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ABSTRACT

Mass transport through concrete barriers and release rate from concrete vrlis
are quantitatively evaluated. The thomny issue of appropriate diffusion coefficients :
for use in purformance assessment calculations is covered with no ultimaze solu- |
tion found. Release from monolithic concrete vaults composed of concrele waste
forms is estimated with a semi-analytical solution A paransetnic stuCy iliustrates
the importance of differen: parameters on release. A second situation of impor-
tance is the role of 1 concrete shell or vault placed around typical waste forms in ,
limiting mass transport. In both situations the primary factor controlling concrete .
performance is cracks. The implications of leaching beha*1or on likely groundwa-
ter concentrations is sxamined. Frequently, lower groundwater concentrations can
be expected in the absence of engineered covers that reduce infiltration.
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EXECUTIVE SUMMARY

Concrete vaulis will be used at a number of dis-
posal facilities for low level commercial and gov-
emmeni radioactive wastes. Tue influence of the
concrete over time with respect to fluid low and ra-
dionuclide transport is an important portion of
overall system performance.

This document examines mass transport of
contaminants through concrete harners and release
rate of contaminants from concrete waste forms.
The document has four major chapters which cover
diffusion coefficients, release from concrete waste
forms, mass transport through cracks, and overal)
performance of concrete vaults.

The document places great emphasis on the
performance of concrete in the presence of cracks.
Cracks are the Achilles heel of concrete barnier
performance. In the absence of cracks, high quality
concrete will almost always do an outstanding ob
of isolating waste because of its low permeabisity
and high available surface area for sorption. In the
presence of cracks, concrete only sometimes works
well for waste isolation.

Since all massive concrete structures can be
expected to crack, and the cracks will dominate the
performance of the concrete barrier, performance
of cracked concrete is an important area for re-
search. Improved understanding of the perfor-
mance of concrete barriers will lead 1o a) improved
ability to compare the performance of waste dis-
posal systems with regulatory standards (perfor-
mance assessment) and b) improved ability to
design waste disposal systems including concrete
vaults and co..crete waste forms.

The basic goveming equations and behavior of
diffusion in concrete 1s covered in Chapter 2. This
includes treatment of the relationship between dif-
fusion coefficients measured in the laboratory and

ix

the diffusion coefficients used in performance as-
sessment models. Unfortunately, measured diffu-
sion coefficients canpot ordimanly be used directly
in performance assessment models. Lack of under-
standing of these distinctions can (and all 150 fre-
quently has) led to  incorect  performunce
assessment calculations,

Chapter 3 covers leach rates and leachate con-
centration from cracked concrete vaults composed
of concrete waste forms, Three performance re-
gions are found 4) pure diffusional control of re
alease wl very low flow rates, b) flow controlled
release at low flow rates, and ¢) diffusion from ma-
trix to crack control at higher flow rates.

Chapter 4 considers the impact of cancrete bar-
niers (e.g., the floor of u concrete vault) on radionu-
chde transpont through cracks. In some cases the
concrete barner may significantly atienuate the re-
lease rate. In other situations the concrete may sum-
ply act to reduce spikes or peaks in release rate and
in some situations, the concrete will not perform
any reduction or attenuation of release.

Chapter § reviews some aspects of overall per-
formance of concreie vaults including the interest-
ing conclusion that increased water flow rate
through concrete vaults and other waste disposal
systems can sometimes facilitate compliance with
regulatory standards.

The nun.ber of counter intuitive performance
aspects of concrete vaults which appear upon more
detailed consideration of performance cast serous
doubt on our ability to perform conservative per-
formance assessments. All oo frequently, we are
not sufficiently aware of what constitutes a conser-
vative assumption versus assumptions which are
overly optimistic.

NUREG/CR-5445
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PERFORMANCE OF INTACT AND PARTIALLY
DEGRADED CONCRETE BARRIERS IN LIMITING
MASS TRANSPORT

1.UNTRODUCTION




1991). Second, cracks are likely to become partial-
ly filled with porous material, aliowing imbibition
of water vnder tension into portions of the crack.

Mass transport through concrete vaults de-
pends heavily upon water flow rates. Usually mass
transj~. will occur out the bottom of the vault and
water flow rate is controlled by the vault roof. The
leakage rate through the roof is dependent upon
water supply, crack spacing 1 the roof, and the per-
meability of the porous matenal near the roof. If a
low permeability porous material such as clay 1s
placed next to the roof, flow rates through the vault
can he expected (o be approximately 10* cm/s or
below throughout most of the vault's lifetime. Fig-
ure | illustrates the results for a crock fraction of
10if the cracks are partially sealed with water
stops, then the hydraulic conductivity will be even
lower. Conversely, if higher permeability materials
such as sand or gravel are placed next to the vault,
then the effective nydraulic conductivity in the
presence of cracks can be very high. Figure 2 gives
an expanded view of Figure 1 for the domain of in-
terest when a clay layer 1t placed next to the vault
roof.

