.
only be generated by the presence of unhydrated ccrpent. %us, a low tortuosity factor is favorable for waste isolation.

;. Combination of the empirical relationships for porosity of
,

Figure 4 illustrates the porosity data from Alford and cement and effective diffusivity gives an estimate of
Rahman (1981). He data has been fit to a curve of the form tortuosity factor as a function of WCR.

7
,

i

;1~
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* .+*s *-+%w**- - - - --- -

3

Dc 1 AS.10 'exp(13.8we)-4 **

t D$ - (0.61 + 0.231n(wc))l0-8
-a

_ ,,,

0.00145 exp(13.8wer)
* * '"~

61 + 231n(wcr)

%c estimated tortuosity factor is illustrated in Figure 5, w e om .
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.

0 010 =

'"
. 6 6 e:

Waterr:ement Ratio
~

Figure 5. Estimated tortuosity fador for cement as a
funct!on of WCR.
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SULFATE AND MAGNESIUM ATTACK l
-

Sources of Sulfur and Magnesium Sulfate and Magnesium Attack

Sulfur. Sulfur generally occurs in the fully oxidized (S") Sulfate reacts with tri calcium aluminate (C A) to form3

state when dissolved in water and is combined with oxygen calcium aluminum sulfates leading to expansion and
as sulfate (SO '') lon. The reduced form of sulfur, sulfide disruption of the cement. A related problem is the reaction

4

(S') occurs as the bisulfide ion (llS) or undissociated il,S of magneslutn with the cement to form Drucile [Mg(Oll),]. .;
in most soil watersolutions, although the S*' form may occur Sulfate ions migrate into the concretc and react with the j
at the high pil of concrete. Cbnversion to and from the cement paste, forming gypsum and calcium 1
oxidized state is often associated with biochemimi sulphoaluminate. The products of the reaction have ',
processes. Because of the slowness of sulfur oxidation or considerably greater volume than the compounds they I

reduction reactions, noncquilibrium forms of sulfur can replace, so that the reactions with the sulfates lead to
. persist for long periods (llem,1970), expansion and disruption of the concrete. The reaction of

,

Sulfur is not a major constituent of the carth's crust, but sulfate with portlandite [Ca(Oll),} to form gypsum, t

is widely distributed in igneous and sedimentary rocks as m n sulphoaluminate, and ettringite can be written as

metal sulfides. Weathering in contact with oxygenated Gypsum: ,

water results in oxidation leading to the formation of sulfatc
Ca(01/), + SO,2% 2// 0 *

lons. Sulfate occurs in certain igneous rock minerals of the j
3

ficidspathold group, but the most extensive occurrences are CaSO, 21/ 0 + 2Oll" (1)2- in evaporite deposits. Calcium sulfate as gypsum, 1

CaSOi2il,0, or as anhydrite, which contains no water of Monosulphoaluminate: j
crystallization, makes up a considerable part of many 3CaO Al 0, 6// O + CaTOg 6/l,0 *2 3cvaportte-rock sequences (llem,1970).

]
'lhe second source of sulfate is from precipitation. At 3Ca0 Al0,(CaVO,) 12// 0 (2)2 2

llubbard Brook, New llamgwhite, an extensively studied Ettringile: |
watershed, sulfate inputs exceed outputs indicating net i

accumulation of sulfate in the ecosystem (Likens er al., 3Ca0 Al,0,(CaSO ) 12// 0 + 2Caf0,+ 20//p * !4 3

| 1977)' 3Ca0 A10, 3(Caf0 ) 321/ 0. (3)2 4 3

Sulfate concentrations are increased in arid regions by .I

| cvapotranspiration. This is especially important in regions Studics on the behaviar of concrete in sulfate soils (Stark, |

where potential evapotranspiration exceeds precipitation. 1982) indicate that the WCR with its attendant impact upon
porosky and permeability is the single most important factor i

Magnesium. The magnesium ion (Mg**) is normally the affecting resistance to sulfate attack. C A content of the3

predominant. form of magnesium in solution in natural cement also significantly affects concrete durability in
water. 'Ihe complex MgOll* willbe signifimnt at pil > 10.0 sulfate environments with a low C A content, leading to3

; (llem,1970). greater resistance to sulfate attack. Studies at the PCA

In igneous rock, magneslum is typically a corutituent of (Klieger,1980) indicated that the rate of sulfate attack in j
the ferromagnesian minerals. 'these include olivine, high sulfate soils was approximately proportional to C A3 4

,

L pyroxenes, amphiboles, and dark-colored micas. In content. Type V cement had a lifetime about 2-3 times as i.

metamorphic rocks, magnesian mineral species such as long as Type I cement. Performance had a greater 1

dependence upon WCR than C A content. Moving fromchlorite, montmorillonite, and serpentine occur. 3

Sedimentary (brms of magnesium include carbonates such f ur bag to seven bag cement resulted in a 10-20 fold|

increase m, lifetime,
as magnesite and hydromagnesite, brucite, and dolomite ,

'

(llem,1970). Studics at llubbard Urook indicate that output An example of the reaction of cement paste with
ofmagnesium consistently exceeds input from precipitation magnesium sulfate (Neville,1981) is

.
(Likens er al.,1977). 3Ca0 2SiOp 3MgSOc 7// 0 * |2

Magnesium may be added to sites in the form of dust
i. suppress:mts such as MgCl, during or after construction. 3CaSO, 2//p + 3Mg(Oll), + 2SiO,. (4). ]

|

|

9

i

|
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The low solubility of hig(Oll), causes the reaction to empirical model is not clearly . conservative,
proceed to completion, making the attack more severe. Notwithstanding these limitations, the simpic empirical

~

,

Further reaction between hig(OII), and silica gelis possible modelis frequently the best option available for estimating
and may also cause deterioration- resistanx to sulfate attack (Figure 6).

,

!

Models of Sulfate and Magnesium Attack
Sulfate Transport

Empirical (Atkinson and lleame,1984 and Atkinson et
(l.,1985), shrinking core mechanistic models (Rasmuson Qf & $%Q g

'
'

et al,1987), and more complete mechanistic rnodels ; i Q
(Atkinson and licame,1990) have been applied. 4 4j

An empirically derived relation for sulfate attack was h
' *

' developed by Atkinson and !! carne (1984). Data collected h .H % ,f
,

.

'_ - -
in the Northwick Park study (llarrison and Teychenne,
1981) was used to develop the empirical model. The logic i

was as follows; '!he observed loss of cement at the corners
of the blocks after 5 years in 0.19 hi Na,SO solution was4

- 42 mm. 'lhe cube experiments indicated that the depth of Intact Concreteattack was linear with time, it was assumed that the rate of

cttack is proportional to sulfatc mncentration in the solution
"

and tricalciumaluminate mntent of the cement. 'the depth
of attack in higSO solution was approximately twice that4

-in Na,SO . Ordinary Portland Cement (OPC)with 8% C A Figure 6. Schematic of sulfate attack.
4 3

had the greatest cffects and was used as a re ference material.
'these assumptions lead to the following equation

4,2 C,(Alg 9 3g,s.) Shrinking Core Model. Shrinking core models have2

i been used in chemical engineering where a movingx y- 8 0.19
boundary condition exists, but the rate of movement of the

= 0.55C,(Alg * + SO|')t (5) boundary is slow relative to transport rates. Because of the8

slow movement of the boundary, the mass transport
,whm

processes can be considered to be always near steady state.
depth of deterioration (cm) This assumption is sometimes referred to as a series ofx =

C, = weight percent of C A in unhydrated cement stationary states. !3

hig'', SO ''= concentration in bulk solution (molc/1)4

time (yr), in the mse of sulfate attack, envision that sulfate ionst =

A modified version of this empirical modelis used in the migrate inward through weathercr! mncrete to the boundary

llarrier code (Shuman et al.,1989) with intact, unweathered material. At the interface, the
* " "

x - 1.86 10'C,(Alg'4SO|-)D,t ' (6) aluminate forming insoluble solids (e.g., ettringite); The

where . mass transport equations are assumed to be always at steady

state and are then used to estimate the rate of movement of
D. = intrinsic diffusion coefficient in concrete

(cm'/s).
the weathering zonc into the concrete.1hc reactions are

'lhis relationship can be derived fro n Equation (1) by simplistically reduced to the format

introducing the further assumptions that (a) the intrinsic
SO N X** ** XSO "- (7)diffusion coefficient in the experimental concrete blocks

4was 3 x 10 cm'/s and (b) the rate of attack is proportional <
to the diffusion coefficient. The flux of sulfate ions is given as

Empirical correlations have obvious limitations,

y _p[2expecially when applied outskic the range of the basis data. .f . (8)
Correlations are o .ly valid over the range of the timchystem
parameters tested. Application outside of this range is
highly questionable. 'lhe empirica! correlation docs not The rate of movement of the weathering zone is then the

include the impacts of advective transport and/or the known rate of mass transport divided by the concentration of ,

importance of WCR oc durability. Application of the tricalcium aluminate in the solid

10
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m = m, m m,. h_, gg,g d
'#* (10) .Ihc concenttation of reacted sulfate as ettringite (Cs) is, c,

given as
'

wherc
! mas cement \ .

