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PROPERTIES AMf1 LmJG-TERM BEHAVIOUR OF BITUMtN 
AND RADIOACTIVE WASTf-BITUMEN MIXTURES 

ABSTRACT 

This report consists of two main parts. 

Part I represents a survey of the properties and the long-term 
behaviour of pure bitumens and mixtures of bitumens with radio
active reactor and reprocessing wastes. 

This survey includes information on the or1g1n, amounts, and 
composition of the various wastes considered for bituminization 
and the different waste bituminization techniques used. The in
fluence of various factors on the quality of waste-bitumen pro
ducts and on the radiological safety during transport, short- and 
long-term storage of the final products is described. 

Special consideration is given to the most important safety 
relevant factors associated to the use of bitumen as matrix 
material for radioactive wastes, such as leach-resistance, radio
lysis, chemical and mechanical stability, combustibility, and 
microbial attack. 

Part II consists of a comprehensive bibliography on the bitumi
nization of radioactive wastes, giving about 300 references to 
literature published from the beginning of the use of bitumen in 
radioactive waste management in 1960 until the beginning of 1979. 

The bibliography serves at the same time as source for the litera
ture referred to in the text of Part I of this report. 

Methods for the quality contro·1 of bituminous materials and some 
useful data are given in an annex. 
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PART l 

I 
.t 

PROPERTIES AND LONG-TERM BEHAVIOUR OF BITUMEN AND RADIOACTIVE 
WASTE-BITUMEN MIXTURES 

SUMMARY AND CONCLUSIONS 

This report deals with the properties and long-term behaviour of 
bitumens of importance for their use in the conditioning of radio
active wastes and reviews the present knowledge on the pr ,:perti es 
of waste-bitumen mixtures obtained by the bituminiza on of 
reactor and fuel reprocessing wastes. 

Based on that knowledge and furthermore on the short-term 
behaviour of the various bitumen-waste products (BWPs), the 
results of accelerated testing and the evaluation of relevant 
experiments, it has been tried to predict and to estimate the 
1 ong-term behaviour of the BWPs during their final storage 
period. 

To aid the follow-up of the fate of the respective wastes during 
their entire life-time and their safe handling in the different 
waste management phases, some representative information is given 
on the origin, amounts, and ccmpositions of the wastes, and 
furthermore on bi tuminization techniques and install at ions, and 
interim and final storage facilities for low- and intermediate
level radioactive wastes. 

Technica·1 and safety aspects related to the handling, transport, 
interim and final stora are outlined. 

The presently considered scheme in Sweden for the ma nt of 
reactor wastes {at least for the intermediate-·level category) com-
prises the lowing steps: 

- bituminization or cementation at tne reactor site. 

interim stora at 

in 
ship, 

reactor site in ineered facilities, 

'fJaSte 

to 
in containers from the 

nal repository a special 

fina1 :~torage of conditioned waste in a central bedrock 
repository for lo1r,- and intermediate-level radioactive wastes 
(caned ALMAL 

8"ituminized reactor wastes derive from the power stations situa
terl at Barseb~ and ccrsmark, and bituminized reprocessing wastes 
would or ginate from the reprocessing of Swedish nuclear fuels in 
France, 
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The successful and safe bitumin zation of a wide variety of low
level wastes (LLW) and intermed atP-level wastes (ILW' ~enerated 
at reactor stations and reprocess1nq n1ants has been demonstrated 
since more than 10 years on an indust,riAl <;ea:!:':- t!s:n9 various pre
treatment processes, "l ntoroorati on tf:cnn i qu,:_s,~ and c,ir1eJ-1 ti on,;,, · 

Up to now, several thousands of 200 1 dnuns filied with 1 '':.•mini
zed wastes of up to about 1 Ci/1 have been produced i intJstrial 
plants operating in Belgium, France. the Fed~ral Repu c of 
Germany. Fi n·i and and Swf:den, 

The successful applicatfon of bitumen as fi xatfon ma·teri Ell for 
certain types of radioactive wastes is dLW to H<; favnurabh::: 
chemical and physical properties which are descr~bed iri this 
report, 

However, some unfavourable properUe:, of bitu,f!rn, of which the 

burnabi ·1 ·/ ty and the rad·! ati on degradation app-2ar to bf! tr1e most 
important ones. might motivate further development efforts on the 
improvement of the final product characteri;tics a~ well as the 
search for or the use of other matrix materials" 

An assessment of these properties with respect to the safe produc
tion, transport and storage of the various bitumen-waste products 
(BWPs} has been made. 

