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ABSTRACT
,

Mass transport through concrete barriers and release rate from concrete veelts
are quantitatively evaluated. The thom) issue of appropriate diffusion coefficients
for use in pc.rformance assesstnent calculations is covered with no ultima:e solu-
tion found. Release from monolithic concrete vaults composed of concrete waste
forms is estimated with a semi analytical solution. A paranietric study i!iustrates
the importvice of different parameters on release A second situation of impor-
tance,is the role of a concrete shell or vault placed around typical waste forms in
limiting mass transport. In both situations the primary factor contrulling concrete
performe.nce is cracks. The implications of leaching beha ior on likely groundwn-
ter concentrations is examined. Frequently, lower groundwater concentrations can ,

be expected in the absence of engineered covers that reduce infiltration.
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EXECUTIVE SUMMARY |
,

!

,

Concrete vauhs will be used at a number of dis- the diffusion coefficienn used in performance as-

posal facilities for low level commercial and gov- sessment modelt Unfortunately, measured diffu-

ernment radioactive wastes. The influence of the sion coefficients cannot ordinanly be used directly

concrete over time with respect to fluid flow and ra- in performance auessment models,l.ack of under-
dionuclide transport is an important portion of standing of these distinctions can (and all tm fie-
overall system performance. quently has) led to inconect perfonnance

assessment calculations.
T1u,s document examines mass transport of

contaminants through concrete barriers and release Chapter 3 covers leach rates and teachate con-
'

rate of contaminants from concrete waste forms. centration from cracked concrete vaults composed

The document has four major chapters which cover of concrete waste fonns. Three perfonnance re- ;

diffusion coefficients, release from concrete waste gions are found a) pure difTusional control of re-
forms, mass transport through cracks, and overall aleaue at very low flow rates, b) Dow controlled

performance of concrete vaults. release at low flow rates, and c) diffusion from ma-

" ' ' " ' " ' * ' " ' #'"**' #*^
The document places great emphasis on the ,

performance of concrete in the presence of cracks. Chapter 4 considers the impact of concrete bar-

Cracks are the Achilles heel of concrete barrier tiers (e.g., the floor of a concrete vault) on radionu- r

performance. In the absence of cracks, high quality clide transpon through cracks. In some cases the
concrete will almost always do an outstanding ?>b concrete barrier may significantly attenuate the re-
of isolating waste because of its low permeabbity lease rate. In other situations the concrete may sim-
and high available surface area for sorption. In the ply act to reduce spikes or peaks in release rate and 4

presence of cracks, concrete only sometimes works in some situations, the concrete will not perform
'

well for waste isolation. any reduction or attenuation of release.

Since all massive concrete structures can be Chapter 5 reviews some aspects of overall per-
expected to crack, and the cracks will dominate the formance of concrete vaults including the interest-
performance of the concrete barrier, performance ing conclusion that -increased water flow rate
of cracked concrete is an important area for re- through concrete vaults and other waste disposal

'

search. Improved understanding of the perfor' systems can sometimes facilitate compliance with i

mance of concrete barriers will lead to a) improved
regulatory standards.

ability to compare the perfonnance of waste dis-
posal systems with regulatory standards (perfor- The nun.ber of counter intuitive performance i

mance assessment) and b) improved ability to aspects of concrete vaults which appear upon more
design waste disposal systems including concrete detailed consideration of perfonnance cast serious ,

vaults and co,. crete waste forms- doubt on our ability to perform conservative per-
formance assessments. All too frequently, we are >

The basic goveming equations and behavior of
diffusion in concrete is covered in Chapter 2. This not sufficiently aware of what constitutes a conser-

includes treatment of the relationship between dif. vative assumption versus assumptions which are

fusion coefficients measured in the laboratory and overly optimistic.

. ,

'
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PERFORMANCE OF INTACT AND PARTIALLY
DEGRADED CONCRETE BARRIERS IN LIMITING

MASS TRANSPORT

1. INTRODUCTION

Concrete barriers will be incorporated into moist curing (USDI,1988). Initial drying shrink-
low-level radioactive waste disposal facilities as age ranges from less than 2 x 10d for dry, lean mio
structural components and baniers to fluid flow es with good quality aggregate to over 10 ) for rich
and mass transport of radionuclides. This report rnortars or concretes contairung poor quality aggre-
presents information concerning mass transport gate (USDI,1988). Autogenous solume change re-
through concrete barriers such as the walls and lated to chemical textions and aging of the
floor of concrete vaults, rc' ease rates from concrete concrete may also caure shrinkage in the range of
waste forms, and perfonnance of mor,alithic con- 10 ' to 1.5x10' (USDI,1988).
crete vaults.

Temperature induced volume changes occur
Concrete is a brittle material with high com- primarily from the heat of hydration, which causes

pressive strer gth but lov i. ensile strength. These expansion during earl time periods w hile the con-i
charactenstics make massive concrete structures crete has higher creep. When the concrete cools, it
prone to cracking. Although concrete degrMation shrinks, leading to cracking. The cooli g occurs af-n
is typically modeled as loss of effective thickness ter the concrete has aged and relief of stress by
of the coacre'e ( Atkinson et al.,1984, Walton et creep is lower. Average concrete changes about 5.5
al.,1984, Clifton and Knab,1989),in fact t! e most x 10* per degree Fahrenheit.
widespread type of concrete degradation is exten-
sive cracking. Examination cf approximately 100 Crack width and spacing are a function of total
year old railroad bridges in Wisconsin and Minne. shrinkage and extemal restraint, in the simplest
sota by the author reveried that frequently the crig. case of a flexural beam, a series of equally spaced,
inal surface of the concrete was essentially intact, unifonn cracks me formed Without restraint,
while the body of the structures were riddled with cracks tend to be large and widely spaced. In the
cracks. The bridges were mosdy carth covered and presence of restraint (e.g., steel reinforcement),
open on the bottom. Essentially all of the cracks cracks tend to be smaller and more closely spaced,
showed evidence of water flow in the form of car. Cracks can be minimized by aodirg reinforcement,
bonated material on the edges of the cracks. Pre. controlling cement mix, monitoring construction
sumably water entedng the concrete became techniques, and by including joints with water
saturated with calcium hydroxide which fonned stops. Over periods of several hundred years, joints

calcium carbonate when air contxt at the bottom and sealing treatments for early cracks are subject
of the crack provided a source of ca bon dioxide. In to degradation and may be open for w ater flow.
many cases, calcium carbonate stalactites were

The statement is sometimes made that cracksformed below the overpass.
will not influence the performance of concrete

.

New concrete structures also are prone to vaults located in the unsaturated zone because wa-
cracking as a result of temperature induced volume ter held under tension will not enter the cracks.
changes and shrinkage as can be obscrved on most There are two major problems with this assump-
massive coocrete structures. Drying shrinkage is tion. First, massive vauits tend to promete forma-
affected by many factors including unit water con- tion of perched water on the vauh roof, w hich can
tent, aggregate composition, and duration of initial migrate directly into the cracks (Walton and Seitz,

1 NUREG/CR-5445



1991). Second, cracks are likely to become partial-
,

ly filled with porous material, allowing imbibition gg} t
of water ender tension into portions of the crack.

% , +g - $Mass transport through concrete vaults de-
I - :pendt heavily upon water flow mies. Usually mass

_

#
trans1 t will occur out the bottom of the vault and g@pfff
water flow rate is controlled by the vault roof. The g f',
leakage rate through the roof is dependent upon j- a
water supply, crack spacing in the roof, and the per. g- f,
meability of the porous material near the roof. If a g. - g4
low permeability porous material such as clay is
placed next to the roof, flow rates through the vault Q*ds "\ [ "a._

A,
can be expected to be approximately 10.8 cm/s or "" '"-r a
below throughout most of the vault's lifetime. Fig. gtne 1. Relan. " hip between crack width, hy-)

"
ons

.

ure 1 illustrates the results for a cr:.ek frsction of
draube conducti,ity of adjacent porous material,10dif the cracks are partially sealed with water and effective hydraulic conductivity of a vault

i

stops, then the hydraulic conductivity will be even roof.
lower. Conversely,if higher permeability materials

Chapter 3 considers controls on release rates
such as sand or gravel are placed next to the vault,

from cracked monolithic concrete vaults. h'ono-
- then-the effective hydraulic conductivity in the--

lithic v tults are fonned when a concrete vault is
presence of cracks can be very high. Figure 2 gives

.

filled with a concrete (grout) waste form. Vaults of
an expanded view of Figure 1 for the domain of m.

this type have many advantages and may be used
terest when a clay layer is placed next to the vault

ncreasingly when the output from incinerators is
'00"

stabilized as concrete waste forms. Where feasible,

Cracks a.e the Achilles heel of concrete barri. incineration before disposal has the advantages of

er performance. Even a single crack in a large volume reduction, stabilliation, and essentially
structure can quickly dominate release calcula. complete destruction of organic hazardous materi-

tions. Walton and Seitz (1991) examined the influ, als in waste streams,

ence _of cracking on fluid flow. This report deals
,

extensively with mass transport through cracked Chapter 4 considers radionuclide transport
'

concrete and attempts to define when and how through the cracked floor of a concrete vault. The,

cracking will be important to system performance. calculations suggest that sometimes lower quality