Cracks a.e the Achilles heel of concrete barri-
er performance. Even a single crack in a large
structure can quickly dominate release calcula-
tions, Walton and Seitz (1991) examined the influ-
ence of cracking on fluid flow. This report deals
extensively with mass transport through cracked
concrete and attempts 10 define when and how
cracking will be important to sysiem performance.

Chapter 2 presents, the application of mea-
sured diffusion coefficients for concrete and con-
crete waste forms in performance assessment
calculations. In the author's exprrience this is a
confusing area where many mistakes in perfor-
mance analyses are made. Thus, although no ong-
inal matenal is presented (soil scientists worked
out the basics over 30 vears ago), a thorough re-
view and summary is appropriate, After a discus-
sion of governing equations and the meaning of
measured diffusion coefficients, the influence of
location in the unsaturated zone on diifusicnal re-
lease from waste forms is considered, Surprisingly,
difiusiovally-controlled release rates from ron-
crete was'e forms are generally nol lower in the un-
saturated zone.

NUREG/CR-5445
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Figure 1. Rehtionshir between crack width, hy-

draulic conductivity of adjacent porous matenial,
mdfeﬂeclivc hydraulic conductivity of a vault
roof.

Chapter 3 considers controls on release rates
from cracked monolithic concrete vaults. Mono-
lithic vaults are formed when a concrete vault 1s
filled with a concrete (grout) waste form. Vaults of
this type have many advantages and may be used
increasingly when the output from incinerators is
stabilized as concrete waste forms. Where feasible,
incineration before disposal has the advantages of
volume reduction, stabilization, and essentially
complete destruction of organic hazardous maten-
als in waste streams,

Chapter 4 considers radionuclide transport
through the cracked floor of a conciete vault. The
calculations suggest that sometimes lower quality

Figure 2. Effective hydraulic conductivity of a
vault roof (expansion of Figure 1).
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2. DIFFUSION IN CONCRETE

2.1 Basic Governing Equations

In relatively impermeable materials such as in-
tact concrete, the rate of water flow is very low I
low fiow situations, diffusional transport according
to Fick's laws of diffusion will dominate mass
transport. Diffusion of dissolved species can occur
in either the gaseous or hguid phase. Because of
the small pore sizes, concrete matrix present in be-
lowground vaults will remain near saturation with
water even when the surrounding 501 matenals are
relatively dry. Thus, liquid diffusion is expecied 10
be the dominant transpont maode through intact con-
crete in subsurface concrete barmiers, whether the
facility is located above or below the water table.

Although diffusion is conceptually simple, es-
umating diffusion rates in concrete can be compli-
cated and error prone. The major problems are the
lack of standardized norsenclature and the necessi-
ty of lumping several poorly understood processes
into the diffusion coefficient. When diffusion ex-
periments are performed, the rate of flux of a par-
ticular ion is measured. This rate of flux may

depend upon many factors including
¢ Tonuosity and constrictivity of the porous
medium (’:e concrete)

*  Adsorption of the ion onto the solid phase
. mipimowdimluum of the on as a

*  Solid solution of the 10n 1n companents of
the concrete

. wﬁ“ formation and speciation in solu-

*  Electnca! potential gradients related to dif-
fercntial ion diffusion rates

*  Physical entrapruent of the 1on in the con-
crete, and

¢ Radioactive decay.

Subsequent analysis of the experimental data
generally results in some or all of the above pro-
cesses being lumped into the resultant diffusion co-
efficient. Depending upon how the «<periment was
performed and the type of calculatious used 1z data
analysis, the reported diffusion coefficient can

NUREG/CR-5445

mean many different things. For this reason, great
care must be used when applying published diffu-
sion coefficients for concrete in performance as-
sessment  calculations.  Consistency  must  be
maintained between the expenmental methodolo-
gy and subsequ ot use of expenimentally deter-
mined diffusion coelficients.