It has been concluded t~at the incorporation of adequatelv pre
treated reactor anrl reprocessing wastes can be carrief Guv without 
risking a fire, an explosion or any other dangeroijs JOthermic 
reaction if the bitumen/waste solids ratio (about 1:1 per weight) 
and the temperature of the mixture (< 200°C) are controlled and 
the accumulation of inflammabh? or exp1os1w· ga:3 nrixtun~s is 
prevented by applying a sufficiently prnrJerfl(l ventnation (especi
ally above the container receiving the hot BWP). 

Interim storage facilities an~ sufficient technical (Oncepts are 
available showi11g that a safe inte~im ~torage of bituminized low
and intermediate-level radioactive wastes can bP dccomplished 
taking into consideration the prcrerties of the stored oroduct, 
local conditions, activity inventory ,rnd st0rr timt~, Most 
importan~ '.or a ~JfA interiM stcr0 ~r•sence 01' a; igni-
tion source ~nd of a r~dio1yt1ca y '•Y~lo~i1e gas 1nix-
ture, 

Tne tn:,1sport of BWPs imd,:,r no,'ma1 CCJi'id'ition,; c.1n bt! c,;irried out 
safe·ly by using proper·ly designed indiv .. ldual coiicr(:,rcr! cash or 
large fr.--ight coritain::r:: {for the arc:1)m,n1,(l:::tl,)n o:~ a larger number 
of prodt1ct drums) ensuring ij/s0 adeqcat2 r~:lf,,tion s 01 •: J and 
protection against impact, temperature and ~0; 1 lW 1 0acha-
bility of the products provides the rr,,·1,rlrfd ,ntect ;~gafr1st 

attack of water. From a safety uS',e,:s:r,.::nt devot,:?d to thE se:1 tran
sportation of BWPs ·it has been con cl ud-?d thJt in vi e,,1 of t~1e 1 ow 
probabilities for accidents ca:,1dr19 re·!ea 0:;; of r-,"!(i'D2c":iv•': 

material and the limited consequences, tne fores0en transport 
system rOC'ets very high safety standards, 



In Sweden) the f·Inal s ra9A P'.A/Ps '!~; forr,;<;(~en ;·n f! bedr\Jc.:% 
repository 1ALMA) ar: in>~rmed·:.':r· depth which wi ·1 comprf,;,: 
storage spijce within a roncrete ,trurture, Inter dyer~ of con
crete, and a b.::ckfil1fr:i:! Pl1ter·1a·! r.:on,;istrng of a ti'Or,:dnt (<::dnd)/ 
bentonite nrlxttfffJ \'lhfr;h sh.311 fu,,.:tfon as a me;;hanica:i huffer, a 
seal against ground water flow an~ a sorption harrier for radio
nuclides released frorn the ston::d waste products. 

The detailed structural design features and the depth af the repo
sitory wil'l depend 011 t:Jt' r(~sults of quantitative r1sk •?_:_:, ·:;nates 
for which tt,e properties and the long-term behaviour ;f BWPs 
are of decisive importance. 

In compadson to other conditioninq methods bituminization is pre
ferred because it produc~s in a reliable way durable, homogeneous 
products of low iEiJcriability, dnd of low volume and 'IU::ight, The 
products are well suit~d fa~ a safe final storAqe that can be 
realizable, within limits, independent of locJ~ aeologic and 
hydrologic conditions. 

The high weight- and volume-percentage of the solid waste com
ponents in the fiial oraduct is highly 2conomical as 1t t~duces 
the costs for'' the ~Jrnt,(~dding mater·ial (bnum~rn), tr·ansport. r1tH1(l-• 
ling and storage. 

The versat"ility of accomrnedating virtut1·11y ali types of LLW cind 
ILW arising dt reactor station~ and reprocessing pla~ts and the 
demonstrat\:!d natura1 stabrlity over millions of years in an under
ground envircnment can h0 rpgarded as real advantages of bitumens 
over most man-made materials. 