Chapter 2 presents, the application of mea- h,

sured diffusion wefficients for concrete and con. N~' "acrete waste forrrs in perfonnance assessment ' y,

l calculations. In the author's experience this is a #
f| . confusing area where many mistakes in perfor- -6 4

| man:e analyses are made. Thus, although no orig- _// [ 3

| inal material is presented (soil scientists worked / -

3'

out the basics over 30 years ago), a thorough re- %a "view and summary is appropriate. After a discus-
. -

sion of governing equations and the meaning of "% /
! measured diffusion coefficients, the influence of \
,

m ,

location in the unsaturated zone on dhTusional re- 7@ [j WM
'

lease from waste forms is considered. Surprisingly,
'

diffusionally-controlled release rates from con- Figure 2. Effective hydraulic conductivity of a
crete waste forms are generally not lower in the un- vault roof (expansion of Figure 1).
saturated zone.
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concrete can better serve at waste iselation than serve to attenuate and delay radionuclide releases

high quality concirte. This has some implications by acting as a sponge for some contaminants,

for the role of grout tucLtill inside a vault (e g., Chapter 5 investigates the relationship between
poured around waste containers for stabilintior. corxrete vault performance and groundwater con-
and worker safety) that would be expected to hase centrations of contaminants - the anosi impot-
a high water / cement ratio. Esen if these grout ma- tance performance measure for most dis;xnal
terials have limited structural function, they can sy stems.

_
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2. DIFFUSION IN CONCRETE

2.1 Basic Governing Equations mean many different things. For this reason, great
care must be used when applying published diffu-

In relatively impermeable materials such as in- sion coefficients foi concrete in performance as-
tact concrete, the rate of water flow is very low. In seument calculations. Consistency must be
low flow situations, diffusional transpon according maintained between the experimental methodolo-
to Fick's laws of diffusion will dominate mass gy and subsequ.nl use of experimentally deter- !

transpon, Diffusion of dissolved species can occur mined difTusion coefficients. '

in either the gaseous or liquid phase, Ilecause of
,The basic flux equation for diffusion of a con-the small pore sizes, concrete matrix present in be-

lowground vaults will remain near saturation with tammant at low concentration in 4ter r
water even when the surrounding soil materials are y ,_pyc (g)
relatively dry. Thus, liquid diffusion is expected to
be the dominant transport mcde through intact con- where ;

crete in subsurface concrete barriers, whether the
flux of contaminant (mole /cmts) IF =

facility is located above or below the water table. '
2

,

D tracer diffus n coefh,etent (cm /s)= m
Although diffusion is conceptually simple, es- C contaminant concentration in liquid=

timating diffusion rates in concrete can be compli- (mole /cm) of water).
cated and error prone. The major problems are the

in concrete and other porous materials, several
lack of standardized nomenclature and the necessi- physical propenies of the medium interfere with
ty of lumping several poorly understood processes the diffusion rate. The p esence of the solid phase
into the diffusion coefficient. When diffusion ex- reduces the surface area available for diffusion, the ;
periments are perfonned, the rate of flux of a par- ions muat follow a tortuous path through the solid,
ticular ion is measured. This rate of flux may

and the openings or pores have alternating large ar-
,

depend upon many factors meluding cas and constrictions. The effects of tortuosity and
Tonuosity and constrictivity of the porous constrictivity can be expiessed as*

medium (i.e., concrete)

Adsorption of the ion onto the solid phase*

7m g)
Precipitation / dissolution of the ion as a t,*

solid
'

Solid solution of the ion in components of where*

the concrete t = a lumped tortuosity or geometry factor !

Complex formation and speciation in solu' 6*
constrictivitye

t on
% = n rtuosity,

.

Electrical potential gradients related to dif--*

fercntial ion diffusion rates The basic flux equation for concrete is now
Physical entrapment of the ion in the con-*

crete, and F = -OtDVC e -0D,V C u
WRadioxtive decay. _p,v e , _py c,.*

Subsequent analysis of the experimental data '

generally results in some or all of the above pro. when

cesses being lumped into the resultant diffusion co- 0 volurnetric water content=

efficient, Depending upon how the esperiment was D, effective diffusion coefficient appro-=

: performed and the type of calculatious used in data - priate for use in most perfonnance as-
| analysis, the reponed diffusion coefficient can sessment codes (cm%)

! NUREG/CR 5J45
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|

2apparent diffusion coefficient (cm /s)Dj= intrinsic diffusion coefficient (mea- D, =

total concentration of contaminant insured in steady state flus experiments C, e

(cm /s)) porous medium (mole /cm').2

appseent diffusion coefficient mea- If linear partitioning of the ceataminant is as-D, =
2sured in leach tests (cm /s). sumed between the solid and aqueous phase, a ca- 1

The intrinsic diffusion coefficient is measured pacity factor for the contaminant in the porous I
!

in steady state leach tests across a small slice of media can be defined that re ates the apparent d3
| concrete wben concentrations are set in the aque- fusion coefficient to Equation (4) (Atkinson and j

ous phase on both sides. Apparent diffusion coeffi- Niclerson,1988): ,

!

cients are measured from total mass release in'

leach tests. Groundwater transport codes designed a = 0 + p3Kg = ORg (7)

for hetemgeneous media muu separate the effects i
where i

of porosity, sorption, geometry factor, and difiu-
volumetric distribution coefhcient.

, u =
sioa nte in water because most of them have differ-
ent effects upon contaminant transport. Most The total concentration of contaminant in the e

transport codes and analytical solutions will re- porous medium is
quire the effective diffusion coefficient as defined ;

i

in this report as input. C, = OC + ( 1 - $) C, = Cu = COR, (8)

iIf linear teversible sorption is assumed, the where
mass balance equation for diffusion with radioac- C, concentration of contaminant in the=

tive decay for saturated and unsaturated media is solid phase (mole /cm' solid). t

3C 1 DO The mass balance equation written in terms of
g = g--V e (OtDVC.) -0AC p . (4) total concentration isC '

O

BC '
The retardation factor is given by r , y , p y c, _ A c, (9)a

di

p, K (1-Q)p,
7a*I+ (5) whereRg = 14 -

0
(OtD)/u = (tD)/Rg = D,/R .D, = s

where

retardation fector 2.2 Leaching From Wasto FormsR, =

decay constant (s") Much of the data concerning diffusion in con-A =

bulk dens.ity of concrete (g solid /cm'. forms tand most other solid wastep3 = em
total) forms as well)'is obtained from leach tests. The
distnbution coefficient (mlJg) tests are conducted by placing the waste form in aK, =

porosity container of water. The water is replaced periodi-& =

solid density of conaete (g solid /vW cally to maintain the contaminant concentration inp, =

solid), the water near zero. The data available are general-

ly the initial total concentration in the waste fonn
A common methodology for dealing with dif. (C,) and the cumulative release of contaminant

.

fusion m concrete waste forms is to o. fine the dif-
. .

e g g g
fusion coefficient based upon the. total
concentration of a contaminant in the porous me- For a planar surface, integration of Equation - .

dia. Using this procedure, the flux of contaminant (9)(Crank.1975) when radioactive decay is negli-

is gible gives

C,F = -D,V C, (6) < s

r = erf
2

(10n

Mu's| where 'o

,

MUREGICR-5445 L
5

,

-vr---m-,-- m--e w .,%.wiw ,w,,,,,-w,,.%r,-,---, _w-,,w-,..,,, _. y --r-.-, .y,gwe ,.,,.ww...m-,-e,.i-,.,y,-m- v-- .y-.we. .,,--e.-g e-



.m . - _ - . . _ _ _ _ _ . _ _ _ _ _ _ _ . _ -. - - - ~ . _ _ _

. where teach rates from waste forms with precipitated

C,* = : initial total concentration in waste - solids depend upon the solubility of the contami- )

form (mole /cm' total). n nt in the pore solution of the w;aste form. If dis- )
so'ution of the contaminant solid ts rapid relative te '

The release rate at tae surface of the waste form is diffusien tates, then a shrinking core model can be
ur.ed to estimate release rata A schematic of the: g - p"c'a

(33) system is shown in figure 3. ne contaminant con-s

yo (pT )2.o , kr ' centration b held at the solubility limit of the con. )
taminant (solubility contrclied rone) inside the |

.
. unlexhed waste form. Tbc p9nion of the waste !

integration of the release rate over time gives
E; fonn containing contamirent solid gradually re- i

treats as teaching progresses. If the rate of retreat is [
-

AI,a M ,* $, (12) slow, then the diffusional mne remains near steady I

n state.

or The flux of contaminant out of the system is

k OtDC,g
- Af, = 2 C,g [r (13) I'. (14)* .y

where where !

total mass released per unit area. C., = concentration of contaminant in equi.Af, s

librium with limiting solid phase
| these equations show there should be a linear rela- (mole /cm )3

tionship between total contaminant release and the
thickness of leached rone (cm).x =

square root of time, with the slope of the line relat.
ed to the diffusion coefficient. This basic relation. The rate of migration of the boundary between the .