The basic flux equation for diffusion of a con-
taminant at low concentrabion ir waler 1

F e «DVC (n

= flux of contaminant (mole/cm®-¢)

= tracer diffusion coefficient (cm/s)

= contaminant concentration in liguid
(mole/em® of water),

In concrete and other porous materials, several
physical propenties of the medium interfere with
the diffusion rate. The presence of the solid phase
reduces the surface area availzble for diffusion, the
1ons must follow a tortuous path through the solid,
and the apenings or pores have alternating large ar-
cas and constrictions. The effects of tortuosity and
constnctivity can be expressed as

where
F
D
¢

LE : (2)
" |
%

where
T = alumped tortuosity or geometry factor
8 = constrictivity

T, = lonuosity.

The basic flux equation for concrete is now
F=-81DVCe-8D V(s

“DYCa-DYC, o
wher
6 = volumetnic water content
b, = effective diffusion coefficient appro-

priate for use in most performance &s-
sessment codes (cmi/s)




D, = intnnsic diffusion coefficien’ (mea-
sured in steady state flux expenments
(em®/s))

D, = apparent diffusion coefficient mea-

sured in leach tests (em?/s).

The intrinsic diffusion coefficient is measured
in steady state leach tests across a small tlice of
concrete when concentrations are set in the aque.
ous phase on both sides. Apparent diffusion coeffi-
cients are measured from total mass release
leach tests. Groundwater transport codes designed
for heterogeneous media must separute the effects
of porosity, sorption, geometry factor, and diffu-
sion 1ale in water because most of them have differ-
ent effects upon contaminant transport. Most
transpont codes and analytical soiutions will re-
quire the effective diffusion coefficient as defined
in this report as input.

If linear reversible sorption 1s assumed, the

mass balance equation for diffusion with redioac-
tive decay for saturated and unsaturated media 1s

aC | a8
03? = i:‘h (63DVC) « BAC - a;C. 4)

The retardation factor is given by

(1-9
I‘wl'o%.ﬁds |+--——§——e~' (%)

R, = retardation foctor

A = decay constant ()

P, = bulkdensity of concrete (g solid/em’
total)

K, = distribution coefficient (ml/g)

¢ = porosity

p, = solid density of concrete (g sohd/im’

solid).

A common methodology for dealing with dif-
fusion in concrete waste forms is to define the dif-
fusion coefficient based upon the total
concentration of a contaminant in the porous me-
dia. Using this procedure, the flux of contaminant
is

F=-DVC, )
where

D, = apparent diffucion coefficient (cm?/s)
C, = toial concentration of contaminant in
porous medium (mole/em’).

If Linesr partiioning of the ceataminant 15 as-
sumed between the solid and agueous phase, a ca-
pacity facior for the contaminant in the porous
media can be defined that reiates the apparent d.5
fusion coefficient 10 Fquabon (4) (Atkinsen and
Nickerson, |988):

a=0+p,K, = 3R, (7)

whore
a = volumetric distribution coefficient.

The total concentration of contaminant in the
porous medium is

C,=08C+(1-9)C, = Ca = COR, (k)

where
¢, = concentration of contaminant in the
solid phase (molefem’ solid).

The mass balance equation wntten in terms of
total concentration 18

a(‘ 2l
5 Ve VC, -AC, )
where

D, = (0tD) 7 = (D) r'R‘ = U'/R‘,

2.2 Leaching From Waste Forms

Much of the data concerning diffusion in con-
crete waste forms and most other solid waste
forms as well) is obtained from leach tests. The
tests are conducied by placing the waste form in a
container of water. The water is replaced periodi-
cally 10 maintain the contarmnant concentration in
the water near zero, The data available are general
ly the initia! total concentration in the waste form
(C,) and the curulative release of contaminant
through time during the length of the expenment

For a planar surface, mtegration of Equation
(9) (Crank, 1975) when radicactive decay 15 negli-
gible gives

[ .
{ = cd( : ) (o
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where
C,. = initial tolyl concentration in wasie
furm (moledem® total).
The release rate at 1@ surface of the waste form 1s
Fou(D aC’) = D“C"i (1
“‘5; t=0 :/:15:;

integration of the releasy rate over ume gives

Dt
M, = ZC,“ x (123
of
. b, ,
“; - :(',”J-i"(l' (13’
where

M, = otal mass released per unit area.

these equations show there should be a linear rela-
tionship betweon total contaminant release and the
square root of time, with the slope of the line relat-
ed to the diffusion coefficient. This basic relation-
ship, althougk sometimes solved in  other
coordinate systems, 1s used to determine diffusion
coefficients. The conformance of the tests to the
sguare root f time relationship 1s evidence that the
leaching process is diffusionally controlled. Non-
linear recults can be explained by considering ini-
tial surface wash off of contaminants and by kinetic
controls on the release rate. The diffusion coeffi-
cient obtained in this manner is actually the appar-
ent diffusion coefficient. which includes diffusion
rate, porocity, sorption, tortuosity, and potentially
other, unspecified and unknown phenomena iito
one empirical coefficient. Extrapolation of empini-
cal parameters such as apparent diffusion coeffi-
cients over long time periods is a questionable
practice.