C, = mncentration of trialcium aluminate in the C, m - | I. (12),

solid (molcs/cm')
- C, = conantration of sulfate in the bulk solution The thickness of a layer that spalls off is given by .j

(molcs/cm')
#w " 2ay(1 -v) (I3)x = distance (cm) gg *

D, = intrinsic diffusion coefficient (cm'/s)

N = molar flux [ moles /(cm s)) The time for the layer to spall is given by . |2

t = time (s). yLC, ,

A more rigoruus mathematical solution of the same 'N " 2D,c, * '#

problem, considering a full set of chemical reactions and
. rigorous solution of the mass transport equations, has also The degradation rate is given as

been applied to the problem (Rasmuson cr al.,1987) and X Ell'c*C,D,
gave similar results to the shrinking core model. 'Ihc actual R = "" = d " ") , (15)
: allo of sulfate to C A is variable. For simplicity, a 1:1 ratio 'W

3

was assumed in the derivation. Dep c ling upon the rate of diffusion relative to reaction

Examination of the two formulac for sulfate attack (or rates, some lteration may be rcquired to p .tcrmine the proper

taking derivatives) indicates that the impact of the C A value for C,.
3

content of the ament differs not only in magnitude but in where i

sign. 'lhe empirical model predicts that sulfate attack rate
, ,,

will increase with increasmg C A content ,hile the3 ;f
shrinking core model predicts that the attack 9 will

sulfalc conantration in bulk solution (mol/m') idecreasc with increasing C A content of the ament. ~lhus, c, =
3

the shrinking core model is in direct conflict with . C, = concentration of reacted sulfate as ettringite

experimental data and field experience with sulfate attack. (mol/mi
D, = intrinsic diffusion coefficient (m'/s)

A second problem with the shrinking core or simple mass
Young's modulus (20 GPa)E =

transport limitation to sulfate attack is that it predicts a
,

quantity of sulfate reacted with cement (mol/kg _m =
squaa root of time dependence of the attack rate, whereas

. cxperimental data are consistent with a constant rate of anhydrous cement)

attack ** = value of m for complete reaction (moVkg
anhydrous cement) -

Mechanistic Model. Atkinson and licame (1990) 1.24 for OPC and 1.07 for Sulfate Resistant,
3

ucveloped a mechanistic model for sulfate attack. 'lhc Portland Cement (SRPC) - t

model considers' sulfate attack as a three step process: m, = kinetic constant for m
-1. Sulfate ions penetrate the concrete, usually by 0.32 for OPC and 0.16 for SRPC

; diffusion R concrete degradation rate (m/s) -=,

characteristic time for reaction (s) -2. Sulfate ions react expansively with aluminium t, =

3577 for OPC and 1555 for SRPCcontaining phases in the concretcr-
r ughness factor for fracture path (assumed toa =

3. 'the resulting internal expansion causes stress,
cracking, and cxfoliation of concrete from the bc1.0)

linear strain caused by one mole of sulfatesurface. Il =

reacted in 1 d (L8d mYmoy |
'

- The process is dependent upon concrete composition,i

4fracture surface energy of concretc (10 J/m ) . !'

mass transport rates, and reaction rates. Reaction kinctks y =

Poisson's ratio (0.3).are estimated by v =

I1

, '!
NIs
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h in the example alculations given by Atkirson and Results from the mechanistic model of Atkinson and
llearne (1900), the rate of attack for the sulfate resistant - Ilcarne (1990) are gfven in Figure 10. De graph is based
portland cement (S RPC) was approximately 30% iower than upon the measurements for OPC and SRPC made in
the attack rate for ordinary portland cement (OPC). His laboratory experiments. Because of the limited amount of

suggests that WCR (as reflected in the intrinsic diffusion data availabic for parameterization of the mechanistic

coefficient) will be more important in mntrolling sulfate model, it is difficult to directly comparc empirical and

cttack than the chemical mmposition of the cement. %c mechanistic model predictions. Ec diffusion coe ficientr

' importance of WCR in the mechanistic modelis mnsistent and the sulfate mncentration are the most significant factors

with the ohnrved importance of WCR in sulfate attack influencing resistance to sulfate attack, even more important

(Klieger,1980). than the type of concrete, liigh gaality concretc with a low
WCR will have a low diffusion mcfficient leading to
enhanced sulfate reustance.

Example Calculations
W cmA few example alculations illustrate the types of

concrete longevity predictions expected from the models for 14

sulfate attack. Figures 7 through 9 represent predictions u
from the empirical model for sulfate attack. Rese graphs ,

#represent three different water chemistries that typify soil
chemistry from around the United States. %c different a

water chemistries are nominally labeled as northeast, , _

f ,,
4midwest, and southwest kotions. Actual performance

calculations should utilize site specific chemical 4 , - - -
~ ~ !',,,,,- ~0-~'',

o
parameters; these calculations are only intended as

T ''~~illustrations. :- , ,

o a no m tom

loss Degradation cm Tm,p
1

ca.is s wougm em.sgg mp cm.gasom,

08
%-)s O ppm %) a5 ppm

og Figure 8. Estimates of sulfate attack rate in a midrange
sulfate environment based upon empirical model.

04
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o m 2- m 2o0 m
Time,p [

150

- cM.1$% tysegm cM.I%hwep cM 5%tgwagm 0
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@d a&3 ppm NH) sD @ g,,,,
""

p, -0

Figurc 7. Estimates of sulfate attack in a low sulfate #
,,, tr -

environment based upon empirical model. - i i i i,,
' * * * ""

The empirical model suggests that, from a standpoint of
sulfate attack, concrete barricts will be much more effective IW P
in humid climates where sulfate levels are lower, llowever,

ca.15% %was ~ cm.g~segm cm.gsagm -
the data upon that the cmpirical model is based do not

''py. @ ppm Rn) 3372 ppm
~ '

~ include a situation where the water is forced to flow through
the concrete (e.g. the situation with the roof of a concrete Figurc 9. Estimates of sulfate attack rate in a high sulfate
vauh), environment based upon empirical model.
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REINFORCEMENT CORROSION / CHLORIDE ATTACK

Reinforcement Corrosion Breakup of the passive layer has historically been-
associated with the ingress of chloride ions into the conacte

Stect reinforcement is used in concrete construction (ACl,1985). Elevated 1cvels of chloride lead to destruction
. because the properties of the two materials are of the passive layer bemuse of specific attack or by serving

complementary. Stect has a very high tensile strength but as a supporting clectrolyte in the solution. Oloridcs are
less resistance to compressive stress. Conacte has low particularly important in conacte bridge decks where salt
tensile strength but high compressive strength and is is added for deicing (Clear,1976). 'the start of
relatively inexpensive. These properties have led to reinforcement corrosion is thought to be associated with a

widespread use of reinforad concrete beams and slabs. critical or threshold chloride level. Clear (1976) gives the

,
chloride threshold as 0.02 mass percent of the cement paste.

The alkaline environment inside the concrete and Subramanian and Wheat (1989) give the critical threshold
isolation from external corrosive agents such as oxygen and level for chlorides in the pore solution as approximately 700
chloride protect the steci reinforcement from corrosion by ppm. Recent wort (Yonczawa et al.,1988) has evaluated
forming a prot cctive oxide layer on the metal surface (Figure the importana of good adhesion betwcca steel and mortar
11), As the concretc deteriorates aad is subject toingressim as being of equal importance in influencing the start of
of corrmive agents, the passive layer may undergo attack corrosion in chloride solutions.
leading to active metal corrosion. Corrosion of the steel in the absence- of clevated levels of chloride,'
reinforcement, which occurs upon breakup of the passive reinforcement mrrosion may begin when the alkalinity of
layer, is important both from a structural standpomt and the concrete is reduced, making the passive layer less stable,
because corrmion can lead to concrete cracking. Processes such as carbonation and leaching lead to a gradual

Cracking of the concrete is caused because corrosion of lowering of pil in concrete with eventual loss of passivity,
stect results in corrmion products that significantly increase Depassivationof thestectreinforcementcanoccurwhenthe

its molar volume. An exampic of the innuence of different pil near the bars drops below 9 (Papadakis et al.,1989).

siccl corrosion products upon volume taken from Walton Chloride attack predominates in marine or coastal
.

and Sagar (1987) is given in Table 3. Expansion of the stect environments or where deicing salts are applied to the
c nerete. Depassivation by lowering the concrete pilleads to spalling and disruption of the concretc.
through carbonation or leaching may be more important inReinforcement corrmion also lowers the strength of the
I w chloride environments.

stect, Icuding to potential structural instabilitics.

'lhe methodology for determining when reinforcement Chloride Attack (passive layer breakup)
corrmion causes additional cracking is not straightforward. g
las of stect causes increased strain from physicalloads on \

the structure. Additionally, the concrete um be expected to ,

crack over the stect when the internal pressure generated by g

the mrrosion products exceeds the tensile strength of the
concrete.

Table 3. _ Volume changes resulting from steel corrmion.

Corrosion Products hfolar Volume Proportional
(cm'/ mole) Volume

Increase Oxygen Transport Hydrogen Transport

(reactant) (product)
Iron (Fe) 7.09 -

hlagnetite (Fe,0.) 44.5 2.1 Corrosion => Expansion => Cracking

- iron Sulfide (Fes) 17.6 2.5 Figure 11. Schematic of chloride attack on steel
''I"I ''** *"I*

Sidcritc (FcCO ) 29.4 4.23

14 1
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Studies of N1 corrosion in concrete slabs (Clear,1976) . A more complete mechanistic description of the problem

clearly establisned that WCR and depth of cover over the is given by Bazant (1979a,1979b). Bazant derives the =
tcinforcement are the most important parameters affecting governing equations for transpon of chloride, oxygen, and

time until depassivation.
'

water through the concrete. Subramanian and Wheat (1988)
give the results of a one dimensional solution of Bazant's

Sources of Chloride. c" mal * model-

An alternative for estimating the time to initiation of
Chloride is present as the chloride ion (Cl). In most soil corrosion is to solve the mass transport equation for the

environments, chloride acts as a conservative ion with arrival timc of chloride. When the critical chloride level is
relatively few chemical reactions. reached at the depth of the reinforcement, breakup of the

Chloride is present in igneous rocks in lower passive layer an be assumed to initiate.
concentrations than any of the other major constituents of he governing cquation considering diffusion only
natural water. Sedimentary rocks, particularly the transport un be given as
evaporites, contain higher chloride levcis (llem,1970).

Precipitat'lon close to the oceans commonly contains
C ~ C"

j;-){,
frucg 1 mg/l to several tens of mg/l of chloride, but the =cref (2),,,C "#concentrations observed generally decrease rapidly in a s W

. landward direction.
where

Studies at llubbard Brook, New llampshire (Likens er
critical chloride concentration for initiation ofC =al.,1977), indicate that chloride in this humid northem
C f*8I "location is nearly at balance (i.e., input = output). 'g

Cw = initial chloride concentration in concrete pore - i

in arid regions, soil concentrations of chloride may be
water

greatly cicvated as a result of evaporation.
C,. = chloride concentration in the surrounding ~ ,

Chloride may be added to surfaces as a dcicer and/or dust material -- L
suppressant during construction or operation of the site. X = depth of cover over reinforcement.