ship, although 'sometimes solved in other !eached zone and tho zone where the concentration

coordinate systems,is used to determine diffusion remains at C,a (sat =ated rone) is

coefficients. The conformance of the tests to the
square root of time relationship is evidence that the dx , f_ ,, W ,n

(15)_

'

leaching process is diffusionally controlled. Non- d' C, 2C,s 4
;

linear results can be explained by considering ini-
,

tial surface wash off of contaminants and by kinetic integration of Equation (15) gives an expression '

controls on the release rate. The diffusion coeffi. for x that can be substituted back into ,

| cient obtained in this manner is actually the appar. _ Equation (14) to give the contaminant release rate,
ent diffusion coefficient, which includes diffusion Integration of the expression for release rate over
rate, porotity, sorption, tortuosity, and potentially time gives the cumulative release
other, unspecified and unknown phenomena lato
one empirical coefficient. Extrapolation of empiri. Af, = J20tDC,a ,,t. (16)C

- cal parameters such as apparent diffusion coeffi.
cients over long time periods is a questionable Comparicg Equations (13) and (16) shows that -
practice. in both cases the cumulative release of the contam-

inant is proportional to the square root of time.
As' the following calculations illustrate, the Thus, the case of solubility-controlled release may -

conformance of the data to a square root of time re- be improperly interpreted and modeled as simple
'

L - lationship does not guarantee diffusional control of diffusional control.
release. Frequently, the chemistry of cement waste >

forms is designed to precipitate some radionuclides if a solubility-controlled system is analyzed '

as solid phases. For example, technetium can t e and reponed according to Equation (13) (the usual |
precipitated as e sulfide in some cases. case for data reported in the literature), the appar-
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to conceptual enors even if consistency wit h ex per-
_ _

| imental methods is maictinu
~

O If radioactive decay is not important in the ex-

C periments because of time scales but is imponant i

#o CT in the performance auessment calculations, then

;
- E treatment of the solutality controlled release as4

, [. Q simple diffusion will underestimate teleme rate
~

*,
and result in a nonconservative analysis.g., -O.<- - - - . -

O 2.3 Methodology for Use of Apparent
~>4 .d Diffusion Coefficients in Performance

d Assessments
=

1 A, ' (D ' Groundwater codes that consider transiert
. 'm ; O-l contaminant migration in heterogeneous medis de-f

' " m%%u .gdp$zM
fine a diffudon coefficie'it that generally de:s not'& .

include sorption, porosity, entrapment of the con-Os 1
,

' ' ' :* ' .G4 taminant, or solubility limits subsumed inside the
" i TYN, diffusion coefficient. The distinction becomes crit.

' ~" '

ical in heterogenous systems because the direction

X and rate of diffusica is actually controlled by con-
centration gradients in the fluid phase, not gradi--*

Cd|- } ents in total concentration.
,

in the experiments used to determine apparent

@ diffusivity, the external concentration is held at

j rero. As long as the external concentration is wo,

1: it is not important to distinguish between tntal and

@
acueous concentrations. liowever, when signifi-

O cant fluid concentrations build up in media outside
C tt: waste form (e.g., in cracks in the concrete), the

teach rate can no longer be described without
breaking the apparent diffusion coefficient into its >

0 _ _ _

c nstituent pans. In the author s experience,confu-
sion over difTusion coefficients and their meaning

Figure 3. Schematic of solubility controlled is one of the most common mistakes made in per-
leaching. formance assessment calculations.

ent diffusion coefficient obtained should be ap- The best solution to this problem is to encour-
proximately equivalent to age two general classes of experiments to be per-

formed with the waste forn Transient

n0tDC,g experiments where total leach rates into water are
D (17) measured give values for the apparent diffusion co-=

a .

2 C'+ efficient. Exper%ents of steady state diffusica -

across small slices of the waste form gise the in-

In the simplest cases of perfemiance assess- trinsic diffusion coefficient. The diffus:an coeffi-
rnent modeling, an empirical leach rate fit to the cient in water can be found in exist:ng tables. When

diffusion equation may be adequate. Applying em- all three diffusion coefficients are known, the retar-

pirical leach rate data in more sophisticated codes dation factor and distribution coefficient can be es-
(e.g., where adsection is also considered) can lead timated.

7 NUREG/CR-5445
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Another approach to breakup the ap;urent dif. placed in the unsaturated zone. the influence of wa-
fusion coefficient is to compare it with results for tei content on teach rates is ofinterest.
nonreauive ions such as nitrate and sometimes

'

chloride, in the case of nitrate, all of the material leaching of concrete waste fone ia the unsat.

can be assumed to be in aqueous solution, although urated rone has beer. investigated expenmentally
some proportion may be in isolated pores and un. and documented in Oblath (1989). Oblath found
available for transport. If all the nitrate is in aque, that over a wide range of water contents in sand and

ous solution then the capacity factor (u)i> equal to soils typical of the Savannah Riser Site (South
; the porosity which can be measured or estimated. Carolina) the teach rate from a concrete waste fonn

Canceling terms shows that in this case the appar. was independent of saturation a wa&r content of

ent diffusion coefficient is equivalent to the effee, the sunounding soil. In order to reduce the teach'

rate significantly below the value found in water,tive diffusion coefficient. The tonuosity or
geometry factor can be estimated liom the diffu. the Saumnah River soils had to be oven dried at
sir,n coefficient in water and the effective diffusion 100 C overnight.

coefficient for nitrate or other non sorbing ion
The experimental result is consistent with esti-

p mates based upon physical principles. The diffu-
i

t = f. (18) sion coefficient of ions in the concrete waste fann
'

was tound to be D,< 5 x 10'em%. in comparison,
Tids relationship is only valid for species that re. ions in typical water saturated soils have diffusion
side completely in the aqueous phase. The calculat. coefficients on the order of 10 5 to 10' cm%. Thus
ed tortuosity or geometry factor should, in the leach rate of a concrete waste form immersed in '

principle, be applicable to all ions and, therefore, soil will be controlled by the diffusion coefficient
only needs to be estimated once. The retardation in the waste form (i.e., the rate limiting step) under '

factor is obtained from saturated conditions,

in When moisture tension is increased, the water [
R, = y" (19) content and, therefore, the diffusion coefficient in

the soil decreasco fsecause of small pore sizes the
where the tortuosity factor is calculated only once concrete waste farm remains saturated and unaf.
from Equation (13), and the retardttion factor is I' ed by the reduced moisture content of the soil,

calctdated for each species from measured appar. Ev:ntua'!v. as moisture tension is further in-
ent diffusion coefficients und diffusion coefficients creased, the diffusion coefficient in the soil drops
ia water taken from the literature. The volumetric below the level of the diffusion coefficient in the
distribution coeflicient can be estimated from R, waste form and becomes rate limiting. At this point
using Equation (7). the leach rate or apparent diffusion coefficient from |h

the waste form in the soil begins to decline with '

These methods have the distinct disadvantage funher increases in maisture tension.
that they require the modeler to assume reversible
linear sorption and pure diffusional release in the The dependence of diffusion rate on saturation
governing equations. These essumptions are con. in soils ha., been investigated and reported in Olsen
sistent with current performance assessment mod. and Kemper (1968). The relationship between dif-
els; however, they are only somedmes correct. fusion rate and water content is given by Olsen and

Kemper's Equation 57
2.4 Leaching From Concrete Waste-

| Foims Located in The Unsaturated D, = na e " co;
| Zone -

which is equivalent to
Leaching csts for conciete waste fonns are

g
generally performed in a water saturated system. p' ._ Dd e gg)
Because most radioactive waste in the U.S. will be O
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wnese a and b arr .mpirical constants. This scia- % u p ca.
tionship was applicable between 0.33 and l$ bars 7+

of suction, which corresponds to a volumetne wa- .u
ter content of >0.1. The recommended value for b ' MW ,; ,ois 10, and a ranges from 0.00$ (sandy loam) to
0.001 (clay soils). At soil moisture tensions < 15 a-

bar, diffusion coefficients for soil will seldom be #

cm /s and will normally be greater2lower than 108 ,

[~mm o :e Tnu aum W2 Cthan 10' cm /s (Olsen and Kemper,1968).
/

u ea o u
Going back to the original data in Porter et al., J

* * * " ^*dW
1%0 gives a relation of the fonn

C]-.."

D, = D (1.250 - 0.125) (22) e une mom u." m.

which is valid down to a volumet.ie water content sur - . m m e c

(0) of approximately 0.12. Ilclow this point the ef- ,N""h"
fective diffusion coef ficient drops off at a more rap- y= rum,m. w.w.t a . -

id rate and no longer obeys a linear relationship
- -'

sm waan wns
with water content.