As the following calculations illustrate, the
conformance of the data (o a square root of time re-
lationship does not guarantee diffusional control of
release. Frequently, the chemistry of cement waste
forme is designed to precipitate some radionuclides
as solid phases. For example, technetium can be
preciphated as ¢ sulfide in some cases.

NUREG/CR-5445
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Leach rates from waste forms with precipitated
solids depend upon the solubility of the contami-
nant i the pore solution of the waste form. If dis-
sowtion of the contaminant solid is rapid relative tc
diffusion rates, then a shninking core model can be
used o esumate release raly. A schematic of the
system s shown in Pigure 3. The contaminant con-
centration 5 held at the solubility limit of the con-
taminant (solubility conizclled zone) inside the
unleached waste form. The partion of the waste
form containing contaminrn! solid gradually re-
treats as leaching progresses. If the rate of retreat is
stow, then the diffusional zone remnains near steady
slate.

The flux of contaminant out of the system is

0tDC
F = --...,.._f.’i" (14)
X
where
Cue = concentration of contaminant in equi-
librium with imiting solid phase
(mole/cm’)

x = thickness of leached rone (cm).

The rate of migration of the boundary between the
‘eached zone and thy zone where the concentration
remains at C, (sat . med »one) 1s

s _ F_0DC,
dt  C, .xC,o '

(15)

Integration of Equation (15) gives an expression
for x that can be substituted back into
Equation (14) to give the contaminant release rate,
Integration of the expression for release rate over
time gives the cumulative release

M, = ﬁé—rbc,,,c,ot. (16)

Compan. g Equations (13) and (16) shows that
in both cases the cumulative release of the contam-
inant is proportional to the sguare root of ume.
Thus, the case of solubility-controlled release may
be improperly interpreted and modeled as simple
diffusional control.

If & solubility-controlled system is analyzed
and reported according to Equation (13) (the usual
case for data reported in the literature), the appar-



Figure 3. Schematic of solubility controlled
leaching.

ent diffusion coefficient obtained should be ap-
proximately equivalent to

rotDC

sol
‘ - —-‘.’—:*‘ -
iC,
]

(17

In the simplest cases of perfermance assess-
ment modeling, an empincal leach rate fit 1o the
diffusion equation may be adequate. Applying em-
pirical leach rate data in more sophisticated codes
(¢.g., where advection is also considered) can lead

10 conceptual errors even If consistency with exper-
imental methods is mair sine

If radioactive decay is not important in the ex-
peniments because of time scales but 15 important
in the performance assessment calculations, then
treatment of the solub.dity controlled release as
simple diffusion will underestimate release rate
and result in a nonconservative analysis.

2.3 Methodology for Use of Apparent
Ditfusion Coefficients in Performance

Assessments

Groundwater codes that consider transient
contaminant migration in heterogeneous media de-
fine a diffusica coefficient that gencrally dees not
include sorption, porosity, entrapment of the con-
taminant, or solubility limits subsumed inside the
diffusion coefficient. The distinction becomes crit-
ical in heterogenous systems because the direction
and rate of diffusicn 1s actually controlled by con-
centration gradients in the fluid phase, not gradi-
ents in total concentration,

In the experiments used to determine apparent
diffusivity, the external concentration is held at
zero. As long as the external concentration is “e o,
i is not important to distinguish betwsen ttal and
Agueous concentrations, However, when signifi-
cant fluid concentrations build up in media outside
tt > waste form (e.g , in cracks in the concrete), the
leach rate can no longer be described without
breaking the apparent diffusion coefficient into its
constituent parts. In the author s experience, confu-
sion over diffusion coefficients and cheir meaning
is one of the most common mistakes made in per-
formance assessment calculations.