Models of Chloride Attack he equada can be solved iteradvely to obtain the Omc
when the critical chloride threshold is reached at the level

Chloride attack is modeled as a two stage process (a) time of the reinforcement.
;

to breakup of the passive layer and initiation of corrosim Note that Equation (1), the empirical model, contains no ;
- and (b) corrosion rate subsequent to breakup of the passive provision for a chloride threshold a serious but presumably -|

layer. conservative 11.nitation. Equation (1);was derived from
work related to bridge decks where salt is frequendy applied i

Initiation. An empirical correlation for time to for deicing. Application of the empirical equation to !
depassivation developed by Stratful and modified by Ocar chk) tide conantrations typical of soils is c1carly outside the I

(1976)is range of the basis experimental data, j

129t Simplified Corrosion Rate Calculation. De simplicatu2

'<"(wcg)[,ctyu2 (I) method for estimating the corrosion' rate subsequent to
initiation of corrosion is a one dimensional diffusion

where calculation' assuming limitation of the corrosion rate by-
oxygen diffusion. -

time to onset of corrosion (yr)r, =
We overall reaction is described by an equation such as

'

thickness of concrete over the rebar (in.) 1x, =
3 3

WCR = water to cement ratio (by mass) ## + 2"3 Y2* "}# (}
|

C1 = chloride ion concentration in groundwater he flux of oxygen from the surface of the concrete to ,

(ppm). the level of the reinforcement is given by !

he empirical equalbn clearly illustrates the impacts of g
cover over the steel and WCR on protection of the stccl. No,--Df. (4)
%c empirical model of Clear is used in the Barrier code
(Shuman et al.,1989). De resulting corrosion rate is then

15
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An example of an kinetw equation' for the oxygen
N ==*a " 4[o M,,{ reduction reaction is (Drnbull,1980)e

'aFE'
( }#" 8 8 RT,

mole , D, M . (5), a 9.4
r

k = -4.9x10-M/dm/ mole
- De amount of reinforcement per unit area of mncrete is a = -0.5 .

:I. Because water is always available in a subsurfaa
(6)At - concrete environment and the overall reaction is favorable,

tM me of me water redu& reactu mh esthated
he percent of reinforcement remaining at any time is

using kinctic expressions.

"20 + e * OM@ + OH(@ (11)''% remaining = 100 3_ (7)
2

4 xd AY he Butler Volmer equation written for this reaction is,

* *
E, - -2.303 (pil + 0.5|og[lI,(g)]} (12)

AY = depth of reinforcement below surface.

M,, = molecular weight of iron k - 9.35r10*cxp (13)
"

RTpf, = density of reinforcement bars

C, = concentration of oxygen in surrounding typ - k -exp (E - E,) +cxp (E -E,) (14)
. groundwater 6

'd = diameter of reinforcement a, = -0.5 a,=0.5
s. = spacing between reinforament bars.

''
In the Barrict cxide, a one dimensional steady state

equation for the diffusion of oxygen is used with a zero E, = equilibrium potential from the Nernst Equation
concentration boundary condition at the metalsurface. His E = corrosion potentialversus SHE = $,-$, .
type of calculation gives an upper bound to the contribution ,g g;g

- of oxygen reduction in saturated concrete. However
2i = current density (A/dm )clevated transport rates of gases in partially saturated

. concrete, advcctive transport, and/or the impact of the a,c = anodic, cathodic,
hydrogen evolution reaction are not considered- Anodic reaction kinetics are assumed to tw active

Complex Models. Computer codes and models subsequenno me beginning of attack.
2developed to evaluate cx)ntainer corrosion in radioactive Fe(s) * Fe * + 2c' (15)

waste repositories are also applicable to prediction of the For active metal surfaces the anodic kinetics are-
corrmion rate of steel reinforcement. liarker et al., (1987) deded by me Butler Volmer eqh

- developed a one dimensional model for active corrosion of
waste containers in concrete. Wahon and Sagar (1987 and 2

' 1988) developed a general two dimencional model for active E" - -0.44 + 2F log (Fe .) (16)

corrosion of stect in multiple layered geologic materials. ,a,FE
'The models for active corrosion of steel assume that k = 1.99r10'exp

RT
~ different combinations of mass transport and/or kinctics are '

rate limiting. In order to support oxidation of the *tect
i , = k -exp y,F(E -E,)1

'a 'a,F l ,'
(18).f +exp (E -E,)through the tcaction,

2Fe(s) <* Fe ' + 2e' , (8) a, = -1.0 a,=1.0.

an oxidizing agent must be present. De oxidizing agents
' most appropriate for a concrete environment arc oxygen gas Mass Transport. De equation for transport of dissolved

and water. %c kinetics of the oxygen reduction reaction electrolytes- in dilute solutions, subject to advection
diffusion and electromigration, is (Newman,1973)' can cither- .bc assumed to be transport limited or

approximated with Butler Volmer kinetics. 7, , ,n gyg, , n Cy$ + VC
Opq) + 211,0 + 4c' =+ 40ll(aq). (9)

16

l

- - = _ _ _ - _ _ - - - _ _ _ _ - _ - _ - - _ - _ _ _- . _ - - _____ __ _ _ - _ ___- .-



_ _ _ _

-.m . - - - -- . . . . . . . . ,

I

wherc . - Trne to Onnet of Conosion, ps

: 7 = transport flux (molcsAlm's) -

*
in ,= liquid porosity A

/ ,, 42 "~ D = diffusivity (dm /s)
'#'

C = concentration (moles /dm*) f.]-
.mo

~ # *'2 = charge number wo

: $ = clectrostatic potentialin solution (volt)- , , ,

,

.m .. ... ..m ..sm . s, . . -
_

V = vecor gradient operator - Thickness d Concrete Onr the Rober, in (cm)

.
wCo.. wCo.. WCo.3
-*-- - o-- -0-V = Darcy Velocity (dm/s).

Ici-] = 1 ppm
For uncharged species and/or when advcetion dominates Figure 12. Emc to initiation of reinforcement corrmion by,

the electromigration term becomes unimport;mt. Solution empirical model as a function of WCR and depth of cover
' of the mass transport and chemical reaction equations with soli chloride concentration of l ppm,

- (Walton and Sagar, 1987,1988 and liarker et al.,1987)
Time to Onnet of Corrosion, yrs

suggests that oxygen levels quickly become depleted ,a,

Afollowed by buildup of hydrogen gas in the system. [jCorrosion rates then become limited by the diffusion rate of

oxygen gas in the system and the kinetics of the hydrogen / /
f

f,x's',# #,''cvolution reaction. mo
e

e-

Example Calculations
, , ,

., ... ... ..m . . . . . ..m . . -

'lhe predictions of the simple models are illustrated in Thickness of Concrete Over the Rober, in (cm)

the following figures. Figures 12 through 15 give time to *cj;'', *c4'.* !cf**.

initiation of wrrosion from Equation (1) as a function of WW Region, [Cl-] = 50 ppm

WCR, chloride concentration, and depth of concrete mver Figure 13. Dme to initiation of reinforcement corrosion by

over the reinfora: ment. 'lhe empirical equation contains no empirical model with 50 ppm chloride in soil moisture.

provision for a threshold chloride concentration and may be ' ho Onsd d Corrosion, ps
. overly conservative. All of the graphs apply the empirical im

equation well outside the bounds of the data the equations
'

in

wcre derived from with obvious implications for the quality #, j,,

of the predictions, ,/p /'
,

/ ,s''/
Figure 15 illustrates : the calculated corrosion rate /,e7

*

g,fgsubsequent to initiation of corrosion assuming limitation by
"

oxygen diffusion from Equation (7). Oxygen diffusion rates
,

in actual systems become enhanced over time as processes 'g. , , . , ,,, ap, 4p , sp2m ,pm

such as calcium hydroxide teaching und sulfate attack lower lhickness of Concrete Over the Rober,in (cm)

the effective reinforcement cover thickness and increase wgs wc4,4 wg88

mass transport rates. No attempt has been made to illustrate [Cl-] = 3000 ppm

thc coupled effccts from multiple types of concretc attack Figure 14. Time to initiation of reinforcement corrosion by
.

in the example calculations. empirical model with 3000 ppm chloride in soil moisture.

17
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LEACHING

Cement components will be leached from concretc in where
' environments that arc in contact with water and have- C, = concentration of Ca''in conucte pore waters
significant water percolation rates %c alkalis are initially

liquid (moles /cm')ofrccted followed by calcium hydroxide. %c alkalinity of
the concrcle pore water deceases as the teaching process C, = bulk <xincentration of Ca'* in concrete solid

progresses. (molcs/cm')

Based upon modeling and experimental rcsults, Atkinson D, = intrinsic diffalon coefficient of Ca'' in
(1985) and Atkinson et al. (1988) describe four stages of concretc (cm'/s)
leaching. %c time frames involved with each stage are C,, = concentration of Ca** in groundwater or soil
dependent primnrily upon water flow rates through the moisture (moles /cm')
concrete. %c four stages arc x = distance (cm)

1. Inliially, the pil is around 13 due to the presence N = molar flux [ moles /(cm's))
of alkali metal oxides and hydroxides. %c alkali t = time (s).
metals are the first components to leach from the he shrinking core modet assumes that removal of
conuctc. calcium from the exterior of'hc concrete is rapid relative to

2. .After the alkali metals are leached, the pil is the movement through the conacte. Thus, the transport rate

controlled at 12.5 by solid Ca(Oll)2 is controlled by diffusion in the concrctc. Note that the
formulation caly includes diffusional mass trusport. A

3. Followinglossofcalcium hydroxide,thecalcium more sophisticated model could include the influence of
silicate hydrate (CSil) gcl phases begin to advection through and around the con'xete. Because
dissolve incongruently whilc 'hc pil slowly concrete is much less permeable than surrounding geologic
moves down to 10.5. During this period, the materials, the dominant ilow direction will rarcly be normal
calcium to silicon ratio drops to 0.85. to the conacte surface. Rather water tends to flow laterally

4. Ir: the final phase, the pil is held at 10.5 by around the concrcie riass, his type of probicm could be

congruent dissolution ofinc CSl! gel, analyzed with two or three dimensionP' numerical flow and
transport codes.