Figure 4. txaching rate from concrete waste funn
Figure 4 compares Equation (22)with the ap- in partially saturated soil.

parent diffusion coefficients measured by Oblath from concrete waste forms will not be reduced by
(1939) for leaching of nitrate from saltstone im- Wi of waste in the unsaturated zone.
mersed in soil (i.e., the texh rr.te) with variable
water content and pure water. In the case of non- 2.5 MathematicalTreatment of Unsatur-
sorbing species such as nitrate, the apparent diffu- ated Transport
sion coeflicient measured in teaching experiments

is identical to the effective diffusion coefficient. The analysis of mass transport from concrete
The dotted extension of the constant portion of the vaults and concrete wa te fonus in the following

curve represents the diffusion rate in the saltstone chapers uses satumted flow equatione to examine
which should be independent of soil moistur: ten- controls on mass transpert of radionuclides from
sion.The measured rate of leaching from saltstone concrete vaults. The equations and analytical solu-

is independent of soil moisture content until the tions for saturated systems are applied even though

soil moisture content dmps down to and below the most,if not all, of the vaults currently being devel-

level where the diffusion in soil and saltstone are oped in the U.S. are intended to be built above the

approximately equivalent At low moisture ten- watet table. This simplifying assumption is justi-
sions, the diffusion rate in the soil becomes rate hed by two factors. The firrt is that leach rates of
limiting and leach rates become a function of soil conaete waste forms are independent of moisture
moisture tension. At higher soil moisture tensions. content over most of the range of interest. The oth-

the saltstone controls the diffusion rate and leach- er f actor is that perched water is likely to form on

ing is not a funct.on of soil moisture tension. the top of many vauhs. The kically saturated con-
ditions allow water to enter the cracks in the con-

The fmal result is that rates of leaching of con- crete as saturated now. The perched water on the
crete waste fonos in the unsaturated zone can be vault tops accelerates flow rates through the vaults
expected to be identical to leach rates in the satu- to a rate faster than would be expected from a sat-
rated zone until soil moisture tensions get below urated rone kica1 ion (Wahon and Seitz,1991).
the nmge of approximately 15 bars and moisture
content of (0.1. Clay soils will require even lower Thus,in many respects. concrete vaults heated

tensions to reach this moisture content. Thus, ex. in the unsaturated 7one v.ill not benefit from the

cept in desiccated environments, leaching rates unsaturated kration.

NUl&G/Cib54459
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3 LEACHING FROM FRACTURED CONCRETE WASTE FORMS

3.1 Basic Governing Equations and comervative for mode ing radic -tide transportt

Simplifying Assumptions in groundwater as is assumed by ma. y analysts.

Fractures in concrete may channel flow. This,
The single greatest weakness of concrete for as well as variability in fracture spacing and loca-

radioactive waste isolation is its tender.cy to emck. tion, would effectively make the concrete monolith
Cracks create preferential pathways in otherwise behave as some unknown combination of the situ-
impermeable systems, leading to entonced leach- ations evaluated in this work.
ing of contaminants. The controls on mass trans-
port through two general cases of cracked concrete The analytical solution for no dispersion is
are covered in this report. Chapter 3 evaluates re. (with slight modification from Rasmuson and
lease rates from a cracked concrete waste forms, Neretniels,1981)
Chapter 4 evaluates transport of radionuclides
through a cracked concrete vault surrounding the #,( A) = A( (sinh 2A + sin 2A)) - 1
waste. Not surprisingly, the propenies controlling c sh2k- cos2F (23)

release rates are not the same for both cases.

H ( A) = A((sinh 2 A- sin 2A))2 c s 2b cos2E (24)
The concrete vault is envisioned as a large frac-

tured monolith, with blocks of intact concrete sep- If ( W then
arated by fractures. Waste percolates through the
fractures while transport in the matrix is by diffu- uC

f = 0 4 lexp (~N ) (25)sion.
c,_

A number of semianalytical solutions have -

been developed for transport through fractured po- I2 dA2

rous media. Of available methods, the solution of y ,, 2 gff ,; 4 pfg T g
x;

Rasmuson and Neretnieks (1981) is perhaps most
appropriate for application to release rates from otherwise if (<0 then
massive concrete vaults. A decaying source term is
assumed, which is required for leiching, and the It = exp (-D) (27)solution is given in terms of dimensionless param- C,*
eters, which can be used interpret and generalize
the results from the analysis. The published solu- where the solution depends upon the following di-
tion estimates transport from a decaying source of mensionless variables:
radionuclides into a fractured porous medium. The 2

, = dimensiontess contact time=
desired solution is the complement of the one de- ,

sired for release from a fractured concrete mono- GC/C, dimensionless concentration=
f 1

lith where radionuclides are leached from (rather
than mto) a fractured porous medium. p = A f = dimensionless radioactive decay

S = (Yz)/(mU ) = bed length parameter
f

The parametric study is limited to the case of
* *

y[*c 7of[d on ich are derived f;am the following other vari-
' *

,

release rates from concrete waste forms. It should
be r,ated that the no dispersion case is not always 0 t- z/U=

f
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f= concer.1 ration in frutures andC

volumetric distribution coefficient ', !a a,

Rdt
A decay rate = In 2/t" y= ,g

=# (31) |cffective radius of Epherical blocks =r, =

0.5 S for cubic blocks and 1.5 S for
', g'. j

slabs -
,

w here
fracture spacingS =

f= velocity in fractures N', " C ,Z -soU

D, = apparent diffusion coefficient The fracture flow solution assenes that the . :

t = thickness of vault only transpon in the z direction is inside the frac- [

total distance along fracture from top tures (ix, advection in the fractures is much great- !
z, =

or upgradient portion of vault er than diffusion through the matrix). At very low

fracture porosity water flow rates this assumption will not be true
$

and transpon in the z direction will be dominated f
=

f

$, = matrix porosity by diffusion. One dimensional diffusion out of the ;

$/ (1 - $ ) monolith can be estimated with an error functionm =
f

s luti n as derived in the previous chapter. -|(3D,u) /rj._t =

The analytical solution was derived for the M, e exp (-A t) 2C', (32)_ ncase of a semi infinite media, whereas, the applica-

tion of concern is for a concrete vault of finite di- in da.s chapter die cunmlau.ve release of con.
mensions. For the no dispersion case, this is not a

taminams is mustrated by Equations (29) and (32). ,

limitation. Considering the no dispersion case is Ilecause advective release only occurs on the
,

,

justified by the lack of information concerning dis- downtream side of the vault while diffusional re-
persion in cracks in concrete. Because crack dis- icase can occur from all sides of the vault Equan,on
persion likely results from variation in aperture, . (32) could be multiplied by a correction factor to
variation of assumed aperture is perhaps a better acc unt for the greater applicable surface area.

. way or ansidering the phenomenon. This is relatively unimportan' for the parametric
'

The release rate per unit area from the bottom study in this chapter where only relative behavior is

of the fracture is evaluated. This methodology does not take credit -

for other layers below or around the concrete waste

# " C Y| m * C U $J m (28) form such as an outer concrete. shell around the/ //
waste form. Therefore the aniytical solution will

where over estimate the diffusion only release rate from

average Darcy velocity through vault the concrete vault. &

V =

Cumulative release per unit area of the bottom 3.2 Dimensional Analysis and Plausi-
f th* V""It i$ ble Range of Parameters for Concrete

Vaults .

,?
M, = [Rdti (29) This analysis examines the prformance of.

* monolithic concrete vaults in isola'ing radioactive

The fractional release rate and cumulative re.
waste. Performance is measured by the effluent :

concentration, release rate, and cumulative release
lease are given by *

rate of contaminants. Thus the analysis focuses on

NM = c*
the concentation at the bottom or downstrer.m por-

R- / - r*
(30) tion of the vault and I!s always equal to r,. The=

7, = y', y', depth of the vault could range from approximately8
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I meter for small, modular vaults to 10 rneters or
r % .imi...

greater for large (e.g., football field airedi vaults. ("""**
Typically, concrete will shrink approximately 104 t
of its initial length. Thus, $j, the proportion of the |

,
'

u
vault made up of fractures, will be around 104 asi
the parameter m will be essentially equal to$ . \ ~f- -

- u
f u

ThWore, the bed length parameter becomes b
'

I
' "-

t r t

(33) 2

3 D, r $. Figure 5. Dimensional analysis of equations with ie

r,2
y no radioactive decay. )

,

obvious from inspection of the goveming equa-
which can be interpreted as the average residence tions. Along any constant value for the bed length

1

time of water in the entire vault (z,$,,) / V divided parameter (5), increasing contact time causes the ;

by the characteristic time for unretarded diffusion concerdration to eventually decrease. As the bed '

2
out of the blocks of matrix r,/(3D,) . The solu- length parameter increases, lenger contact times
tion is dependent upon the total water flow rate are required to reduce the dimensionless concen-
through the vault and crack spacing but is indepen- tration below unity. i
dent of total crack gap. Crack gap or aperture only
impacts the release rate when crack gap influences 3.3 Cumulative Release Calculations
flow rate. The bed length parameter is dependent -

upon physical flow and transport properties of the
system and contammant but is not impacted by

One of the performance measures applicable to
any waste distaal system is the cumulative release

sorption phenomena.
of contaminants over a fixed time period. If the lin-

The dimensionless contact time can be decom. ear dose response hypothesis for exposure to ra-
posed in a similar manner Jioactivity is correct, then the total health impact of

the site will be approxima.ely proponional to total
2 D,0 0 release of radionuclides. Cumulative releases elim-

5 " ]f~ " e (34)
r* 3 inate time as a plot'.ing variable, allowing a wide2

*
range of parameter values to be illustre'ed on a sin-

(200 gle figure. The parametric calculations in this sec-
tion investigate the factors that control total or

and can be interpreted as the time (0) divided by
cumulative clease of contaminants from monolith- |

the characteristic time for diffusion ogt of matrix ic concrete vaults.
blocks when retardation is inchided [r,/ (2D,)] .