8itumen is an or0dnic material which consists of mix~ 1·•~ of 
mainly a1iphatic and ar0wJtic hydrocHrbons - 8art of which have 
comb'i ned \,;i tn ni troge:1, su·1 fur and ox•/gt~n ,, <Jf rrl gh mQ! ecu 1 ar 
weight. 

Bitumen is obtJ1n0d eithf1' from distillation af petroleum or from 
natur,f1 <iepo~;its. In gern~ra'! term,;, /:,itt:m,~rs are: th1~rmoplastk 
substances, •·ea~iiy adhrsive, semi-solid to s01id dt room tempera
ture, Eias·'ly l iqLU::f1ed ,non :1eat"i,1g, v!iqt11.v '"1inerproof\ durable, 
res1s·i::ant 1<J11;1rd:; mo~d: 1c:ils., aF'?,1 1 :;, and ~;i\lt,;, not pofsurious, 
hi~Jhly res·i5;i.::}n<·: tc::J:.: Jg0·in9 t~r1d c1 J1rit1tn·109·!c.Jl infl 1Jencr::~$.➔ 

so·1tlh~ie in mi1n_;; or9a_r1·ic s1J·i vents'/ ,3.nd ~ ~:·:17;t (den.s'1t,v of about 
1 .•, ) 
J_. ,,U \!l 

These favourdb·:e ,:,/·,y,,:,:;o-cr1Qmicd! p.'opertie:; and tJ1.::ir longterm 
durah/1·1 form U,s'· b]::;l,; for th,-::t ,;.p;.:,licat 1 on it3 2mbedding 
material for nuclea~ ~aste~. 

Based on the results of e.x:p~riments anri ev;:;'.us.tions gi ,1e11 or 
referred to in the var<ous chapters of this report thP ,Jw1ng 
conclusions 0n the pro~erties and long-term 0ehavioc ,,roperly 
prepared b:~t1,_,;rr!~::n~_.wr1::te pt:J~Jt:::ts (Bl-lP~:;) 1 -~- ~::c- 11po•z•::id ( ::~!-~~(n1t 
50 wt.-% 1ow-1e1el or intennediate-lev~l reactor or re~rocessing 
wast,:>s ;:0 nd 2.bout SO s,.iL -'.t (;f 2 suit:::1b:e t_ype .~;f ti1tui'len, • uin be 
drawn: 
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- The steady state ·1t'~ach tatPs of "insoluble" nr ir'S')·iu'.,i'1i1,_.,d 
radionuclides are norn~llv between 10-5 to 10-7 a . cm·2. J-1 
the leach rates of solubl~ waste c?nstituents (e:g. sodium) are 
l·n the orde 0 of 10-4 (' rm-2 ('l-- ~1 1 +~eee lo·rh r-~~~ 

, l ~ al ~ \c. f' " M ; I_,, l ... .:; - --~ -1 . _ _,') 0. i~c >J 

are extrr.mely favouraf;1e f'(W' 1-1, .. ., •:::.fc:. ·1r,nn .. '·,,,.,n r.:tr,···;,··•,c, 11-f P1,1pe 
• , " 1 , , • , ,,., ! i LI , t . ., _,. [J "-• , _, , , ,: L, . I l .; ,_I .A~,,.. •-- 1 o-1,. _; •~ 

- The radiation from the embedd1;,,~ r.Hlioi1uc) fde:; cat.:,;cs the 9e,1era
tion of radio1ysis products, hf~D.t, 1ncr-ea<;f.?d ooro;!ty and 
hardness, however, does not affect changEiment~i of the physico
chemi ca1 properties of the products 1r1hkr1 wou1 d significantly 
enhance the release rate of radfonuc! ides from the stor·2d 
products or end,:rnger the stability or i:he gro1◊'.ri,· repository. 

The total radiation dose absorhz:d at infinite tirne 1:y BWPs con
taining initially< 1 Ci/8-y-emitting n~clides per litre 
product 1,1il1 normarly not excf.:(':d ? x 10 ti10, Trie diriount of 
radiolysis qases is proportional to th,:: app! 10d do::2; t·h,,1;,, main 
component ii; hflrogen which is 9enerated dt a rate :,; a:,nroxi-
mately 0.01 (m /Mrad . g bitumen. 