Leaching of calcium hydroxide tends to lower the
%c intrinsic diffusion coefficient in the calculations

strength of cement. %c strength is lowered approximately
applies to the Icached or depleted portion of the conucte,

1.5% for every 1% of calcium lost (Lea,1970), in advective
.g, bus, it can be expected to be substantially higher than the

environments, at least 66 m',of water is required to removeD, for intact concrete. %c permeability of the concrete will
33% of the calcium from 1 m of typical concretc (Atkinson

aisc increase as teaching procedes, which leads to enhanced
and licame,104)'

flow rates in the Icached region (i.e., diffusion may no longer

Models of Leaching dominate transpo t).

Geology Controlled Leaching. An altcmativeConcrete Controlled Leaching. A shrinking core
I '" " b8* I' a hA ns n aM Ucamemodel has been applied by Atkinson and licame (1984)
( ), assumes h Me.n Mesumn&g gc&gy

to evaluate teaching. %c shrinking core model can be
is controll.ing. When diffusion is from a fixed concentration

given by into a semi-infinite domain, then . concentrations are

Ca(Oll), =+ Ca'' + 20/1- (1) described by an error function (Crank,1975)

' X \
C C C-C"Flur - -D, , y '' (2) -W f e,,p W.

g, ,, g'~
dIl 4

dX DS,4,*
(3) The instantaneous flux at X=0 is obtained by

di X C differentiation of the concentration profile -e

1 1

X - 2D, , g, W @, (C - C,.)- - f,4,.
D,R,,9'C C ' 8 W-gy x. \ ,, t
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The total amount of material leached (per unit arca) f y i < a-

during r. given time period is obtained by in'egrating with Y " Y, 1, (10)
'

respect to time
'

Where Y is the yicid strength of the concrete, Y, is the
4R,1

Af, - tC, - C,,, . (7) initial yield strength, and X, is the conacte thickness.
* Assuming that half the yield is lost at 33% depletion gives'

The total amount of calcium hydroxide removed (per unit a value of 0.625 for n. 'Ihe Ilarrier code documentation

area) can be related to the inventory m the concrete as omits the normalization of X by X, in the governing
equatim.

AI, - XC, (8)

Alcorn et al. (1989) derive an expression for the change,

C C,, R,Ihr ' in hydraulic conductivity as a function of the change in
# * * , C, ' I) porosity using data from different sources. 'Ihc result isx

where gg , g,. iguww_ g, (; g)

C, = concentration of calcium in the concrete pore
whercwater

C, = wnceniration of micium in the bulk mncrete g, , g eg g; gg g
(solid + porcs). concrete,

The assumption of surrounding geology limiting calcium
hydroxide depletion is used in the llarrier Code (Shuman et K, = initial hydraulic conductivily of the concrete

al.,1989). Note that the transport parameters (R,, De, g.)in
A$ = change in porosity of the concrete.the geology controlled leaching model pertain to the

surrounding geologic medium, not the concrete. The relationship is based on regressions of experimental
data from various soureus. The estimates from the equation

UOW
flow C are expected to be highly uncertain.gw on
direction

An analysis of combined geology and conacte controlled

1 caching along with fluid flow could be analyzed with

fixed concentration numerical flow and transport codes if a more sophisticated

backfill "P2'*"Ch *** *""""'*d'
boundary

Example Calculations

The predominant flow system for a concretc vault located
Concrete C b, C; 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 teaching process can be estimated

using the shrinking core model ( Atkinson and 1Icame,1984)

for concrete controlled leaching. Figure 17 illustrates the
VatJlt Interior predictions of the shrinking core model of teaching.

. Leaching is most rapid in locations with lower calcium
Figure 16. Schematic of. calcium hydroxide leachm.g.

concentrations.

The impact of calcium hydroxide Icaching has been Figure 18 illustrates the predictions for geology
estimated by assuming that the concrete loses half its controlled leaching using the parameter assumptions listed
strength when 33% of the nilcium hydroxide has been on the figure,
depleted (Lea,1970). Atkinson and licame (1984) simply
assume the concrete fails w hen one Inird of the calcium in Both sophisticated and simplistic models of leaching

the layer is depleted. In the llarrier code (Shuman et al., suggest that significant amounts of leaching require time

1989), an exponential k*,s of strength is (apparently) frames in the thousands of years - quite long in the context
assumed of low -level radioactive waste disposad.
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CARBONATION !

#

Carbonation reaction of Co, and Ca(011), to form Caco,, but increasing
wa a mn ems s e n rate , through the

Carbon dioside reacts with cement components to form
# * "'I*'

carbonates - a process referred to as carbonation. 'lhe
reaction is represented by ,

Sources of Carbon Dioxideca(0//), + // 0 + co, .+ caco, + 2//,0. (1)2

lhe depth of carbonation is roughly proportional to the Carbon dioxide, in the presence of moisture, reacts with [
square-root of time, doubling between I and 4 years, then hydrated ament minerals in the form of carbonic acid. !

doubling again between 4 and 10 years (Neville,1981). The Carbon dioxide occurs as a minor constituent of air and a
rate of cirbonation depends upon the moisture content of major component of carbonate rocks. Carbon dioxide is
the concrete and the relative humidity of the ambient also generated from decomposition of organic materisis in
medium, li diffusion in the concrete is too slow, an soils and/or waste.
equilibrium is reached where the diffusion of CO, and -

carbonation are stopped or severely reduced. The type of
Models of Carbonation Attack- cement ultimately affects the depth of arbonization. .

Unlike other degradation processes, carbonation is not Based upon Equation (1), a shrinking core model can beo

inconsistent with long term durability of concrete, derived for carbonation. Carbonation can occur only as
Carbonation does not eause general disruption or increased rapidly as dissolved carbonate can diffuse through the
permeability of the concrete matrix. The formation of concretc. At the high pil relevant to conacte, Equation (1)

|
calcium carbonate may even slow migration of some lly occm >

I radionuclides through wild solution reactions. Many
p concretes surviving from Roman times are fully carbonated. Ca(Oll)2 + COf + CaCOp 20//'. (2)

Carbonation is associated with two potentially negative
'

changes in concrete material properties, shrinkage, and a
drop in plI.

can occur cither as carbonate in the aqueous phase or carbon

1he total shrinkage from carbonation can be in the range dioxide in the vapor phase. Since vapor phase diffusion is;
. f 0 to 0.1% (Verbeck,1958). The shrinkage is thought t approximately four ordets of magnitude more rapid thanoi

|: occur (Powers,1%2) as the minerals are removed from aqueous diffusion, one would expect rates of cirbonation to
areas of compressive stress and redeposited in regions ofr-

increase as the saturation level of the concrete decreases -
.

'

lower stress. The compressive stras can occur as a result
at least until the water required for the reaction becomes in

of capillary forces in a partial', dried concrete. This can
explain why carbonation u'.Jer saturated conditions does short supply. Verbeck (1958) found that carbonation rates

not result in shrinkage s'. ice capillary forces are absent at peak at 50% relative humidity, consistent with this
,

observatim.saturation. The strength of concrete generally increases
.

under cmbonation, with the exception of high sulfate As ng com mWel for cahnadm can W
'

concretes. Carbonation of hydrated Portland ament pastes
f rmul ted by evaluating the migration rate of CO,into the

also results in reduced permeability and increased hardness
cmacte in relatim to the inidal ammd of calcium(Verbeck,1958). '1hc excess shrinkage may result in

increased cracking and/orjoint permeability. Carbonation hydroxide. Ahhough carbonation is most rapid at 50%

" ' forces the local pil toward neutral, going from over 12 to relative humidity when significant amounts of water have

. about 8, thereby removing some chemical barrier benefhs been removed from the concrete, typical subsurface'

of the concrete and providing a potentially corrosive environments approach 100% relative humidity. Under
environment for stccl reinforcemenis if water, moisture, and these conditions, the concrete matrix remains water
oxygen can penetrate, saturated because of the small pore sizes relative .to

'lhe rute of carbonation is dependent upon water surrounding soil materials. In most concrete vauhs in the
I

saturution or relative humidity of the environment. As vadose zone, the transport of CO, is in the liquid phase,

relative humidity increases from 0 to 100%, the rate of resulting in slow rates of carbonation. The following
carbonation |usses tbrough a maximum. 'lhe maximum rate shnnking core derivation is valid for water saturated
of carbonation occurs because water is required in the concrete:

t-

22

t

|

|
u



,

i

.i1
,

C f Experimental values of the diffusion coefficient 'as a !

| Flur . -D,f _ (3)- function of relative humidity are included in the paper - {
.. - - (Papadakis et al.,1989). "

b . ' C'" (4), Concrete degradation by carbonation is not (currently)
ds X C, considered in the Barrier code,

!
d* i C

X - 2D,y,*L
Example Calculations - -

t (5) t
t 4 - . 'Ihe rate of arbonation by the shrinking core model is !

where shown in Figure 19.1he predicted rate of carbonation is
slow for subsurface vaults because they are assumed to -

C, ' = bulkconcentrationof Ca(Oll)2 nconcretesolid remain at full water saturatlon. Vaults that are loated above
i

(moles /cm') the land surface or in highly desicated (i.e., desert)
D, = intrinsic diffusion mcfficient ' of Ca** in environments where relative humidity is significantly below - ',

concretc (cm'/s) .
_

100% will experience more rapid rates of arbonation.