I

In this context, sorption / chemical binding of the Four nominal contaminants are considered in
contaminants in the matrix acts by modifying the the calculations: nitrate, technetium, chromium,
dimensionless contxt time of the simulation. and tritium. Nitrate is considered only because

The low typical values for $ also mean that there is a substantial ainount of data on nitrate
f

the period of time when ( is less than zero will usu- leaching. Nitrate behas.or is _ synonymous with

ally not be of great significance and will be of rel- 1 ng-Hved radionuclides which have high solubih-

etively short duration. iy in c nerete waste forms and little adsorption
onto the solid phase (e.g., iodine, oxidized techne-

Figures 5 through 9 illustrate the impact of bed tium). Technetium and chromium are subject to ad-
length and dimensionless time upon the fractional sorption and solubility limitations in some mixes.
release rate of contaminants from the monolithic - Tritium is not subject to solubility limitations or
concrete vault. The etTects of radioactive decay are adsorption and has a short half-life of 12] years.

NUREG/CR-5445 12
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Figure 6. Cumulative release fraction of nitrate Figure 7. Cumulative releas: of tritiurn over 500
over 500 years as a function of crack spacing and years.
water flux through vault.

Data for diffusion coefficients are taken from dent upon the radioraclide of concern, the prope -
ties of the waste fonn, and the amount of -Serne and Wood (1990). The values used in the fig,

ures are D, = 5 x 10 ' cm /s for nitrate,5x10 8 cm / percolation into the vault. At higher water percola-2 2

s for tritium,10' cm /s for technetium, and 10la tion rates, the release rate becomes independent of2

cm /s for chromium.The retardation factor and ca- water flow rate, but it is highly dependent upon2

pacity factor are estimated using the methods in fracture spacing. This upper region depicts where

Equations (18) and (19). The vault is assumed 'o be the contaminant concentration in the fractures is
10 meters thick and the waste form porosity is OA. essentially zero. Itelease rate is controlled by dit fu.

. .
sion from the interiors of the blocks to the cracks,

Cumulative release m Figures 6 to 9 is given as which is highly dependent upon crack tpacing
the loganthm to the base 10 of the fracaon of the

"## # *"* I"' " " '"'# ' #"" b '"
initisiinventory that is released. A value of 0 indi- de concennadon in h crads to near rem,
cates total releate of the initial inventory. For non-

additmn I water flow has litt!c effect on release
.

decaying contaminants such as nitrate, eventually rate. The release rate shown in the second region
all of the inventory will be released in any scenario.

occurs at slightly I wer fl w rates and is character-
For decaying contaminants, delays in release re-

ired by the release rate being independent of crackduce the total release rate (i.e., greatly decays be-
fore potential release). The graphs are intended to

spacing, but it is highly dep:ndent upon water per-

illustrate controls on release rate and do not corre.
colation rate. In this region the contaminant con-
centrations in the cracks and matrix are essentially

spond to any actual disposal system currently being
bmit.

Curnu1 a t a ve

The region of potential switch between the re- Fele m p
gion where crack transpoit dominates release and Ny '

where flow becomes unimportant [ Equation (32)] y/
Nis illustrated by shading. This transitwn zone to ~yy

pure diffusional control is dependent upon the ma- _s
aterial placed around 6e vault. In most situations, a y

layer or shell of concrete or other materials will be Ei2 -) 13*")
placed around the concrete waste form, greatly 4

'

lowering pure diffusional release rates below the er.a *" ''' *
values given in the shaded regions. w4

Three general regions are apparent in each of Figure 8. Cumulative release of chiomiurr over
the graphs. The location of each regi;n is depen- 500 years.
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Figure 10. Release rate of nitrate from a simulas-

Figuro 9. Cumulative release of technetium 97 ed concrete monolith with changing water perco-
lation rate. Release rate is the logarithm to the base

over 500 years. 10 of the fractional release rate.

the same and the system behaves as an equivalent inum dose to an exposed individual is related to
porous medium, maximum concentration in groundwater. Release

rate is only one of that factors influencing masi-
The third region, depicted by shading occurs at roum concentrations in groundwater. Peaks in re-

very low water percolation rates and is character- lease rate may not correspond to maximum
ited by a constant release rate. At very low flow concentrations in groundwater. At low water per-
rates, the release rate is entirely diffusienally con- colation rates through the vault, the cracks main-
trolled and neither flow rate nor crack spacing are tain the same conceratation as the pore water in the
important in 'nnuencing it. matrix. At more rap:J flow rates, the r cess watt.

The location of each performance region in the p sting through the cracks does not screase re-

parameter space of crack spacing and water flow lease but does provide dilution water.

rate (Dsrcy velocity through vault) i: dependent
upon the apparent diffusion coef'icient and radio- The calculations for nitrate illustrate the phe-

acdve decay Contaminants that are bound to the nomena. Figure 10 gives the logarithm of the frae
tional release rate as a function of time for water~> lid, such as chromium (with low apparent diffu-

sion coefficients), are released at much lower rates, percolation rates of 1 and 0.1 em/yr. The release

but the selease rate is sensitive to flow rate over a rate is much greater at the higher flow rate. Figure
11 illustrates the relative concentration of the efflu-much broader range. When analyzing mass tmns-

port, it is not always important to be able to esti-
. pelative C nmate crack spacing and flow rate in order to u

determine the performance of a monclithic con- " "#

crete vault. In many instances, only one of the two ;

key parameters will be important. Unfortunately,
the important parameters may be different for each u
contaminant teir.g leached.,

*3M Concentration Ucrsus Release

The previous sr .oon evaluated the controls on "

the release ree' .sf tontaminants from a concrete *'"

vault. In ger ral, the population exposure and, :. & & C ~ W""
therefore, (a!, urning no threshold for aJverse ef-
fects) total e; .:ess cancers are directly proportional Figuro 11. Relative concentration of nitrate in
to tc.at cont minant release. In contrast, the maxi- effluent for different flow rates.

'
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ent for several different water flow rates. The rela- can actually facilitate compliance with regulatory
tive concer.tration is the concentration in the liquid standards. This is another example w here a " clear-

exiting the vault normalized to the total concentra- ly conservative" assumption for perfonnance as-
tion mitially placed in the grout waste fonn (i.e., acasment calculation (i e., early cover failure) can

solid + liquid concentration per unit total solume turn out to be nonconservative and lead to an un-
porous mediah Because all the nitrate is in the pore derestimate of dose rates.
fluid, the maximum relative concentration is the in- .

Although the calculations indicate that concen-
verse of the porosity (1/0.4 = 2,5). In Figure i I, the truti ns in the efiluent coming out of the vault will
concentration of the -ffluent is much higher for the incre se at I w flow rates, concentration based
low flow, low release situation.

~ tandards are typically enforced in the groundwaters

The crosso"er effect between rek e rate and some distance from the vaults (e.g., at the site

efflue..t concentration behavior has interesting im. boundary). Thus, the effluent will have an opportu-

plications for performance assessment. Because nity to mix with groundwater, and the final concen-

the performance standards for low level waste and tration will be dependent upon both release rate

most hazardous waste are based (indirectly) upon and effluent concentration. Depending upon pa-

concentrations in the groundwater and not on total rameters such as dispersion and depth of the aqui-

release rate, increasing the water flow rate through fer, either r&ase rate or eftluent concentration

the vault (e.g., by failure of the engineered cover) could dominate downstream w ell concentrations.

NUREG/CR-544515
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4. MASS TRANSPORT THROUGH FRACTURED
CONCRETE BARRIERS

in many cases a variety of waste fomis will be Table 1. Radionuclide Parameters
enclosed by one concrete vault. The concrete vauh
will be expected to limit the transport of radionu. K/mU llalf LifeNuclideclides through the vault to the external environ- g) (yrs)
ment. In this chapter calculations are performed of -

radionuclide transpon through fractured concrete. Carbon-14 5,000 5,720
The concrete is assumed to be initially free of con-

Str ntium-90 2 29
.

tamination. Contaminants leach from the overlying
waste and pass through tLe cor< rete layer in the Technetium-99 1 2.1 x 105
floor or sides of the vault.

Two general classes of transport through the
corrrete barriers are possible: (1) transport through Iodine-129 0 1.6 x 107
the matrix and (2) passage through cracks in the
matrix. Flow and transport through concrete matrix Plutonium-239 5,'X)0 2.4 x 10'
are generally very slow. In contrast, passage Tritium 0 12.26through fractures m the concrete can be very rapid. ,

Because fracture transport will generally dominate
matrix transport, this report focuses on fracture where the steady state concentration of the radio-

trasport. nuclide has been reduced by a constant factor,
which implies (approximately) that release has

The concrete barrier can have at least three been reduced by this factor. For the parametric
functions (1) simple delay of release (2) smearing studies in this section, a 25% reduction in concen-
of peaks in release and (3) permanent attenuation tration is calculated. The logic is that concrete of
of release. Of the three, permanent attenuation is the calculated thickness will result in a significam
preferable. Permanent attenuation occurs when the (25%) reduction in radionuclide concentration,
alay in passage through the concrete barrier is sig- which is caused by radioactive decay during trans-

nificant in relation to the half-life of the radionu- port through the concrete.
clide.