The best solution to this problem is to encour-
age two general classes of experiments to be per-
formed with the waste form. Transieal
experiments where totul leach rates into water are
measured give values for the apparent diffusion co-
efficient. Exper-<ients of steady state difusica
across small slices of the waste form give the in-
trinsic diffusion coefticient. The diffus.on coeffi-
cient in water can be found in existng tables. When
all three diffusion coefficients are known, the retar-
dation factor and distribution coefficient can be es-
timated.
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Another approach to breakup the apparent dif-
fusion coeflicient 1s 10 compare it with results for
nonreaciive jons such as mitrate and sometimes
chlaride. 1n the case of mtrate, ull of the material
can be assumed (o be in aqueous so'ution, although
some proportion may be in isolated pores and un-
available for transport. If all the nitrate is in aque-
ous solution then the capacity factor (@) is equal to
the porosity which can be measured or estimated.
Canceling terms shows that in this case the appar-
ent diffusion cocfficient is equivalent to the effec-
tive diffusion coefficient. The tonwosity or
geometry factor can be estimated hrom the d:ffu-
sica coefficient in water and the effective diffusion
coefficient for nitrate or athet non sorbing 1on
t = D‘ . (iR
This relationship s only valid for species that re-
side comipletely in the aqueous phase. The calculat-
ed tortuosity or geometry factor should. in
principle, be applicable to all jons and, therefore,
anly needs to be estimated once. The retardation
factor is obtained from

D

R, = -5; (19)
where the tovtuosity factor is calenlated only once
from Equation (13), and the retardetion factor is
culoulated for each species from measured appar-
ent diffusion coefficients and diffusion coefficients
i water taken from the litecature. The volometric
distribution coefficient can be estimated from R,
using Equation (7).

These methods have the distinet disadvantage
that they require the modeler to assume reversible
linear sorption and pure diffusional release in the
goveming equations. These essumptions are con-
sistent with current performance assessment mod-
els; however, they are only sometimes correct.

2.4 Leaching From Concrete Waste
Foims Located In The Unsaturated
Zone

Leaching .ests for couciete wasie forms are
generally performed 1n a water saturated system.
Because most radicactive waste in the U.S. will be
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placed i the unsatursted zane, the influence of wa-
ter content an leach rates is of interest.

Leaching of conceete waste formse 4 the unsat-
urated zone has beer ivestigated expenmentally
and documented in Oblath (1989). Oblath found
that o+ er a wide range of water contents in sand and
soils typical of the Savannah River Sute (South
Carolina) the leach rate from a concrete waste form
was independent of saturation o water content of
the surrounding soil. In order 1o reduce the leach
rate significantly below the value found in water,
the Savannah River soils had (o be oven dned al
100°C overnight.

The experimental result is consistent with est-
mates based upon physical principles. The diffu-
sion coefficient of lons in the concrete waste form
was tound 1o be D, < § x 10* em?/s. In comparison,
1ons in typical water saturated soils have diffusion
coefficients on the order of 10* to 10* cm¥s. Thus
the leach rate of a concrete waste form immersed in
soll will be controllad by the diffusion coefficient
it the waste form (i.e., the rate limiting step) under
saturated conditions.

When moisture \ension is increased, the water
content and, therefare, the diffusion coefficient in
the sofl decreases. Because of small pore sizes the
concrete waste form remains saturated and unaf-
- &d by the reduced moisture content of the sail.
Ev v, as moisture tension 18 further in-
creased, the diffusion coefficient in the soil draps
below the level of the diffusion coefficient in the
waste form and becomes rate limiting, At this point
the leach rate or apparent diffusion coefficient from
the waste form in the soil begins 1o decline with
further increases in moisture (ension.

The dependence of diffusion rate on saturation
in soils ha, been investigated and reported in Olsen
and Kemper (1968). The relationship between dif-
fusion rate and water content is given by Olsen and
Kemper's Equation 57

D, = Dae"® {20)

i

which 15 equivalent to

bl
b = Duci

¢ 6 (21)
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€, = coacetiration in frctures

a = volumetnic distribution coefficient

A, = decay rate = In 20'?

r, = effective radius of ephenical blocks =
0.5 § for cubic blocks and 1.5 § for
slabs

§ = fracture spacing

Uy = velecity in fractures

D, = apparent diffusion coefficient

¢t = thickness of vault

t, = total distance along fracture from top
or upgradient portion of vault

¢, = fracture porosity

¢, = matrix porosity

m o= 0/(1-8)

y = (ADa)/rl

The analytical solution was derived for the
case of a semi-infinite media, whereas, the applica-
tion of concern is for a concrete vault of finite di-
mensions. For the no dispersion case, this is not a
limitaton. Considering the no dispersion case 1§
justified by the lack of information concerning dis-
persion in cracks in concrete. Because crack dis-
persion likely results from vanation in aperture,
varation of assumed aperture is perhaps a better
way ot ansidering the phenoaenon.