C,, = concentration of total . inorganic carbon. in
Depth of Carbonation Attack, em -

groundwater or soil m'oisture (molcs/cm') 8.8

x = distance (cm) _ o
'

N =. _ molar flux [ moles /(cm's)) - u .e
#,,,

-

- i
,,

t = time (s). g
e'"

Papadakis ct al. ~(1989) l ve developed a rigorous ' ' , , * '
1 mechanistic model for carbonation of concrete.1he model o.i

*,L, : considers mass transport, chemical reaction, and reaction /
"

L kinctics.1he model predicts that carbonation rates will peak /L _ - - ; : : : :

y as relative humidity is decreased from 100_to SO%,. Below ' M y Y 1. E E E E E E.
50%, relativc humidity rtaction rates decline rupidly leading Time, yrs . I

to slower rates of arbonation, In the range of 50 to 100% g g o ,,, , %g ,, ,
relative humidity, the model can be sim plified to a shrinking y _ ,'Q-,

. corc. model similar to that given above. - 1he derivation a. io ,

assumes partially saturated conditions (i.e., vapor phase
,

diffusion of CO, dominates), thus the diffusion coefficient = Figure 19 _ Rate of carbonation by shrinking corc model in
~

and concentration of COi reflect vapor phase values.' different geochemical environments.
]
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ALKALI AGGREGATE REACTION

Aggregate is an additive to OPC that consists of particles oxides in the cement) and the presence of active siliceous
of natural or artificial rock material of varying shapes components in the aggregate (e.g., opal, dalcedony, or
ranging in size from tens of millimeters down to tenths of tridymite). An alkaline silica gel forms that alters the -
millimeters in cross section. Three quarters of the volume borders of the aggregate and leads to abnormal expansion,
of concrete may be occupied _by aggregate. Chemical cracking, and loss of strength. This process is known as
reactions with the aggregate cause irreversible changes in alkali aggregate reaction. Other degrading reactions of the
concrete and play an important role in the physical, thermal, aggregate include the oxidation of mineral oxides and
and &cmical propertics as well as in concrete durability and sulfides or an alkali carbonate reaction - the reaction of
performance (Neville,1981), carbonate in the aggregate with the alkali of the cement.

Three categories of deleterious substances may be found
'in aggregate (Neville,1981): impuritics that interfere with Alkall aggregate reaction can be reduced by the careful

the cement hydration process, coatings that prevent the selection of aggregate and the climination of the alkall

development of a good bond between the aggregate and the components in the cement paste. It has also been found that

OPC paste, and weak or unsound aggregate particles, the introduction of finely powdered reactive silica to the
cement mix reduces or climinates the reaction. This is dueA variety of processes may take place because of

reactions between the components of the OPC and to the increased area of the reactive silica with less alkali

individual components or impuritics of the aggregate, in per unit area being available (Neville,1981). The alkali
particular, the reactions involving the alkali components of aggregate reaction is highly complex, and no mathematical

' the cement paste (alkaline hydroxides derived from alkaline models have been found to estimate its progression.

24
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FREEZE / THAW

Concrete structures that are not buried below the lomi Total freezc/ thaw damage depends both upon the
freezing depth will be subject to freeze / thaw cycles. Even resistance of the concretc to freezc/ thaw and the agrasive -

structures built (or mounded) to depths below the freezing properties of the service environment. Properties of the
level will be subject to freeze / thaw processes during the service environment that lead to damage are high water
operational phase of the facility. Upon freezing, water in saturation of the concrete, large number of freezc/thawL

_

>

the mpiDary porcs of the conacte freezes and expands in cycles, and high salt content (Klieger,1980). TypicaUy a
volume by approximately 9%. Depending upon a variety conacte has a critical water saturation level above whidi
of factors including number of freczc/ thaw cycles, rate of the material bemmes very susceptible to damage.

= freezing, concrete permeability, water saturation, water
availability, aggregate, salt oontent, and amount of entrained Two testing methods for freczc/ thaw resistance have

air, degradation of the concrete mn occur. Failure of the been mmmonly used. Rcse are contalacd in Amerian >

conucle generally takes the form of loss of strength and/or S ciety for Tating and Materials (ASTM) Standard C
crumbling (Detwiler er al.,1989). 666 77. Both methods use rapid freezing first, but in onc >

Two processes are mnsidered to cause freeze / thaw both freezing and thawing take place in water, while in the

damage (1) hydraulle pressure and (2) ice accretion other freezing takes place in air and thawing in water. The,

(Detwiler et al.,,1989; Clifton,1990). Ilydraulic pressure former method is more severe than the latter (Neville,1981). ,

occurs when water in large pores expands upon freezing, With these AS"Dd methods, freezing and thawing is done

%c excess pressure can only be relieved when the excess for 300 cycles or until the dynamic modulus of clasticity is

. water migrates to void spaces, such as the voids caused by th b M of h Whh A Mih h 3
air entrainment. Klieger (1980) suggests that osmotic forces **E" I' *

may also be important during freezing. Salts in the solution durability,, factor - [(/inal_ number _ test _ cycles) -

are excluded from the ice crystals, leading to greater
concentrations in the water moving away from the ice. De (%,of_ original _ modulus)y300. (1)
higher salt concentrations lead to counter osmotic forces that

There are no established critcria for the acaptance orfurther increase the excess pressure. This proposed
mechanism explains the negative impact that descing rejection of concrete in tenus of this durability factor. Its

^

chemicals have on freezc/ thaw durability, lhe osmotic value is primarily for mmparison of concretes. Usually, e

however, a factor smaller than 40 means the concrete ismechanism is a physical process consistent with
g g pect gexperiments illustrating that widely different chemical

compounds can have similar influences on freeze / thaw resistana or damage; 40 to 60 is the range for conacte with
,

damage (Kileger,1980). %c hydraulic pressure mechanism doubtfut performance; and, above 60, the concretc is

is most important during rapid freeze / thaw cycles. pr bably satisfactory (Neville, EI). :

Ice accretion occurs when freezing ciuses a lowering of Models of Freeze / Thaw Performance
vapor pressure in the large pores. Water in the gel pores

3remams in a hquid state because of capillary attraction in gY,

the very small pores. Gel water freezes at a temperature proposed. A review of several of the freeze / thaw models,

below 78* C (l.c., get water does not freeze in any expected as well as an introduction to the problem is given by Clifton

service environments). %e supercooled gel water then (1990). De models range in complexity from empirical to .

migrates to the large pores causing expansive forces around a full solution of the fluid flow, temperature, and stress
,

the large porcs and mmpressive forces in the gel porcs. De equations as proposed by Bazant et al. (1988). 'Ihc
ice accretion mechanism is most important during cxtended discussion below covers the model used in the Barrict code

| periods of freezing (Detwiler et al.,,1989). (Shuman et al.,1989). .

L Detwiler et al. (1989) list air entrainment, WCR, in the Barrict code, freeze / thaw durability is modeled by
aggregate composition, and curing as the factors most a fit of data that expresses the fractional decreasc in dynam ic
important for making concrete that is resistant to modulus of clasticity (DME) of the concretc as a curve fiti_

| freeze / thaw. Air entrainment works by providing open involving the % entrained air (AIR), water.to-ccment ratio
| pores for relief of excess pressure. When air voids arc (WCR), and the number of freczc/ thaw cycles. Re variation
l pioperly spaced the kx:al pressure will never exceed the of DME is taken to be linear when the n"mber of freczc/ thaw

tensile strength of the concrete resuhing in a very resistant cycles is greater than 50; this is based on experimental
' concrete. results. He expression fit used in the Barrict code is
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(NumCycles -50) 'Ihc Barrier code also computes the amount of time
I)

((275' AIR)*(1.0 + 0.43' AIR)*F(WCR)- 100.0)
required to reach a given )cvel of damage for a given value*

-

of fractional decrease in DMB as well as an annual rate of
where concrete loss. 'Ihc barrict data arci n part, based on thei

F(WCR) = 4.2 - 8.0* WCR '(1.0 - 0.4' WCR) (3)
work of Pigcon et al. (1989).

An exampic of freczc/ thaw loss predicted by the Barrier
Y1 = the fractional decrease in dynamic modulus of d equath h pven b Hgure 20.

clasticity of the macrete
N = number of frec7c/ thaw cycles Annual Me of Concrete Lost, em

*
AIR = percent entrained air in the concretc ., o

# o- AWCR = water to-ccment ratio.
_

,

''
Y1 = 0.5 h taken as the point of significant cracking and -y~ ,,, +p

"

deterioration of the mncrete due to freczc/ thaw action. 'Ibc a

i ,

'g ',
amount of time (Tc) required to reach this level of damage -

is given by.. u
-#',r' -

//
T, = (138' AIR)/N '(1.0 + 0.43* AIR)'F(WCR). (4) H y

i i i i i i i i .
, ,

,

" "o e = _m am no a e no
'Ihc annual rate of degradation (lQ is given by AnnualNumberof Freeze Thaw Cycles

'O.05 i

R, = (N/T,)* S- 0.21' T, (5) 5._cg3 m,e,.3 mgs,
me . a. 4 e i p=.er . in.

4

- - c- . s o
where m.co

0 ~ = water content Figure 20. Ilms from freeze / thaw damage with.7%

T, - = residual water content (assumed = 0.09), entrained air.
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CRACKING
-

,
- q

' Cracking can result from a number of phenomena humidity of 50% (Verbeck,1958). Temperature changes s

-including, drying shrinkage, temperature change stress, leading to swelling and shrinkage of the concretc also muse ]
reinforcement corrosion with . resuhing expansion, cracking.
carbonation, and physical loadings. De location and nature
of a crack depends upon the cause. current understanding Penetration Assumptions. ,

;

ofconcrete cracking was summarized by an ACI committees One of the most crucial aspcas of the evaluation of j
(ACI,1984,1990)'

cracking is the assumption concerning penetration of the
%c simplest form of crack is caused by physical loading cracks. Most cracks from flexural loading are expected to -

on the roof of the structure. His leads to a set of partially penetrate only from the bottom of the roof to the neutral ()
penetrating cracks below the neutral axis of the slab (Figure axis. Above the neutral axis, in the zone of compressive '

21). A lot of work has been done in predicting the location stress, most aacks would not be expected to penetrate. In
and size of cracks formed by physical loading of concrete the Barrier code (Shuman etal.,1989), cracks from physical
beams and slabs (Droms,1%5; Bazant and Oh,1983; Oh loading are assumed init tally to penetrate only to the neutral
and Kang,1987) A variety of formulac has been developed axis and not affect the hydrologic properties of the slab,

i

for crack prediction. In cach case, the most important Once the cracks reach a depth of three-fourths of the slab
'

parumeter is the amount of strain in the steel reinforcement. thickness or within 7.5 an of the total slab thickness, they .
are assumed to fully penetrate the slab. De increased -]hydraulic conductivity caused by the crack is then added to ,

the slab permeability in the form of an equivalent porous I
media. De specifics of the calculation of crack width,

neutf&i MlS spacing andunsaturatedhydrologicproperticsintheBarrier
code are not well documented., _ _ _ _ _ . . _ _ _ .