This chapter includes parametric calculations if the calcul ted c nerete thickness for a 25%
reduction is unreasorm ly high (greater than a fewthat examine transport through cracked concrete

barriers. The assumed parameters for each radio- meters), then the concrete barrier will not be effec-

nuclide are listed in Table 1. tive m reducmg total release of the contaminant
since we are unlikely to build concrete barriers

4.1 Permanent Attenuation of Release more than a few meters thick. However, some
smearing of release (and corresponding reduction

Mass transport through fractured porous media of peak release) will occur when contaminants pass
has been studied by a number of investigators, and through any fractured concretc, which may assist
a variety of analytical solutions for mass transport with compliance with regulatory standards based
through fractured porous media have been devel- upon peak dese,
oped. The analytical solution documented in Su-
dicky and Frind (1982) for transport through For the nondispersive case, the steady state
equally spaced parallel fractures presents a simpli- penetration depth in the fracture assuming a fixed
fled case that calculates the thickness of a fractured concentration at the fracture mouth and an infinite-
porous media. ly long fracture is

NUREG/CR-5445 16
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|
In (c/c,) wmy

(35)d gf,j = - ) (gj g em

m 2. m 1 m e
4 JRs ' tanh (o d)

D
(36) en=

5b on

R :va

s D, (B - b)
- (37)o=

w

where "

d ,*= distance along fracture where steady Figure 12. Concrete porosity as a function ofef
state concentration is reduced to c/c water to cement ratio.o

fracture width The effective diffusion coefficient is gisen by2b =

fracture spacing. (Wahon et al.,1990)2.B =

Other variables are as previously defined. 0.20exp (6 wcr - 9.84 )
D< = ' (40)

Retardation in the fracture is assumed to be Q

zero for simplichy. For concrete systems (but not
necessarily for fractured rocks) the retardation on The effective diffusion coefficient in the concrete
the fracture walls shondd be very small in relation as a function of wates to cement ratio is given in
to tne matrix. Fracture wall effects are most impor- Figure 13. The graph is given in tenus of the loga-
tant when secondary minerals form on the crack rithm to the base 10 of the diffusion coefficient ex-

2walls, which are more sorptive than the host rock pressed in cm /s.

matrix.
One important design controlled parameter is

The calculations require a signi6 cant amount the water to cement ratio. Transport results for car-

of information about the concrete barriers includ- bon-14, assuming a Darcy velocity of 10'cm/s
ing porody, effective diffusion coefficient, and (Figure 14) clearly illustrate that,in the presence of
distribution coefficients for each radionuclide. The cracks, concrete with a high water to cement ratio
concrete is assumed to consist of 20% cement paste (i.e., low quality concrete),is much more effective
by volume and 80% quartz sand aggregate.The ag- in isolating radionuclides. In the case of low water
gregate is assumed to provide no adsorption of ra- to cement ratios (high quality concrete) the diffu-
dionuclides and does not add to the porosity. The sion coefficients are so low that mass transport '

system is assumed to consist of caually spaced par' through cracks cannot be as effectisely attenuated
allel cracks after 0.1% shrinkage of the concrete, by matrix diffusion. The 6gure also illustrates the
Tims, the total crack space is 0.001 times the width ,

of the slab. Crack spacing is given as ,-

3 4.s .

B = 0.001 ' (38)
-

.
a.s -

Porosity as a function of water to cement ratio "
is estimated by (Walton et al.,1990)

a .s . /
$ = [0.61 + 0.231n (wcr)l 0.20 (39) s o, g, y'

, g,, c,

where the 0.20 represents the proportion of the Figure 13. Effective diffusion coefficient in con-
concrete taken up by cement paste. The results of crete as a function of water to cement ratio.

Equation (39) are illustrated in Figure 12
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-
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3
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3 3Width Imi

- 0.4
'

-2 V (em/yr)-width tm> -

-1.s
weg 0.6 -2 5 -3

,

0. -2 -2 -4

Figure 14. Influence of water to cement ratio and Figure 16. Performance of concrete barriers in
crack width on matrix diffusion. attenuating Cesium-137 transport.

influence of crack size. Small crack size repres:nts crack width are in units oflogarithm to the base 10
a large number of closely spaced small cracks. of crack width in mm. The units on the Darcy ve-
Larger cracks are more widely spaced to obtain the locity O') are logarithm to the base 10 of velocity,

~

same total crack proportion in the concrete. During in em/yr. The graphs are truncated at a penetration
constmetion, crack spacing can be controlled wi31 depth of 3 m. The upper, flat regions represent pa-
steel reinforcement, rameter space where the concrete will not be effec-

tive.
1

Because concrete vaults will a.nerally be builtF
. with high quality concrete at low water to cement in the case of carbon 14, cesium-137, plutoni-
ratio, a water to cement ratio of 0.4 is used in Fig- um 239, and strontium-90, the concrete is fairly ef-
ures 15 to 21. These figures examine attenuation of fective in attenuating release rates, at least at low
a host of coramon radionuclides by cor. crete barri- flow rates. Tritium is also attenuated, although not
ers as a function of crack width and Darcy velocity as effectively. For iodine-129 and technetium, the
through the concrete. The flow rate in the cracks is concrete does little good unless the water flow rate
the Darcy velocity divided by 0.001, The axes for is reduced to negligible leveh.

Carbon-14
,

.
. Iodine-129

Penecration renetrationDep d. Depth
(m) (m)

3
. 3

2
.

;
~

~

1 1,

I
'

I
'

0 O
O -

0-0.5 -0.5s

2 .c
,

-t -.1
i Width (m) -2 V ICS/Yrl Width im) -2 V (cm/yr)

|. -1.5 3 -1.5 _3
i
L -2 -4 -2-4

Figure 15. Performance of concrete barriers in Figure 17. Performance of concrete baniers in
attenuating carbon-14 transport, attenuating iodine-129 transport.
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Technetium-99
Plutonium-239
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f
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Figure 18. Performance of concrete barriers in Figure 20. Perfonnance of concrete barriers in
attenuating plutonium-239 transport. attenuating technetium transpor .

f the fracture. Only a single fracture is considered.4.2 Smearing of Reluase Rate
The solution for no dispert..an in the fracture is

Even in cases where the radionuclides will not
undergo significant decay while passing through a c T<0 (41)concrete barrier, concrete may act to delay and F" = 0 ,

smear releases. Spreading a release over a longer
time period will not lower total population dose,
b st it can signi6caatly lower dose to the maximally c ; c-Q '- (-JR,: T

exposed individual. y = 3cxP exP ( g 4- (42)
f

,

The influence of fractured concrete on smear-
ing of release is evaluated using the analytical so-

MR 0lution of Tang et at, (1981) and illustrated in :
~ "Y

a

Figures 22 through 29. The analytical solution as- erfc ( 2U 4T U4
f f ,

-

sumes a constant concentration (C,) at the mouth

Strontium-90 M Tritium
*Penetration . xFenetration

Depth gDepth
(m(m)

3

'

3
/

:
2 . (f

''; } ~' *
1 i

0
- - - 's N';

-
o x

X ~_05 '-0.5 .

,

4 V I *N
-2 V m ar) e cm3Width (m)

45 N a-1.5 -

3..

I ,

a -4
_24

Figure 19. Perfonnance of concrete barriers in Figure 21. Performance of concrete barriers in
attenuating strontium-90 transport. attenuating tritium transport.
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Carbon-14' cesium W,,

..

e/Co

0.6
0 '.5 '

406 4 0.6
.

| 0.4 0**
- 33'

O.2
0*$

'

o,3 # ,.-i'

Time T1Pey
30.4 / *1 -

'

WCR 0.6
V (calyr) 0

0.S*1
1 *1

. Figure 22. Innuence of water to cement ratio on Figure 24. Dimensionless concentration of '
transport of carbon-14 through a single crack. cesium-137 as a function of Darcy flux through the

vault and time,
~

i

erfc (2 U T - T) T>0
-

crete with 80% aggregate by volume. The fracture
'

aperture is assumed to be 0.5 mm, and 0.1% of the
where concrete slab is composed of crack space. Thus the

flew velocity for water in the cracks is 1,000 times
g, the average Darcy velocity through the structure.

p= ;_ .f
U (43) The calculations for Figure 22 assume a Darcy ve-
f locity of 10 cm/yr. Clearly, matrix diffusion is more

.

effective at high water to cement ratios (Iow quality :

C "CI#tC)-A=
.. (44)

.

4)RD,g

Figures 23 tnrough 29 assume a water to ee-
' The importance of water to cement ratio is it-

lustrated in Figure 22. The parametric calculations
ment ratio of 0.4. Figure 23 illustrates that peak cc., '

leases of carbon-14 will be reduced significantly,for smearing and delay timc assume 100 cm of con- even at very high flow rates. Results for cesium.