The release rate per unit area from the bottom
of the fracture is

R=CV,, =CUAl .~ @

where
V = average Darcy velocity through vault

Cumulative release per unit area of the bottom
of the vault is

i
M, = J’ Rdr. (29)
0
The fractional release rate and cumulative re-

lease are given by

C,Vizsg- C"J"Altt‘

M, M,

o o

(30)

8 o
M,

and
i
o IRd:
.! = .Q,
M, M, (30
where
M,’- C,.Z,,.

The fracture flow solution assuines that the
only transport in the z direction is inside the frac-
tures (1.v., advection in the fractures is much groat-
er than diffusion through the matrix), At very low
water flow rates this assumption will not Le true
and transpon in the z direction will be dominated
by diffusion. One dimensional diffusion out of the
monolith can be estimated with an error function
solution as derived in the previous chapter.

-
M, = exp (-h ) 2C, |22 (32)

In this chapter the cumulative release of con-
taminants is Jdlustrated by Equations (29) and (32).
Because advective release only occurs on the
downstream side of the vault while diffusional re-
iease van occur from all sides of the vault, Equation
(32) could be multiplied by a correction factor to
account for the greater applicable surface arca.
This is relatively umimpoitant for the parametri
study in this chapter where only relative behavior is
evaluated. This methodology does not take credit
for other layers below or around the concrete waste
form such as an outer concrete shell around the
waste form. Therefore the ana vtical solution will
over estimate the diffusion only release rate from
the concrete vauit.

3.2 Dimensional Analysis and Plausi-
ble Range of Parameters for Concrete
Vaults

This analysis examines the performance of
monolithic concrete vaults in isolating radioactive
waste, Performance is measured by the effluent
concentration, release rate, and cumulative release
rate of contaminants. Thus the analysis focuses on
the concentration at the bottom or downstrezm por-
tion of the vault anu ‘s always equal to 2, The
depth of the va:lt could range from approximately
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I meter for small, modular vaults 10 10 meters or
greater for large (e.g.. football field sized) vaults,
Typically, concrete will shrink approximately 104
of its initial length. Thus, @, the proportion of the
vault made up of fractures, will be around 10* a3
the parameter m will be essentially equal to@,.

Thee-fare, the bed leng.h parumeter becomes

§= T Yo 3Dz,
"'0} v Vrf
(3%
3D, 2.9,
"’ v

¢

which can be interpreted as the average residence
time of water in the entire vault (2,9,) /V divided
by the characteristic time for :unrem&d diffusion
out of the blocks of matrix 7,/ (3D,) . The solu-
tion is devendent upon the total water flow rate
through the vault and crack spacing but is indepen-
dent of total crack gap. Crack gap or aperture only
impacts the release rate when crack gap influences
flow rate. The bed length parameter is dependent
upon physical flow and transpont properties of the
system and contaminant but is not impected by
sorption phenomena.

The dimensionless contact time can be decom-

posed in a similar manner
208 €
§= g =y (34)

G (rn)
2D,

and can be interpreted as the time (8) divided by
the characteristic ume for diffusion oyt of matrix
blocks when retardation is included [,/ (20) ]
In this context, sorption’ chemical binding of the
contaminants in the matnx acts by modifying the
dimensionless contact time of the simulation.

The low typical values for ¢, also mean that
the period of time when £ is less than zero will usu-
ally not be of great significance and will be of rel-
gtively shont duration.

Figures $ through 9 illustrate the impact of bed
length and dimensionless time upon the fractional
release rate of contaminants from the monolithic
concrete vault. The eifects of radioactive decay are
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Figure §. Dimensional analysis of equations with
no radioactive decay.

obvious from inspection of the governing equa-
tions. Along any constant value for the bed length
parameter (8), increasing contact time causes the
concenaration to eventually decrease. As the bed
length parameter increases, longer contact times
are required to reduce the dimensionless concen
tration below unity,

3.3 Cumulative Release Calculations

One of the pe-formance measures applicable 1o
any waste disp oual system is the cumulative release
of contaminants over a fixed time period, If the lin-
car dose-response hypothesis for exposure o ro-
dioactivity is correct, then the total health impact of
the site will be approximacely proportional to total
release of radionuclides. Cumulative releases elim-
inate time as a plotting vanable, allowing a wide
range of parameter values to be illustreted on a sin-
gle figure. The parametric calculations n this sec-
tion investigate the factors that control total or
cumulative release of contaminants from menolith-
ic concrete vaults.