The specific rate of hydrogen gr~nera ti on 1 s ;:;; most I ndep,~ndent 
of the dose rate, type of bitumen, t(~mperat!Jre, thf: composition 
of the incorporated salt mixtures, and the gas phase above the 
product.5, 

The nature and amounts of gaseous radiolysis products released 
from the BWPs have to be considered during the interim storage 
phase and the emp'! acement period of tr1e final repository. how
ever, they will not cause any unto"!erab"le physkal or chemical 
attacks on the integrHy of the stored BWP s or the geofogi c bed-
rock r"P" ·1' ·tor1 ( a f' . <;hn·1 ./ l'1 s p l " .. , l ,. ,c:t . ·it hae h "' c. dS y .S ore c;cc:r ! .i ,. W_.( er,. '.l 1 _er , .... , ., ,.,ee,, 
properly backfilled and sealed. 

- The heat output of the stored BWP:; of a specific dctivHy of 
< l Ci/1 !s low, c:vc~n in the fir~:t y~ar<, of orage; the 
speci fie poi,Jer v1in be lower th<'ln 0.00S 1·,/(!, ncrmd'!'ly about 
0.002 W/1 or less. 

Th£~ hf~at gen~~rated in a SWP b1ock 0'f 20n ~ 1·~; --fr:•.:·_, ,;::.:._.·•lent to 
cause enhanc~d creeoin0, pa.rtic·1e ,;edfr1f:,Jtar·inr1 , 1,,1.:;rdt-ion of 
radico:w:l ldes, da,,qf?t(JU:, ch.::::11'.;:aJ :·e+,:-':,'J'.::, 0 1' .·:::! fiqrl"ition. 

The thermal t: f f~c ts from the ,,1nb~~cl,:i,>d 
pre"an in9 'i:t"inPf'rat'Jre at the repos·i ">::--\f 
er the 1 cH1q---tt?rtn :; tah·i-1 ·1 ty of the B~✓Ps 
si tnry, 

io,-,,;1!di::'> M1<l the 
A~1 i n2ith0r endang
r th.1t 0f the repo-

8it;,,1rnen"''!!a,:te products l'."Ontain 1r1r; ur: /:,'J lif) wt.-:f. ,·e,;idur,<; 
from reactor and reprocessing wastes do not e10lud~ or dPto
nate during hand1 inr/, t"·ansnm· 1• anri st;,,,;g,?~ t:hey ,Jc, i1! so nor. 
hurn if they are no,: her1terl .,:iov2 30G"C anc:/;,r Bn i9nithr1 
source is absent. 

Although a content of nitrat~ facilitate~ 0nd accelerates 
combustion, it is not ~uffisient to i1cre~se the r1t2 of com
bustion s1qnif1cantly, 



The bu rr;a b 1· 1 i t.~v crf 
pect to a ,;afe storn·t"'. 
are adequately hurled 
fully backfi11ed. 

; ,:.F.tc-<, vc ~~'.~;.JPt~. bf~COP'lf_:::: u;--1-i:npottnnt ;d ~ L(i rc,s~4 

:;·r ii ,. O; i a<:. soon dS the f)ri)duct ;Ji'tCl<ages 

·""' .:_:?rnp1L{(f~t :n ,:1 repo~:itory that. 15 care"= 

- SedimenV1tion of finciy d·lvi<iecl saH or fon exchanqc ri:,rr1clrs 
within a homo9enr::ous 8\4P !$ ins111nificant ('. S mrn;~·:y, ;1":ars) if 
the ~torr1qe t~rnn(.-~rrrtqr·\~J Y'f-'n1a'-in·1,-; ht~\·Jov, 60°C or gr~nf!·1-: 1y rnore 
th "n. ,;(1 0 cd ; 't')·• .~ ··1v :.: ... :· 1·•·, ;, -:: 0 .;. ",· ;'.> .: ~ n g'' "I) • ;+ . of +, h <, Hu_ i.') . 