Plutonium-239

/
C(Co

. Cleo
1 ~

1 /~08
0*0 4 0.8

|,/ C.s0 4I 3

| c.2 7 c.4
3-

c,;

\
c- 2

e ~ 2
1 D**

-

Time1

V (cm/yr) 0
V f em/yr) 0 '

l 'I -
g -1

| Figure 23. Dimensionless concer.tration of Figure 25. Dimensionless concentration of
,

'

carbon-14 as a function of Darcy flux titrough the plutonium-239 as a function of Darcy flux through
vault and time. the vault and time.
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Figure 26. Dimensionless concentration of Figure 28 Dimensionless concentration of
iodine-129 as a function of Darcy flux through the technetium-99 as a function of Darcy flux through

vault and time. the vault and time.

tium are steeper showing less reduction er spread-
137 are illustrated in Figure 24, and results for io.

ing f peak releases.dine-129 are illustrated in Figure 26.
The figures clearly indicate that fractured con-

The time until the exit concentration reaches
crete barriers will generally be effective in reduc-

C,is indicative of delayed release ar:1 smeat ng of ing peak radionuclide releases and delayingi

releases, even in the absence of attenuation of total
peaks in the release rate. If matrix diffusion were

release. Attenuation of releases works best at lownot active, then the graphs would rise from zero to
flow rates, for small cracks, and for high water toone as a step function representing water travel

.

cement ratio concretes.time through the fracture. Gradually sloping
graphs are indicative of significant smearing (i.e., Attenuation by matrix diffusion is also impor-
averaging of release spikes over longer time peri ~ tant for grout backtill in concrete vaults. Although
ods) of release rate. The slopes on the figures for the intended function of grout is to provide physi-
carbon, cesium, plutonium, strontium, and tritium cal stability and worker shielding, grout will also
are very gradual.The graphs for iodine and techne- act as a sponge for radionuclides that can attenuate

'
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Figure 27. Dimensionless concentration of Figure 29. Dimensionless concentration of
strontium-90 as a function of Darcy flux through tritmm as a function of Darcy flux through the
the vault and time. vault and time.
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,

releases. Concrete barriers without fractures will ~ ly, the lower the quality of concir* es the Coor of
almost always provide significant retardation and the vault, the better. This type of observation has -
attenuation of radionuclide releases,

been incorporated in the Canadian design (phili-
The calcuhtions ptcvide little support for in- pose,1988) w here only a sorptive buffer rnaterial is

stalling a high quality concrete vault floor. Da2icel- placed belaw tne vault.

t

,

|
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5. Concrete Vault Performance Over Time and in Reiation to
Contaminant Concentrations in Groundwater

5.1 Overall Scenario for Concrete neled through only a small ponion of the waste,

Vault Degradation which will leach rapidly. The remaining waste,
protected by the remaining roof, will leach more

In practice, concrete vaults are likely to unde.. slowly.The collapse of the roof creates a prefere:i-

go a number of c'nanges during their lifetime. Ini. tial patnway through some portions of the waste

tially the vaults will have cracks related to drying but will ecver and protect other poniors of the

shrinkage and temperature change. If quality con. waste. Thus, a concrete vaalt does not completely

struction practices are followed, most of this crack- cease to function when major structurai integrity is

ing can be forced to occur at control joints with lo;t.

built in water seals. Othe cracks may be initially in the final stage, the concrete turns to rubble.
sealed with epoxy or other compounds. During this hever even at this stage, the concrete has a re-
first period, water will move through the matnx at sidual, chemical influence on the disposal system.
very slow rates and through any open cracks.

During each stage of degradation the waste
Eventually the water seals and patches will form is steadily being Icached. The already leached

fail: at the same time the concrete will begin to de- wawe is less sensitive to flow changes than is the
grade. Modelers conducting performance assess- orig nal waste. Thus subsequent stages of degrada-
ments must question how much performance credit tion do not necessarily result in release rate peaks,
to take for long-term behavior of the water seals Instead, each waste site will go through a natural
and pa:ches. When the seals fail, water can perco- maximum release during its lifetime.
late through the .nitial cracks, increasing flow rates
through the system. At this stage of degradation We 5.2 Influences on Effluent Concentra-
flow rate through the cracks will likely be con- tion
trolled by crack spacing and the perme. ability of the
porous material placed next to the vault. If a gravel As shown in this report, the release rate from a

layer is placed next to the vault, flow into the vault monolithic concrete vault becomes independent of

can be very high. flow rate through the vault at high flow rates. Once
the release rate t:comes independent of water flow

At alater stage the degradation of the concrete rate, addidonal water only provides a dilution ef-
by sulfate attack, reinforcement corrosion, leach- rect, f
ing and other means, t>ccomes more apparent.

l.cachate tends to be of lower concentration atThese processes cause the permeability of the ma.
trix to gradually increase and lead to development higher water flow ra'es in most waste disposal sys-

of more cracks. These processes occur over time tems including concrete vaults with trash inside
and traditional shallow land burial without engi-

periods on the order of several hundred to several
nected barriers. Water pass;ng through nonunifonn

thousand years.
disposal syst-ms will always follow preferential

in the penultimate stage, the vault roof will col- pathways. The tendency toward preferential path-

lapse. This collapse will not occur for monolithic ways with diffusionally controlled release from
vaults with concrete waste forms, but is the euntu- stagnant zones is clear from exp-rience at remedi-
al fate of other concrete vaults.The collapse of the ation sites with pump and treat systems. liigher
roof does not necessarily lead to catastrophic re- flow rates result in lower concentrations in the ef-

lec.ses from the vault because the roof sections will fluent because of diffusional limitations on nuss
tend to channel the water through the waste. In the transport. Mosement of contaminants from the
absence of a bathtub effect, water will be chan- slow flowing stagnant zones will be diffusionally
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controlled. Releases from the stagnant zones will I = length _ of the vault
'

_ be lees influenced by water flow rates, resulting in width of the vault (cancels)w =

lower effluent concentrations at higher flow rates. b = averaging thickness in vertical direc-
. .

_. tion
Simple models that assume complete mixing V,,a = Darcy velocity in groundwater below

_

inside the vault or disposal facility (i.e, models vault.
based upon stirred tank reactor equations) are use-
ful for rough estimates of system belmvior. Howev- This assumes the vault is aligned parallel to the

er, the assumption of complete mixing in the cell / gr undwater flow direction, the worst case.

vault is not strictly. correct and gives an incorrect if recharge around the vault is'significant in re-
impression of the relationship between water infil- lation to groundwater flow rates, then a better sim-
tration ratcs and effluent concentrations. plifying assumption is mat the recharge around the

vault and the effluent ccmbine to form the plume.
5,3 - Downstream Concentrations

if a constant proportion of the recharge is assumed
. to go through rather than around the concrete vault

In practice, comph.ance with regulatory stan- (in a series of equally spaced vaults), then the con-
dards is based upon concentrations m groundwater

centration in groundwater is given by
downstream of the disposal facility, The mfluence
of a release on groundwater concentrations down- CX (46)

-stream from the concrete vault can be estimated
with a few simple'calculat ons. If the compliance wherei

point is not too far from the vault, dispersion in the C concentration of effluent coming out=

x,y direct:ons will have little opportunity to reduce the bottom of the concrete vault.
plume centerline concentrations. This behavior is a % the proportion of the percolation water=

result of typically large vaults that produce large, which goes through the concrete vault

disperse, initial plumes (i.e., they are area sources, The constant pronortion of water assumed to go_

'

not point sources). Typically, the disposal site will around rather than through the vault will only be
contain of a number of vaults and/or vaults in com- correct for a highly fractured (and therefore high >

bination with trenches. If the rate of vrater infiltra- perme:Sility) vault. The simplifying assumption is
tion at the site is low because of either a good cover required for simple quantitative prediction as illus-

J or an arid location, the primary soume of dilution trated in the figures; however, the qualitative trend
- for the effluent will be the groundwater flow be- (i.e.. the groundwater concentrations pass through
neath the site. At more humid sites, perhaps subse- a maximum as infiltration increases) is not depen-

--

quent to cover failure, water percolating through dent upon the simplifying assumption.
and around the vaults / trenches will prodde the pri-
mary source of dilution water. The enimated concentration in groundwater is

simply the minimum of the two options for dilu-
Dilution by groundwater can be rough?y er.ti- tion. For illustration, the effluent concentration

; mated as follows. If a well screen is assumed to re- from the vault is estimated assuming a monolithic
quire a certain thickness of aquifer (b) then mixinS concrete vault with transport properties appropriate
in the vertical direction can be conservatively as- for a nonsorbing anionic species (e.g., nitrate, io- '

sumed to be at least b meters. If the mass of water dine, oxidized technetium) and crack spacing of 3
| from recharge around the vault is ignored, the - m. The groundwater flow assumed in the simu'a-

groundwater concentration in the plume will be tions is 2.5 m/yr t.nd 10 raeters deep. The vault is
assumed to be 100 m long.RIw

(45)bwV R The predicted concentrations are given in Fig-g d

ure 10. At low flow rates through the vaults,
where groundwater concentrations increase npidly and

relecse rate per unit area from the con- approximately linearly with increased water perco-"