/ Cracks resuhing from volume changes in the concrete
f caused by temperature changcs, drying shrinkage, and -

carbonation are more likely to penetrate the entire slab ' 3

thickness. Penetration of the slab is facilitated by the
,

absence of compressive forces at the top of the concrete slab.

- Crack Prediction - Flexural Beams -

De prediction of crack width and spacing in concrete
Figure 21. Schematic of cracks, flexural members has been the subject of a fair amount of

research. De simplest expressions can be attributed to !

Microcracks in concrete may also be caused by drying ms @ $ Amge mck spachg was pen as

p shrinkage. As the concrete drics, the capillary presst.e S ,= 2t. - (1)
L generated leads to shrinkage. Drying shrinkage leads to
| systems of parallel cracks thre are c:;ually too thin to bc Average and maximum crack widtim were given as
|' visible by the unaided eye (Bazant adaftshol,1987. Bis

W" = 2t e'''
type of drying might occur during the operauonal period of

.a belowground vauh. Even very tiny microcracks tend to W,,,, .1.66W,, (2)
, i

i

| dominate the permeability of the concretc at low pore water
tensions; where

Phchomena tha; cause' general shrinkage of concrete, t = concrete thickness over steel
such as drying and carbonation, can lead to crack formation. e, = strain in the steel reinforcement,

' Either drying shrinkage or carbonation can lead to shrinkage
"

S = crack spacing. in the range of 0.08% depending upon the moisture content
'at exposure. Combined, they can lead to 0.16% shrinkage. W = crack width at tension face.

;,

| Lower moisture contents lead to greater drying shrinkage, Broms (1965) and Broms and Lutz (1965) made several
"

b whereas shrinkage from carbonation peaks at a relative observations concerning the nature of the cracks:
|

,

'
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l. Primary termile cracks coukt be observed on the sutface - s 0.236r104

of ficxural members. %c cracks extended to the neutral 3"C + p#
e

. axis. Secondary tensile cracks were observed when the
jstress in the reinforcement reached approximately 20,000 , g ,b> -30,000 psi. %cac' cracks were confined to the (5)-c' = 25.7

- +1.66
immediate vicinity of the reinforcement._ longitudinal ( ha, ( A,, ,

tensile cracks, which started at existing primary or g 7

secondary cracks and spread along the reinforcement,- width at the surface using this formula would be
werc noticed at the higher strain. longitudinal cracks,
which formed in the compression zone, were observed w , = s e,R . (6)

for the flexural members at high load levcis.
%csc equations are especially mnvenient beause of the

2. "%c surface crack width- will be small if the dimensionicss format.
reinforcement is distributed uniformly along the
periphery of a member, if a large number of small Crack Prediction Volume Change
diameter bars are used and if these bars are plawd as Prediction of cracks caused by concrete volume changes
close to the surface as feasibic." is covered in ACI 207 (ACI,1990). Volume changc
Ilazant and Oh (1983) derived theoretlal expressions for generally comes from temperature risc during setting,

crack spacing in reinforced concrete. %csc expressions seasonal temperature variations, and dryir; shrinkage. In

indicated good numerical agreement with the empirical . general, the summation of crack widtly ;n a slab of concrete
Gergely Ixtz formula, later Oh and Kang (1987) must balance the shrinkage mim:s the extension of the -

developed sirnpler, caster to use expressions for maximum concrete. Cracks tend to originate at the midpoint between

crack width and crack spacing in concrete ficxural members, previous cracks, in simple geometries, this 1 cads to a series

Ecsc equations give a bctter fit to the data than the Gcrgely of evenly spaced parallel cracks. Addition of steel
and lxtz formula, reinforcement to the concrete tends to lead to smaller cracks

with closer spacing. hus the reinforcement is typically
We equations for maximum crack width are used to control the size and spacing of cracks. Smaller cracks

w., are more likely to heal through autogeneous processes.

g- = a,(r,-0.0001)R (3)
Autogenous Healing of Cracks

'lhere is considerable evidence for autogenous healing
a,- 159 +2. (4)

( ha, A,, , of cracks formed in concrete (Guppy,1988). Frequently,
permeability of concrete has been found to decline with time

p _2 in flow tests (Loadsman er al.,1988). Ilealing occurs from
h carbonation of calcium hydroxide in the cement peste by3

carbon dioxide Calcium carbonate and hydroxide crystals
(4) are found to grow in the crack. Saturation of the crack with

~where -
water appears to be cssential for developing substantial

.

strength from healing (ACI,1984). Self healing is a very
w., = maximum crack width at extreme tension face desirable property for materials utilized for radioactive -

ha = distance between neutral axis and lower face
waste ' clation. %c degree to which the self-healing
propes of concrete can be "taken credit for" in

-

.h = distance between neutral axis and steel quantitative performance assessments remains subject to3

reinforcement center question and is a fertile area for future research.

'A = -effective area of concrete surrounding one
ImPilcations of Cracking

reinforcement bar
Cracking has tremendous implications for performance

A., = area of onc reinforcement bar
of concrete barriers. Cracks represent a preferential.

r, . = bottom concrete cover over reinforcement pathway for fluid flow and mass transport that bypasses the
favorable transport properties of the concrete matrix. InD = reinforcement bar diameter
very small cracks, the primary resistance to fluid flow' is the

e, = steel stm.in. passage through the crack itself; however, in larger cracks

To predict crack spacing, the following equation was the primary resistance to flow comes from entrance and exit

used- head losses at the ends of the cracks. %c entrance and exit

..
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head kases are controlled by crack spacing and the permeability backfill materials should be placed adjacent to
permeability and thickness of the materials adjacent to the concretc vaults if the impacts of cracking are to bc ;
concrete. Frequently the leakage rate through a mnacte minimized. %c impacts of ancking on the performance of
slab will be directly proportional to the permeability of the conacte barricts will be mvered in a future NUREG ,

adjaa:nt soll or backfill. His fact suggests that low document under the same FIN Number.
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CONCRETE CHEMISTRY, RADIONUCLIDES,.
AND NEAR FIELD EFFECTS DUE TO CONCRETE

Radionuclide Geochemistry in Concrete conaete is structurally intact. %e physical properties of
four types of conacte representative of barrier materials are

' %c geochemical environment of concrete in a 11W given in Table 4.

disposal setting affects not only the durability of the conacte Table 4. Propcrties and constituents of example concretes
but also the aqueous chemistry and transport properties of (Jakubict; ci al.,1987).
radionuclides that are released througnout the lifetime of a

LLW disposal site. Because source term radionuclide Normal liigh Density -
-

concentrations are strongly dependent on the geochemical Dertsity - ND llD with silica
e nvironment at the source, accuratc and de fensibic modeling with Dy ash fume
and performance assessment analyses of the release of
radionuclides from (or through) concrete requires Properties
characterization of the temporal variation in concrete

Compressive 42.0 29.9 39.0-62.6
chemistry. %cre are also recent concerns about the

Strength (28 days),
radionuclide adsorption on colloids whh subsequent Wa
transport. it is the combination of the physicil and chemical
properties of the concrete mixture together with the Porosity, Vol. % 12.8-12.4 9.6-6.5

radionuclide properties that is responsible for radionuclide liydraulic 3.2xlG''- 3.9x10''-
release and migration. His section briefly discusses the Conducivity (m/s) 4.9xl G'' 7.0xlG''
physical and chemical properties of conacte, the aqueous 7ensity (kg/m') 2593-2s18 4036 3894
chemlstry of pore fluids in cx)ncrete, the temporal variation
in pore Guid chemistry within concrete, and the effects of Composition, Vol.
concrctc on the chemical behavior of carthen materials in a %

low level disposal site, in addition, a discussion of the Course Aggregate 38,4-43.3 40.4-40.7
aqueous chemistry of important radionuclides in a concrete Fine Aggregate 30.5 30.0 27.3-27.5
dominated system ts presented.

Fly Ash 0.3

.-

Chemical and Physical Properties of Silica Fume 3.7

Concrete Cement 12.1 8.6 12.9-10.4

Concreteiscomposedof amlxtuteofccment,aggregatc, Water 15.6 14.1 1.50 11.4

water, and additives such as fly ash or silica flume. Because Voids 3.4 4.4-6.3
the chemistry of concrete is dominated by reactions that

- occur in the cement portion of the concrete, the focus of this De microporous matrix phase of Portland cements
section is on that chemistry. Portland cement is composed -(sulfate frec) contains a poorly crystalline to amorphic
of primarily four compounds: tricalcium silicate (CA), calcium silicate hydrate (C SII) get and crystalline
dicalcium silicate (C S), tricalcium aluminate (CA), and ' Ca(Oll)2 (portlandite). Although CII-S exhibits

2

tetracalcium aliminoferrite (C.AF). During the curing of considerable short range ordering, it is X-ray amorphous
concrete, the cement hydrates to form a high surface area because long range ordering is minimal (Grutzek,1989).

. microporous matrix that is saturated with an aqueous phase. C II S also exhibits extensive solid solutions and can be
The composition of thc aqueous phasc assumes conswrable formulated as Ca,II 2,Si OrzCa(Oll)2 nll O (Glasser,-

2 2

-importance in determining the properties of the composite 1987). In addition, the occurrence of aluminates in
(Angus and Glasser,1985). Furthermore, the overall unhydrated cement results in the formation of silica
permeability and porosity of a concretc is dependent upon substituted bydrogarnet (Grutzeck,1989). %c occurrence

O and K 0)in the unhydrated cementboth the grain size of the hydrated cement puste and upon of alkali oxides (Na2 2

the grain size of any additives to the concrete. Uccouse of dominates the aqueous chemistry of new concrete as
the fine pore size, the transport and release of mdionuclides discussed below (Angus and Glasser,1985). De dicmical
in concrete will be dominated by diffusion as long as the composition of typical cement is given in the Table 5.
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'ralde 5. Oemical coinp wition hmits of Portland cements reauhs suggest that the influcace of concrete on the dismical

(Neville,191;l). envimnment of the disposal facility may last for hundreds
of thousands of years. llenac, the cht.mkm1 effects of

Odoc Wt. percent concrete can far outlast the structural lifetime of the
concrete.Ca0 60 67

SiO, 17 67

38 Coensining 4.01 teele er 'Reseho' loneA1,03

Fe,0, 0.5 6.0 (
Na,0 + K,0 .02 1.3

,, .. . . . . . ..