Four nominal contaminants are considered in
the calculations: nitrate, techoctium, chromium,
and tritium. Nitrate is considered on'y because
there is & substantial amount of data on nitrate
leaching, Nitrate behas.or i synonymous with
long-lived radionuclides which have high solubili-
ty in concrete waste forms and litle adsorption
onto the solid phase (e.g., 1odine, oxidized techne-
trum). Technetium and chromium are subject to ad-
sorption and solubility limitations in some mixes.
Tritium is not subject to solubility limitations or
adsorption and has a shon half-life of 12.7 yvears.













4. MASS TRANSPORT THROUGH FRA(
CONCRETE BARRIERS
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Figure 14. Influence of water to cement ratio and
crack width on matrix diffusion.

influesice of crack size. Small crack size represants
a large number of closely spaced small cracks.
Larger cracks are more widely spaced to obtain the
same total crack proportion in the concrete. During

construction, crack spacing car be controlled wi h
steel reinforcement,

Because concrete vaults will generally be built
with high quality concrete at low water 10 cement
ratio, a water to cement ratio of 0.4 is used in Fig-
ures 1510 21. These figures examine attenuation of
a host of common radionuclides by concrete barri-
ers as a function of crack width and Darcy velocity
through the concrete. The fow rate in the cracks is
the Darcy velocity divided by 0.001. The axes for

Figure 15. Performance of concrete barriers in
attenuating carbon- 14 transport.

NUREG/CR-5445

Figure 16. Performance of concrete barriers in
attenuating Cesium-137 transport.

crack width are in units of logarithm to the base 10
of crack width in mm. The units on the Darcy ve-
locicy (V) are logarithm to the base 10 of velocity
i =m/yr. The graphs are truncated at a penetration
depth of 3 m. The upper, flat regions represent pa-
rameter space where the concrete will not be effec-
tive.

In the case of carbon 14, cesium-137, plutoni-
um-239, and strontium-90, the concrete is fairly ef-
fective in attenuating release rates, at least at low
flow rates. Tritium is also attenuated, aithough not
as effectively. For iodine-129 and technetiun, the
concrete does little good unless the water flow rate
1s reduced to negligible levels,
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Figure 17. Performance of concrete barriers in
attenuating 1odine- 1 29 transport,
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- Figure 22. Influence of water to cement ratio on

transport of carbon- 14 through a single crack.

I
where
[ Re
R 43
N UI {43)
e v o
‘N’Rdoe

The importance of water to cement ratio is il-
lustrated in Figure 22. The parametric calculations
for smearing and delay time assume 100 cm of con-

Figure 23. Dimensionless concertration of
carbon-14 as a function of Darcy flux tarough the
vault and time.
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Figure 24. Dimensionless concentration of

cesium-137 as a function of Darcy flux through the
vault and time.

crete with 80% aggregate by volume. The fracture
apertore is assumed to be 0.5 mm, and 0.1% of the
concrete slab is composed of crack space. Thus the
flow velocity for water in the cracks is 1,000 times
the average Darcy velocity through the structure.
The calculations for Figure 22 assume a Darcy ve-
locity of 10 envyr. Clearly, miatrix diffusion is more
effective at high water to cement ratios (low quality
concrete).

Figures 23 tnrough 29 assume a water to ce-
ment ratio of 0.4. Figure 23 illustrates that peak ce-
leases of carbon-14 will be reduced significantly,
even at very high flow raies. Results for cesium-

Plutonium-239

Figure 25. Dimensionless concentration of
plutonium-239 as a function of Darcy flux through
the vault and time.






releases. Concrete barriers without fractures will
almost always provide significant retardation and
attenuation of radionuclide releases.

The calculations provide little support for in-
stalling a high quality concrete vault floor. Basice!-
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ly, the lower the quality of concre = < the floor of
the vault, the better. Thic type of nbservation has
been incorporated in the Canadian design (Phili-
pase, 1957 where only a sorptive buffer material is
placed bel & tne vault,
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coutrolled. Releases from the stagnan zones will
be less influenced by water flow rates. resulting in
lower effluent concentrations at higher flow rates.

Simple models that assume complete mixing
inside the vault or disposal facility (i.e, models
based upon stirred tank reactor equations) are use-
ful for rough estimates of system behavior. Howev-
er, the assutaption of complete mixing in the cell/
vault is not strictly correct and gives an incorrect
impression of the relationship between water infil-
tration ratcs and effluent concentrations.