U l L J t:' , Jn 1.A 1 \,., ·3 - j '• ••• 1 1 l . , • t' . l ! l i., 1 •,', , ,. ..J VIJ' ~ 

Dimensional changements or the U~/Ps due tn radiation <jegrc1da
tion and/or 1,v11ter uptakf~ can be r::iduc,:d by an approprf ate TJre
treatrnent of the w11°;te, trH: app'licatior, of a ~;uitab·le t_ype of 
bitumen and embeddin£ conrlltions or the coating of the product 
block by a 1ayer :,f rur't~ bitum€n 

- The mechanical pro1H:,rti.E1s of B~1P~; ccm be cons"idereci to be ;iighly 
satisfactory undr;· ttc cond'itfon•; of tht? ffr;,, ! oeological 
storage, 

Though mixtures of radioactive wastes and bitumen are princi
pally chemical h1stabh•i system-;, the chemical changem.ents are 
slow and litt'le (k~:;tnu:tlve; they do not en~idrHJP.r the ch!':mica·i 
long-term stab\! 'ity cf the mixture 1 n the iibs(~ncc0 of 1t1atrr 
(1 eaching), :3-iti.:rnt':n ~ how:s a qood compati bfl H.y with the 1~mbedded 
waste re,.~id1i;.,s, c11.,;o dt e1elfated temperatur·,::;s .. 

Interact•ion·: of the stored solid B~\/Ps w'ith the sur·•),,,1,·l"nq solid 
or gaseous substance" w·in ·riot rr•st(lt 'in physka~ : i1~0mical 
alterat·ions l:1hich ,MOLld wt1r,;;en thr ab'/1'ity of tf'H~ i'i-' 1:,c,;ltory to 
isolate Lhe wastes. 

- Though si~e- and p t-specific cJ1cu1at1ons and studies need 
to be CiHTiHi out, fH,f:: m,3y predict that th,:; rates, ,,imounts and 
nature of thP q;i.si":s i't,rm2d fn,n thA r!enrad;;t ion of the st')red 
waste packages w'il l nc,Jb1(":r F:fl(iEtrHJf~r th1:-~ int.::>grity of c: hedrock 
repos ·f tory nor f,nhLnc"' ,)'1' re 1 ea:,;e (;f tild f onqcl ·i de:; from the 
BWPs to any ,;1~,rTific,,m. e/tenL 

The pos~;·it~1•;·1 ft_y that :.::1-·· 1),Jrqori-l5m:·; d~~,; thr~ b··;tI.1rnen m~tr·fx 
or 1ttack of BWP·:.;_, e\+_';,'t?:·1J,:~·l> .~;;;·1;1 1 ··: e:ci-1d ~rt at t1·1·1 

\•Ii ·1 l most i 0 ,2y v ,; l r;:r 

Therp exft~t lCf';~?~ .r·rn r·l:sl<::: t} .::;~)Cii~<~f-.!fl to nur:1,,,~~r cr·Jt'1r.a---~ 
·i ·i ty i tit: 1 "I ~.Hn Cj,; .·~:'.:~'?': :·-~ -; µh.J ~i-(~Cay· j anci ;~ 1_idd~~n r-·f""i +1t) se 
of st~)ted ,P:ner·•~!/ 'l .,:J,:' -•··r;"'! (;g-~ ::~ 

consicien~d r:,~rr. 

It appears tn at preµ et~:}' prF:pa t~d dn:·! comp c ~) .r;~ <! rad ·Jc •,S "~: t.t1as te-
b i turnen m-l,;c:tutes ff.:rm k/r:t:;t::: prGdur:;t 1:: ~-10~;-se•::sing ddt-:.1u1· .. c-;,i proper-"' 
ties and ·1ong-terri1 ·:t:ctt,;:ity whic!1 ensur2 ct sat·isf2ctory con-r:aJ1"1.
ment of tadirrnur:l f<1es '"irr·, a suf·f'iciE0 ,i'i:. deqn~e of rF>i iar)il ity For 
the rrqtr"i s i tt:! -.; t0 (·;; tJf? fF~ r·i ')ri 

assessments nad<: 
products \F' i l a i 
repns ·1 tOt.)/ ! t·1 D{-; tci:::!: _;:Tibt: •di .i -l pr,e,-:,·; ~-1df: co11t11ct \Vi the 
bi os phe r~ uf rad ctnuc ~~ n et:: ;u_:en f: (iJ. r. ·ions ,~1h f c h ._~ r~: su ff ·j :-:· -~- (::nt 
to c~·,:t,<:• dP.-~f i>::t· i~ij·~ f:1f:''r.1Cl, Jn P\~~o~~dl~ 0/ the·ii' E:nv·r, til!iErlt., 