SO, 13
, _ ,, ,_ , , , , , , , ,, ,

MgO 0.1 - 4
,, ... . .. . .. . . . .. ..

Concrete Pore Water Chemistry * -- - - - - - - - - - - - - - - - --

1hc hydration of cements results in the fonnatkm of very * -" ~-- - - -- - - * * - - -

alkaline pore fluids, it had been believed that the solubility , _,, , .

of portlandite contmiled the pil of port flukts. Ilowever,
Ohmscr et al. (1985) indicate that direct analysis of pore 'i ; d i i $,, ,,

flukts reveals that NuOli and KOli are th' sninate tagio[nme). fvens)

clectml) tes (Fable 63 all ather things being equal, the alkali
concentratk ns and the pil of pore fluids are a function of Figure 22. Oange in pil with time Ps y :icted by
tla alkali content of the ament. Since mudi of the alkali Atkirman et al.,1987,
present in cement is rap dly released to the pore fluids
(Ohu scr et al.,1985), the importance of alkali hydmzides The redox dicmistry of onncrete is controlled primarily
in the port fluid willbe temporary. Iraching of the ocment by additives to the cement. Angus and Glanact(1985) found
by groundwater results in the kas of alkalts, and the pil of g
the port fluid drops as pontandite and C.S-Il reactions
'ecome imponant. The early presence of alkalis is oxidizing (+35 to +82 mV) and innersitive to composition
unbuffered;once they have been leached from the port fluid, for OPC: BIS ration above 0.33. For lower ratios, reducing

there is no rucchanism to trplace them. C-S Il reactions are Eh values as low as .330 mV were ohnerved. Ilowever, the

buffered by the solubility of phases in the hydratcd cement, addition of zine or magnesium powder to OPC had no effect

For systems open to the transport of chemical species by on Eh. Tbuttl(1982) suggests that nonpassivated mild sted
groundwater, ineversible reactions will occur in the willlower the Eh of pore waters. Eh values of pore water
concrete. An example of such a reaction is the altering of provide insight into the potential redox speciation of
partlandite to calcite by CO, dissolved in groundwater via radionuclides, llowever, the long term chemical
Ca(Oll), + 211COi = CACO, + 11,0 + CO,'' (1) performance of cement is also a function of its reducing

itcactions, such as above, coupled with physical capadly. The reponed reducing capacity of Bl3 is 1.1
4 4

displacement of pore watet by c.Jfusio n dominated transport mmole g and compares to values of 0.1 mmole g for OPC

results in a gradualloss of buffering capacity. lhis loss can and 0.2 for high alumina cement and natural pozzolan
be visualized as a senes of stages with the pil gradually (Angus and Glasser,1985). Thcac results suggest that
dropping over time (Atkinson er al.,1988). Because of fluid concrete can be eng!ncered to have pore water Eh values
flow though the disposal site, the expected pli drop will not that will casure that radionuclides with multiple oxidation
be uniform. Atkmson (1985) cstimates a range of from pM m 2ced.
appmximately 10' yean, for the pil to dmp to less than 10.5
in the outer meter of a highly permeable con: rete disposal Angus and Glasser (1985) also found that the BIS altered
facility in contact with a groundwater, containing reactive the aqueous speciation of sulfur. For a OPL:BfS ratio of
i,pecies to 2 x 10' years at the center of a disposal facility.

lower 6 0.33, aqueous sulfide concentrations of 4 to 34An exampic of the temporal variation of pil for a 4
groundwater containing reactive ionic species is shown in mmole liter were observed by Angus and Glasser (1985).

Figurc 22, in general, the pmecsses that k)wer the pil in the lhe prescoce of sulfide in pore water may limit the
concrete are very slow, requiring time periods on the order concentration of radionuclides that are chalcophile elements

of thousands or millkins of years for ovmpletion. These (e.g., cobalt) by the formation of insoluble sulfide phaus
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Talde e. Measured range 6 of pore. water compositions of Md
bydrated cements (13cmcr.1987). Composition me
in mmole liter'' except for Eh (mV) and pil.

... .... . .. %..

Oxidizing") Reducing / \M

_ . ... f ... .... .... .. . .g.
/ N

_ .. ./........ ........ ......).g\
Na 13 70 78 139 . . . . . . . . . . .

!
K 15 200 '46 154 _,,,_,,__,,_,,,_,,,,,,,_,,,,,_,,,,,_,,5. , ,_,

.pCa 0.4 12 0.52.3 ;. - _

t 4 7 9 H
Mg 0 0.01 <0.01 pH

Si <0.2 00.2 . $$. *8. .C'@.*

pil 84 139 377. 196 Figure 23. Effect of pil on distribution coefficient of
conditioned clay (lluckley et al.,1988).

n.11ased on six cements, b. Ilased on two cements. Kd,IAg
wm

Modification of Extemal Environment by *=o -.-. ---- .---- g:.:::::=w-.----

_... ..y.r. ... ...... .. .. ....... .. \... 3.. ._ .
'

Concrete

The alkaline cement components that leach from the [ \

'""~""""""~""""""""""""""""""~\"""conacte may have a significant influence on the canhen
Dmaterials surmunding the concretc barrier. Jefferics et al.

"" ~

}(1988) investigated the response of clays in contact with
conactc.1 hey found that the buffering apacitics of clays , , , ,,,
subject to alkall intrusion are best explained by cation 2 4 * e n

exchange of aqueous calcium for sorbed utions and the pH

precipitation of calcite.1hc saturation of the clay with cgo, ,ag,, g,
calcium and the precipitation of calcite may affect the
sorptive and hydraulic properties of the clays. Jefferies et Figure 24. Effect of pil on distribution coefficient of

al. (1988) also state that the pil of clay pore waters will conditioned clinoptinolite (Iluckky et al.,1968).

ultimately risc toabout 12 because of thelong term chemical Radlonuclide Behavior
effects of concrete.

Thc r dionuclides used to classify waste typce in 10
1hc importance of the patential changcs to the CI'R 61 are taken as a starting point fe: selection of the

surrounding: materials depends upon the aspect of radionuclides oflaterest. 'lhe primary selection criteria of

performance considered. Dispersion and cx pansion of clays the regulations are based on radionuclide lifetime and

leads to filling gaps and fissures in the system and lowers .'nminent havirt'such as reactivity and high probability of

hydraulic conductivity but results in lower sk>pe and uptake to living organisms and humans. Other alteria in
addition to these include: expected disposal site

structural stability.1hc precipitation of calcitc * cement" in environmentt radionuclide inventory level; disposal
clay materials may lead to hardening and embrittlement of faclity performance effects; chemical state; and.
the clay. In addition, Melchoir et al. (1968) suggest that radioactive progeny, The basis for selection needs further
mineral phase transformation in carthen malcrials as a result examination. Relative to concrete performance in
of interactkins with concrete needs to be considered. particular, certain t dionuclides, or chemicals in the waste

or groundwater, of high chemical reacti . ity, concentration,
lhe affects of pil on the sorptive properties of and sufficient lifetime could be detrimenuit to a concrete

radionuclides on clinoptilolite and Dochart clay have been dispmal facility and its concrete components. Reported
investigated by llockley, Philipose et al. (1988). Their results from the literature are given below for the
results are shown in Figures 23 and 24. radionuclkies of interest in 11W.
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lhe aqueous chemistry of radionuclides and other (Np), hexavalent (U), and misc 4 valent (Pu) actinidcs.
t cxotaminants in conacte will be dominated by the lhcsc results suggest that cxmacte can be an extremely j

interactions of portlandite, C-S.II, and additives with the effective barrier to actinide migratkm. f

port Duids. As discussed, the porc Huids are characterized
Hydrogen and Trnium. Ilydrogen 3, tritium has 3 [by high pil values and oxidizing to reducing Eh values,

1he mncentratkns of common inorganic ligands in the half Me d 12.3 years and can replace hydrogen in mcat of
its compounds. Tritium is very mobile in mostporc-fluids are reduced because of the high pil and micium 1

concentratkns. Carbonate is likely to be removed from circumstances, and beause it is present as tritiat:d water, ;

ingressc4 groundwater by the precipitutkn of calche. it will not interact significantly with water Saturated ;

Likewise, phosphate is reduced by the precipitation of conacte. Uncoated conacte absorbs water rapidly, and i
once wetted, conducts tritium in the watcrs at about 8 x 10'' i

apatite [Ca3(PO.),Oll] ct other insoluble phcaphates.1hc crn' cm'' day (Eichholz et d.,1989). Diffuske rates can !
4

pNdominate ligands in porc fluid are hydroMe, sulfur
specks (SO 8', S,0,'', and 1 LV), and perhaps chkeide,

be reduced by finishing the conacle surface or using a
'

smaller aggregate size and vibratory packing. Unless a
Carbon and Carbon-14. Carbon 14 has a half life of mncrete wall is coated or scaled in some way, littic aedit
5,730 years and is casily taken up into the bksphere in solid, can be taken for concrete as a retarding barrier (Eichholz et

liquid.cr gaseous compounds. Carbon mmbines with many 4., IW). Hanis (1 % repons mat me (mnspm M tMum i

other elements to give solid cr highly mobile, liquid or is rot hindered by concrete,

gascous compounds h is also a primary constituent ofliving Technetium and Technetium 99. Technetium 99 has -

matter.1he aqueous chemistry of carbon for disposal a half life of 2.6 million years and in oxidized form (ROl) {
facility condition wn! be dom inated by carbonate equilibria. is highly soluble and easily taken up in the bksphere. *lhe
Hietanen et d. (1985) found that carbon 14 was effectively aqueous chemistry of tednetium in mncrete port fluids can
removed from the aqueous phase in groundwater / concrete be very complex beaune for oxidizing conditions, the