R =

crete vault lation. This is consistent with the low fiow ponion
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Relative
pelative Concentration
Concentration

0 .1 <
0.1"

L O6 - trat ion 1851
0.08

f

0.060.06

0.040.04
Equation (46)

0.02 0.0

0.1 0.2 E3 0.4 0.5 011 012 0.3 0.4 0;5
~

Dercy Flow Through Vaalt Un/yr ) Darcy Flew Thrw;b Vad t im /y r )

F!gtere 30. Concentration in graundwater near a F!gure 31. Results from Equations (45) and (46).
site with concrete vaults.

of Figure 6. As water flow raises above around Additionally, a large cover places any recharge wa-

0.01 m/yr (1 cm/yr) release rate becomes indepen- ter away from the vaults. Multiple, smaller covers

dent of f!ow rate through the vault (Figure 6) and over each vault or trench (tower portion of Figure

the groundwater concentratioa asymptotes to a 32) will provide dilution water for the leachate
maximum. At still greater flow rates (>0.1 m/yr), without increasing the emotaminant release rate

infiltrating water around and through the vault from the vault.

swamps the background groundwater flow and
leads to lower concentrations through dilution. For An ther design feature that willimprove per-
clarity Figure 31 gives the results from Equations f rmance is an engineered cover design that begms
(45) and (46) separately, at the vault rather than at the ground surface. Most

Clearly, this is only a scieening level calcula- covers are designed in functional layers (e g., plant

tien. In pc.rticular it takes no pertormance credit for grewth layer, lateral drainage, resistance, capillary

delay and attenuation of cc.itaminants t ' tween the break, etc.) that begin at the canh's surface. The

bottom of the vault and th:, water table, which can space between the bo: tom of the cove and the vault

be substantial in many circumstances. Radioactive is filled with availabic backfill soils. An altemative

decay in groundwater is aisr ignored (i.e , the com- is to begin construction of the cover at the surface

pliance point is assumed to be close to the vault). of the concrete vault.The space between the top of

However, the simple calculation does illustrate the lateraldrainage
N

impact of percolation rate through the engineered j
e

/ ="m
.. .cover and concrete vault on downstream concen- , **trations for long-lived radionuclides.

d

OOOO O O O'5.4 Design implications

The general behavior of groundwater concen-
trations has implications for vault design. Most dis-

di!Ution Water
posal facilities for low-level radioactive waste and
hazardous wastes will consist of a series of vaults f 4 i {
or trenches. The enginected cover can either be de- (g g p ggg
signed to cour the entire facility or each mdividual
vault or trench. A single cover over the entire facil- Figum 32. Two alternative designs for an engi-
ity will increase the proportion of water that goes neered cover over a series e concrete vault .r

into surface runoff rather than subsurface recharge.
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the cover and the surface grading can be filled with low trench disposal of radioactive waste. The effect
backfill. of dilution water is an example of how a humid cli-

mate location may theoretically be better than an
The alternate design plat:es the chy layer

arid site (at least from the narrow viewpoint of reg-against the concrete- vault to lower flow rates
ulatory compliance).

through cracks in the concrete (Walton and Seitz,
1991) and slow degradation of the concrete. Plac. As with any generalized statement concerning
ing *.he layers of the cover at greater depths and waste isolation performance, there are exceptions,
against the concrete provides greater protection In cases w here the vadose zone is very deep, a large
against cover disruption by subsidence, plant roots, cover over the entire disposal site will provide
burrowing animals, and uosion. longer travel times to the groundwater. If the travel

time is significant, relative to the radionuclide de-
Multiple small covers are more likely to com* cay rate and the containment period offered by the

ply with regulatory standards than a single large vault, then a large cover may provide - sperior per-
cover. This conclusion is true not only for mono- formance. This is potentially the case for very arid

~

lithic concrete vaults but also for traditional shal- sites.

,
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!
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6. CONCLUSIONS

This document has covered several aspects of At slightly greater flow rates (the magnitude of

mass transport through and release from concrete which is dependent upon the diffusion coeffi-
waste forms and concrete barricts (e.g., concrete cients), release is controlled by the flow rate of w a-

vaults), Several conclusions are made about diffu- ter through cracks in the structure with release rate

sion in concrete. The most im portant lesson is that approximately proportional to Darcy flow. In this

published experimental diffusion coefficients actu- region, release is not sensitive to b!ock size, and the

ally represent a lumping of several parameters of vault behaves as an equivalent porous medium

which diffusion rate is only one parameter. Unless from a mass transport perspective.

the source of the diffusion data and the relationship At higher flow rates, release rate is controlled
.

between the various diffusion coefficients are by diffusion out of intact blocks of the waste fonn.
clearly understood, significant errors can be made In this situation the release rate is very sensitive to
in the performance assessment calculations. block size (crack spacing) but mdependent of flow

The leach tests applied to concrete and other rate through the vault.

waste fonns and the apparent diffusion coefficients The downstream ponion of the vault 0.e., the
obtained from the leach tests are not generall, suf- 5ault Door) also has perfonnance impUcations. In
ficient to support performance assessment calcula- this case, leach rates are controlled by crack spac-
tions, Performance models require separating the ing, fl w r tes, and water to cement ratio of the
various physical and chemical controls on release c nerete It crack characteristics are held constant,
rates.The need for more inforn ition, which is usu- I w quality c nerete (high water to cement raao)
ally unavailable, means that questionable assump- actually gives better performance than high quality
tions are required to estimate performance of

C "C'#k'
concrete waste forms, One methodology for work-

ing around this problem is explained in the report. A concrete vault will go through several stages
f degradation affecting overall concrete vault per-

The experimental work performed at the Sa- f nname, ese stages, wn appmdmate cone-
vannah River Site (Oblath,1989) shows that, ex- sP nding time frames, are
cept at very low water saturations, the release rate
from concrete waste fonns in unsaturated soils is a) Intact with sealed cracks

independent of soil water content. Unsaturated lo- b) Water flow and mass transport through

cations,in general, do not slow caching from con- shrinkage cracks when water stops fail (ca:1

30 to 200 years until roof collapse)
crete waste forms.

c) Gradual degradation of the concrete ma-
Because the teach rate from concrete waste trix with formation of additional cra-ks

farms is independent of moisture tension over the (ca: 100 years to roof collapse)

range of interest and becaue perched water can be d) Ce' lapse of the roof (ca: 200 to a couple

expected to form on the top of concrete vaults, an- thousand years)

alytical solutions developed for saturated flow can e) Complete loss of structuralintegrity,
be used to estimate leach rates from concrete vaults In every case it is "ery Jifficult or impossible to
located in the unsaturated zone. make reliable and defensible estimates of the time

Monolithic concrete vaults have three general frames involved in vault degradation. However,

regions of performance At extremely low flow concrcte vaults do failin a manner that promotes a

rates, release is strictly diffusionally limited, In slow and gradual release of contaminants. As the

most situations, flow rates will not be low enough vault loses integrity, the most leachable contami-

to ensure diffusional release. nants go first, while transoon rates are still low. As

NUREG/CR-544527
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the vault further degrades, water percolation rates For example it is intuitively obvious, but usually
will inecease, however the most leachable compo- incorrect, that early failure of the engineered cover
nents of the waste will already be reduced in the in- is a conservative assumption for performance as-
ventory. Even when all stmetural integrity is lost, sessment. Lil.ewise, a performance analysis might
the concrete rubble still pro, ides significant chem- assume conservatively high values for the diffusion
icaristuence in controlling many radionuclides coefficient in the floor and walle of the concrete
(e.g., carbon-14L

vault, resulting in unrealistically optimistic perfor-,-
'

. mance estimates. Frequently we have no idea just
Calculations presented clearly indicate that in- what is conservative or overly optimistic.

creased water flow rate around and through :he
vaults in not always negative to the maximum ex- A second and related problem area for perfor-

posed individual. Greater water flow rates through mance assessment is the relationship between per-

concrete vaults may actaally improve performance formance assessment and design of disposal

relative to regulatory standards by lowering maxi- facilities. One of the major purposes of perfor-

mum concentrations in groundwater. mance nuessment calculations is to provide feed-
back and suggestions for disposal facility designs

The more detailed examination of concrete that will better isolate waste. Given the complexity

barrier performance in this and previous docu- involved with the performance of current systems,

ments gives little support for the concept of making
we must be very careful to design facilities around

conservative performance assessment calculations, actual performance features rather than rnodeling
artifacts.
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Mass transport through concrete barriers and release rate from concrete vaults are
quantitatively evaluated. The thorny issue of appropriate diffusion coefficients for
use in performance assessment calculations is covered, with no ultimate solution found.
Release from monolithic concrete vaults composed of concrete waste forms is estimated
with a semi-analytical solution. A parametric study illustrates the importance of
different parameters on release. A second situation of importance is the role of a
concrete shell or vault placed around typical waste forms in limiting mass transport

TheIn both situations, the primary factor controlling concrete performance is cracks.
implications of leaching behavior on likely groundwater concentrations is examined.
Frequently, lower groundwater concentrations can be expected in the absence of

,

engineered covers that reduce infiltration.
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