1. INTRODUC rI CJ/;/ 

The re sea rc}1 and dt!V'.:~ -i op,nen 
a.cti ve w.1s h-!', comr1ienc9d in 
tive·ly fast ro ::'.1,: t2ai '2t1t 

stria'l sea.I;,, ,;,,mp'ly a·l!'Cddy 

v1ori-~ Jn bft.umin z.ati.1Jn of r;uJ~J0-
960 {·1n Mo'!_, Bt::?··iq·ium and ··1 ,-~:1n-· 
on of 3 mat:ure ~'_;y·oce~_~r: er, n ·1 nc:u-= 

in i 1Jf:/ (-rn l"i.1~c,~ri::qL(:P.; r·r .. ~_rict:·). 

The choice of so/·lrJifyin9 ,JI' co,:dir.i,,.,:/ng l.,1v1· find in':,•tine(!1;:ite-
1 eve'! rad ioact iv,? ',IUE, te,; by :-, i turni rrLhi ( ion i::; 91.:; .J,,d r1. i ms 
to reduc<~ 21:; much as poss··J,LiE1 the r·is•~. of t~xposfn~i thf1 ta.t-ion 
personne'1 tc radf3t·ion;) tn contcrin tf1~f rad-Ionuc·:1 ~1-tthin a 
durable pr-od!f{;t of ·10•11 it0 ach,1bility, VZJic:me a.rid H"iicJh: '.;,deed for 
a safe final (q.ooloqiccl1 ) sbraQr.?, anci t'.J irr:nimi:.~· t1L:'i rt and 
storage cot;ts, 

Up to nm11, 
bitumi rri 
·industr-ir'sl 
Republic 
tion of 

:,1H:,t~,-, ()t' 11p to cib011t Ci/1 Iv•,(:, !)~!?n µroduc1-.,,J ~n the 
p!ant·; op1:'l',1tiw: lr1 f~l um, rrancf~, the 1'r•d2ral 

Cerrni:Jny,;, r·{1··1 '1an-d i1_nd S\JJE~d.r:~n.) lhf~ successfu·i apo~i--fcci-·-

wastes is to i~s f~vourJhle chemi(al and ptvsical pr~µerties 
which arP ili:'.:iCr'fi:,f,d in 'iOHF detan 1n th,i n1:1r-l: Cht1p!:?1', 

Further lopment wart on the i1np1·ov~m~nt of tM2 final n~·oduct 
character~stics as well as the ~eRrch for or the use 0t 1,e,· 
matriK mat~rial~ 1re abJiously due ro the ~nfavourab: µrnperties 
of bitumen, nf w:ikr1 th,} burnabi ! lty and th 1: n;d1cttion deqrac!ation 
are the most important a~es. An ~~s~ssmsnt of these rropertfes 
vJith resn~ci: to the ::af,, ptndurt.hn dnd -~.i. :.:<J,' ,)f' th,.~ ,.:dt·iou:, 
bitumen-~a~1~ prnduct~ (GWD~} ts 1 s0 c0ntain~rl i~ !:~is report. 

The tf_ichniq,!.re ap,Jl f;r' tr1i? fuv1i :;u.rdq.:_; (1if·~on'.;,',l,i <:1t so1idi-
fied radioactive wasc~s u1J!d providP hoth !rol~ io0 and contain-
ment; th'is ,_"tin ht: real·fzed ptov-it1Jn9 a of rr•iers 
against 'tt1r:~ rn-iqration Y'f~d·ftJnt1(:J'·l h•1·1 p-a.·thv-1a_y1; 
to man, One of HH~;,;:, t;;; ~"a"cte. 