5.3 Downstream Concentrations

In practice. compliance with regulatory stan-
dards is based upon concentrations in groundwater
downstream of the disposal facility. The influence
of a release on groundwat=r concentrations down-
stream from the concrete vault can be estimated
with a few simple calculations. If the compliance
point is not too far from the vault, dispersion in the
x.y direct.ons will have little opportunity to raduce
plume centerline concentrations. This behavior is a
result of typically large vaults that produce large.
disperse, initial plumes (i.e., they are arca sources,
not point sources). Typically, the disposal site will
contain of a number of vaults and/or vaults in com-
bination with trenches. If the rate of v-ater infilura-
tion at the site 18 low becaus~ of either a good cover
or an and location, the pnmary source of dilution
for ihe effluent will be the groundwater flow be-
neath the site. At more humid sites, perhaps subse-
quent to cover failure, water percolating through
and around the vaults/trenches will prov.d= the pri-
mary source of dilution water,

Dilution by groundwater can be rough'y esti-
mated as follows. If a well screen ‘s assumed to re-
quire a certain thickness of aquifer (b) then mixing
in the vertical direction can be conservatively as-
sumed o be at least b maters, If the mass of water
from recharge around the vault is ignored, the
groundwater concentration in the plume will be

Riw
g e (45)
bwV,,uRy
where
R = relecse rate per unit area from the con-
crete vault
NUREG/CR-5445
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{ = length of the vault

w = width of the vault (cancels)

b = averaging thickness in vertical direc-
ton

Vi = Darcy velocity in groundwater below

vault.

This assumes the vault 1s aligned parallel to the
groundwater low direction, the worst case.

If recharge around the vault is significant in re-
lation to groundwater flow rates, then a better sim-
plifying assumption is Jhat the recharge around the
vault and the effluent ccmbine 1o form the plume.
If a constant proportion of the recharge is assumed
to go through rather than around the concrete vault
(in a senes of equally spaced vaults), then the con-
centration in groundwater is given by

Cx (46)
where
C = concentration of effluent coming out
the bottom of the concrete vault.
X = the proportion of the percolation water

which goes through the concrete vault

The constant proportion of water assumed to go
around rather than through the vauk will only be
correct for a highly fractured (and therefore high
permeshility) vault, The simplifying assumption is
required for simple quantitative prediction as illus-
trated in the figures; however, the qualitative wrend
(i.e. the groundwater concentrations pass through
2 maximum as infiltration increases) is not depean-
dent upon the simplifying assumption.

The e<timatec concentration in groundwater 1s
simply the minimum of the two options for dilu-
tion. For illustration, the effluent concentration
from the vault is estimated assuming a monclithic
concrete vault with transport properties appropriate
for a nonsorhing anionic species (e g., nitrate, io-
dine, oxidized technetium) and crack spacing of 3
m. The groundwuter flow assumed in the simula-
tons is 2.5 m/yr and 10 racters deep. The vauk is
assumed to be 100 m long.

The pradicted concentrations are giveu in Fig-
ure 0. At low flow rates through the vaults,
groundwater concentrations increase rmpidly and
appeoximately linearly with increased water perco-
lation. This 1s consistent with the low fiow portion
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the vault further degrades, water percolation rates
will incoease, Lowever the most leachabl: compo-
nents of the waste will already be reduced in the in-
ventory. Even when all structural integnity is lost,
the concrete rubble still provides significant chem-
ical infuence in coatrolling wnany radionuclides
(e.g., carbon- 14).

Calculations presented clearly indicate that in-
creased water flow rate around and through :he
vaulis in not always negative to the maximum ex-
posed individual. Greater water flow rates through
concrete vaults may aciaally improve performance
relative to regulatory standards by lowering maxi-
mum concentrations in groundwater.

The more detailed examination of concrete
barrier performance in this and provious docu-
ments gives little suppont for the concept of making
conservative performance assessment calculations.
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For example it is intuitively obvious, but usually
incorrect, that early failure of the engineered cover
is a conservative assumption for performance as-
sessment. Likewise, a performance analvsis might
assume conservatively high values for the diffusion
coefficient in the floor and walle of the concrete
vault, resulting in uarealisucally optimistic perfor-
mance estimates. Frequently we have no idea just
what is conservative or overly optimistic.

A second and related problem area for perfor-
mance assessment is the relationship beiween per-
formance assessment and design of disposal
faciliies. One of the major purposes of perfor-
mance assessment caiculations is to provide fred-
back and sugpestions for disposal facility designs
that will better isolate waste. Given the complexity
involved with the performaance of current systems,
we must be very careful to design facilities around
actuai performance features rather than modeling
artifacts.
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