,

tests by the precipitation of calcium carbonate. highly soluble pertechnctate km dominates. Tallent et d., I

lodine and lodine-129. lodine 129 has a half life of 15.7
(1988) investigated the behavict of pertednetate and nitrate
in BIS cement baned materials. They found that the

million years and is also casily taken up into the bksphere,
incluskm of IIIS reducrd the release of technetium but not

in hamans, kidinc is an important demical in the endocrine
nitn.tc and attribute this difference to reduction of

system and thyroid. For all but the most oxidizing pertechnctate to the tetravalent oxide, lec and Hondictti
conditions, hxlide (l') willbe the predominate form ofiodinc (1983) indicate that ferrous tron or sulfide bearing watcrs

'

in porc fluids and groundwater. lodinc is more strongly deacase the mobility of technetium by precipitating '

sorbed in bydratcd cement than to natural silicales (l loglund reduced technetium bearing iron and sulfide phases. 'ihesc
ct W.,1985), and l' w!!! be less mobile in concretc than in

resuks suggest that tednetium can be effectively retarded
neighboring geologic media. Atkim and Olasser (1990) by cngineering the chemical propertics of conactc barricts,
studied the adsorption properties of specific phases in
concrete.1 hey found that OPC ts a good adsorbent for 1 Cobalt and CobNt40. Cobalt 60 has a half life of 5.3 ;

and that the hydrate alcium aluminum sulfates were the years and can become resident in bonc structura. Cobah
g g g g

best sorbents. 'the Atkins and Glasser resuk provides insight
into the I kieglund et d. (1985) observation that the sorption hm 19% M @ @& Ms a @m
ofiodinc on HIS cements was lower than for other cements.

solubility in the pil range of 10.2 to 11.5. 'Ihc concentration

Hecausc DIS nments are more reducing, significant of cxtalt in port fluids may be suppressed further by i

portions of the sulfate is reduwd to sulfide resuhing in substituting for alcium in portlandite and C-S-II. llabaycb
(1985) found that release of mbalt 60 frorn cement wastesmaller amounts of hydrate calcium aluminum sulfates.
forms was below detection icvch.

Act!nides. 'the aqueous chemistry of actinide cicments Strontium and Strontium 90. Strontium 90 has a half
(of interest here are thorium, uranium, neptunium, life of 28.5 years, readily replaces calcium in carbonate
plutonium, and americium) is daracterized by a muhlple compounds, and becomes resident in bone structures.
oxidation state. "Ihc behavior of actinides in concrete Strontium is retarded by HIS concretes (llarris,1988). In
pore fluids will be strongly influennd by the Eh. The concrete pore fluids, strontium will occur as Sr'' and i

aqueous chemistry will be dominated by the formation of Sr(Oll)*. Beause of the similaritics between calcium and '

neutral or anion hydroxide cumplexcs (Allard,1983). strontium, thcscs two ions competc for similar sites and
116glund et d. (1985) report high sorption and low mobility ligands in macrete. Therefore, the sorption / precipitation of
of actinides in poic fluid / concrete systems. "Ihey also strontium is a function of the Ca:Sr ratio of the Duid,
observed that the sorption behavkr (as measured by K.) is Jakubick et d. (1987) found that the sorption of strontium
very similar for trivale nt (Am), letravaient (t h), pentavalent onto cxmacte is greater for riodium chloride solution than ;
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for calcium chkiride wlutiors. In aldition, during aileite (1984) txitts pcferential weptkm of Ccalum 137 and
precipitalion, t.trontium is pc fcrent tally enriched in the fluid Ccaium 134 on unfinished or enidc4 conecte surfacts used

phase relative to calcium (Mucci and Mon.c.1983). in reactors. The behavkr of cesium in umcrete is
Sorption experiments with umcrete indicate that strontium compwitkmally dependent, with the formatkm of coslum
is (mly weakly adwrbal (Jakubick et al.,1987; llicianen et bearing rcolitic phatcs limiting cesham mobility,
al.,1985).

Cesium and Cesium 137 Cniuru.137 has a half life
of 30 years. Iloyle and Grutycek (1988) incorporated Conacle acts as a effcctive barrict for the migration of

ccalum hydroxide in trment and observal uimplete most radionuclkles 'the potential problem nuclidcs are

removal of mium inim a solutkm in the funn of costum tritium, kxline, strontium, technetium, and ccsium. Design

rcolites.'they alw observed that mium fixation increased considerat km of the chemical environment in conacte can

as the amount of calcium decreased and the ratio of A1:Si result in sutstantial improvement of umacte as a barrier

increased Grut/cck (1989) reports that the concrete phases to radionuclide migratkm. The mobility of rudkmuclides

timt form affect the chemistry of the remaining pire solutkm can be reduced in m(*: cases by a factor of 10 and in uwne

and talkiring umacic with silica or 11I5 cm reduce the pxe oisca by a fador of 100. 'the transport and releme of
solution uimposition of costum and strontium by a factor of radionuclides in concrete will be primarily by diffuskm as

10. Furthermore, decreasing the activity of the calcium in long as the nincrete is structurally intact. IJmger curing

the system led to a dcctcase in the amount of cesium and (Crawford et al.,1985) or the custom tailoring of conucte

strontium leached by a fuuor of ten. llicianen ci al. (1985) can achieve reduced permetility and porchity, reduced

found high sorption of mium in tests maic with natural leachability, lower diffusion rates, and incremed mirptkm

ground waters. l kswever, the norpt ion of cesium on umcrete for most radionuclkles (llarris,1988; Grutic4t,1989;
is due primarily to adsorption on the aggregate. Itobertson 1/umida et al.,1987).
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SUMMARY AND CONCLUSIONS

Wis rc vt has summarized and nitically evaluated some Our ability to model conc ete perfonnance is limited m
of the models availabic for estimating long-team all sides. De empirical conacle degradation models
degradation of conacle barricts. A companion report will included in this report arc of neocasily applied outside their

evaluate the implications of degradathm on Delo flow and range of validity when evaluating long term performance

mass transport through conacte barricts. It h apparent that of canacte. Mechanistic models, where availabic,

availabic models are limited in terms of ricope and validity, frequently lack adequate parameter data bancs. In some

Although more sophisticated models arc continuously bcing cancs, the mechanistic models predict trends that direedy

developed, all the inherent pmbicms will not be resolved conflict with experimental and historial data.

soon. Several problem areas are discussed below. %c lack of adequate models and physkal understanding
for many of the degradation pmccsses makes the appilcation

Conacte longevity is dependent upon quality, much of Monte Carlo and other statistical tedmiques to account
more no than most materials. his high dependence on the for uncertainty of questionable validity. Statistical
quality of cement; aggregate type, sire, and quantity; techniques that propagate parameter uncertaintics annot
water-to-ccment ratlo; and workmanship severtly limits our account for basic uncertaintics or lack of understanding in
ability to quantitatively estimate performance. A simpic the conceptual model of the waste isolation system. Given
exampic mmes from the buikling where one of the authors the airrent state of model development, the classical
works. Outside the back door are two rain spouts mnservative analysis mode of calculations may be most
constructed from mnacte. In the approximately 5 years the approprintc.

b tilding has been in existence, one of the rain spouts Cracking of the conacte is one of the most difficult types
esidences no visual damage while the other spwt has of degradation bemuse it is very difficult to predict where
ccupletely degenerated into a rubble heap. Nihough and when cracks will ocair. Although predictive models
qt ality assurance levels can be expected to be me,:h highcr are available for cracking in simpic strudural arrangements
ic 11W disposal facility construction, leading to more (e.g., Ocxural beams), their applimtion to mmplex
c)nsistent mncrete quality, the observation nonetheless underground structures over long time periods remains
8dustrates the potential pmblems with predicting long-term questionahic. The difficulty of predicting crack occurrence

concrete performance, must then be combined with significant changes to
permeability of the conacte. Even a very small anck can

%c sections on individual types of concrete attack do change the transport propertics of a conacte slab by orders
not address the combined or coupled effect of all processes of magnitude. Afict formation, the ancks may self heal
working simuhancously, in the Barrict code (Shuman cf over time, although the speciflas of when autogenous
al.,1989), the coupled attack is simulated with annual healing will occur are not clear, in cases where crack
changes in the pmpertks of cach conucte layer. Proccuses formation is not expected, it is difficult to clearly
such as sulfate attack and freezcAhaw arc assumed to lead demonstrate in a performance asscasment that no cracks will

to annual redudions in the effective thickness and transport form. Questions such as the following are of prime
pmperties of the conacte slab. For exampic, a lans in impoitance to understanding and predicting the long term

thickncas of the outer morsurface translates into a reduction performance of conecte barricts: When and where will

in the stccl reinforcement cover thickness, causing more cracks occur?, Under what conditions does autogenous

rapid initiation of corrosion. Since most of the empirical healing occur?, and ht is the impact of cracks upon

concrete degradation models were based upon data from a perf rmance f the mncrcic barrict? A future publication
anaWe the impad of eacWg on conactew

single type of attack on concrete sampics with fixed
E" ""##'

dimensions, the approach is not necessarily valid in all cascs.
llowever, in the absence of more detailed information, this De geochemical pmpcrties of concrete offer great

may be the best available option. %c coupling approach promise because they arc long lasting and robust, and
concrete chemistry shows promise for significantapplied in the Barrict code is at least more conservative (l.c.,
retardation of carbon and lodine, two radionuclides that are

predicts more rapid degradation) than separate applications difficult to contain,
of each degradation model, such as the example calculations
included at the end of most sections in this document. Further development work is needed in all areas of

concrete degradation. A major priority should be in the
%c models that currently exist have almost entirely been analysis of cracking and autogenous healing of cracks,

derived from the point of view of external attack. Prediction Cracking is the one degradation process that is most difficult
of attack rates from materials included in the wastes will be to predict and an have the greatest imped upon
made more difficult by the absence of appropriate models, performance.
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