Conver-·s·fon f)-f i:1"!"i '"•/d~-~te:~; J_,,~-j !;tabI 
ens:Jre th0~ the~·~ 
be ::·'I ot,J r:'.·•/r~1·; ou 
should ,0nr~,~ i 
imµortancP ~-~ 1~ 
"bitum!n·;zec, rfo.;,.,,·' 
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1.1 Background 

The Swedish State Radiation Prot•~ction InstHute has ti7dfrat2c1 in 
its proposal for the guideliness of the rArl nactive waste manage
ment (SSI:1972-019) that the nuclner pov,'C' p·:"!nt -;ria·:1 takt, c,1rr~ 
Of the (on-~1·tn.Jl ~tor~gp of th~ ~~cin~rt"1vc 0i~tg 00~A 0 ,•1t0~ ,-,~ 11 ;;:} ~G ._,"' Ll, "~ - ·-• -~ l _..,.., ._,.,,,~.- ·". > ·-, 1. ---~, ._,._, ~• -1, .. l.,.,, . ~,.._. . .1. , 

connection with the rea~tor operat1on. it Jeijs1 
This proposal has been .accepted ::uw f o 1 ·1 owed-up 1)'f : i ti 1~s 
owning nuclear power p1 ants, Subseq11etd:·ly \t,vAra ·1 : -s 1r1ere 
made by the competent institutions on J c0Grrllnc1 1:?d rndnt'lqement of 
reactor wastes. One of the proposals concern~ th construction of 
a central facility for the final storaqe of thi:i co,·1dit'/onI.:1d low-
and intermedi ate-·1 evel wastes ori girrnt i nq fn1,n oprratfon of 
the various Swedish reactor stations. 

Within tht~ framework of the resp£:ct l v2 R 1 r(HJra.n:1W::, ', tud 1 es 
have aln!ady b0en carried out on the nc:d.lL:.-:-..tiien of Lr1·,,, J'Cfntra·1 
Facility for Lov,1- and Inter:i1edi,'lt~~Level ~ir.1:.·)f." cdf!ei ''1~U~A" 
(Swedish acronym for "Anlag9ning for L~q- od1 fviEdt~·:--AkUvt 
A"f a 11 II '1 A ~, um, roa rv ·" f-t'11-" ,.,, • I' 'lt· le: ,, ("· ··- l"l"'"' ·, 1 r":{ ,':: ,·· ·/ <; ·tJ <1\/ ;., ",: bt:•e" ll' "' ~ _ id- .] (J· . t::: I t,.,;'.).:,J 1 , ___ J ,.j, (J. t""J \ .. • J,di ,j.,_,\1; ~.,1, _.._, !IH.~;,; lc.., ll 

published in <luly 1978 /R-1/, irnd proposals on ti1e ,;on,;trur:tion 
of the facility will be pub'l ished in 1980 ;rt-2H/, 

ALMA will be constructed to cope with the fl,vil stc,a9e of (!Hfe
rent low- and intermediate-level waste products, originating 
primarily from reactor operation, Di~pendi n,: on ·1:i1e type of 1;<Mste 
and the reactor station the bulk of thA waste w1:1 be incorporated 
either in concrete or bitumen. The bituminiz~d reactor ~21~~s 
derive from the power stations situated at 8~rsebjck •nn fjrs
mark. 

In the ALMA project also the storage of final low- and 1~ter
mediate-level waste products from fuel reprocessing h1s to be 
taken into account. In the reprocessing cortract between SKBF and 
COGEM.A. (france) information at)out the 1dr1::tP t'/P()s dnd amounts z1re 
given. However, detailed spe~:ificati•:,ns ab,::u~ the n,11 form of 
the waste to be received in Sweden after 1 Jre resently still 
unknown. It can bf~ assur:1E!d, though, thnt a ,·,ic1:·ion of the 
waJte from reprocessing wil1 b0 10cornJr~ !r~n ~1t0mer, 

It is ob ous the~ f~r any ~ind was~~ ~ 
to considel·, the :··t1-es cf tht 
the behav'lour d:H·•in( ·: en1 1s2.rJf:'1 

It is unaerstanda~le tbat variet; 
range of their physical an~ che:ri,~~ r 

010 :,as primarily 
~~ b0 ~tor~d and 

,:,d :,0riod, 
,, tf; t ·/ i:h,0 :1 t the 

possible interaction wHh the /.3ri n:,im,0,,tc1' rw,'iil _ - ,po·:a.·1 
i.Jehavi our 

,·epcrt to 
make it difficult to confidently preJ~ct 
and their hazard to man, It ·ls ;:,he nli:l !/ 

review what ls a"!ready known on the p and long-term 
behaviour uf bfti,111'en a.rid hHumirdzed :011- :3ncj '.;-:!:(,nr1e:1i::1te :cve·1 
wastes from reactors anci reprocessi~a plcints to a~rl in the design 
and the realization of a saf~ Fina sta~aqe (11s~oc~ l in Sweden 
{i ,0, ALMA) and ,21se,.,ihrc-r1-.:. Tr:f:o ,::-,'-J 1 ,'N - whi':~, ,,:1 

publicly available literature and 
\vork - may a "l:;o ser'Je to 1 d(:nt Hy f3ctOi' 0; 

investl9at1ons, 



1.2 Scope 

This report dea1s wHh th.:! propri,t,ie,; of bitum(ins of importance 
for their use in the fi0ld of radioactive waste management and 
gives a status of the present knowledge on the properties of 
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bitumen- waste mixtures obtained the bituminization of reactor 
and fuel reprocessing w1stes. Based on the properties of these 
bitumen- 1-1aste products (B~/Ps) th,:>fr lonq-t1-~rm r,£1haviour !·.irfr1g 
storage in the envisaged environment is assessed, 

The time span of concern for the storage of the conditioned 
reactor wastes is in the order of 500 years; after this time the 
most act'lve bituminized material (fon .. exchange resins from the 
water purification of the primar:v circuit and the ftH:il storage 
pond) will have reached a specifk activity of 2 nCU9 Hhich is 
considered as the limit for which a permission for possessing 
radioactive mateda'l ·ls requirerl /R-1/, The product::, from the 
bituminizatfon of reprocessing 1;1aste•; ;nay contain larqer amounts 
of long-lived radionucl ides (ac:tiwides) neccssitatfn9 to consider 
this factor in the assess:m:::nt of the lon9•"term st;:1bil ity and 
behaviour of these BWPs. 

Main emphasis i~ put on the storage-relevant properties of pure 
bitumens and the various radioactive bitumen-waste mixtures. To 
enable a better follow-up of the fate of the respective wastes 
during thE~ir entirf: "lifo", some information ls g·lw:n on the 
origin, amounts, and composition of the wastes and furthermore on 
bituminization techniques, instal la.tions, and interim st0r.'3.ge 
facilities in use. Finally technical and safety aspects nilated to 
the handling. transport, interim and final storage are outlined. 

The bibliograp~y and the annexes snal1 permit the interested 
reader to find quickly detailed information in the original 
literature or some useful lndicatim:s and dat,::1 for hi!, work, 

The enti r'e !.d tumi ni zati on of reacur and repr0ce'.;si nq Wdstes forms 
thus the frmnework of the ;:,rr~sent re1.d 21N witt1 it~~ centra 1 point 
the proJH.?rt i es ar.d the 1 or,g ... term behav ! our of t1H? te·;u Hfog radio-
acti v2 \,\'as·~~-~~~·b~itunien produt.: s i]·1 v-lei/J of tht:!r f-J11;fi storage 
within a suited geological 0r~1tion. 
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2. THE PROPEYi:C. GF ., ,r::) -~---- ·-- -·----- --------- __ .. ____________ ---------, -------· 

2.1 General 

2 .1.1 Definition of terms 

In this report no (1ear rllstinction is made bPtween bit~men, 
asphaltk tdtwnc•n, bitu,niwi,.,s materir1"I::;, tar, pitch, etc. The term 
II h • t ,, · ' .. .. ., · 1 . t . . J · l . b u1 umen· is useo a1nio 0.,,. f)Xc,usive y rn J11s report, fnf' :'itlOU d ,e 
aware that thf" term ''tdtumen" " wrdch is more iiSNl in Europe than 
in the USA - is hroildt:r than "asphaH" ., 

The word bii:um1:~1·1 n,n,) "is derivPd from "pix tumens" v1t1·1 :', .neans 
"tombs I p-f ten" 1;,:, thP ;~9yDtiiHl\, u~:;ed b1 twn~•ins from ti,,~ rn ack Sea 
for the embalminq of corpses. !t is also assumed that che word 
bitumen corn1,:;s from tr1£-' i1··i9ina. 1 Si:rnskdt H(1r".l fodttHnen, meaning 
pitch. Th0 Greek wurd fJr native ashpha1t was ~sphaltos. 

ilBitumen'' 'i::, d,d·ined by the A.,S.T.M as mixtures of hyd1·ocz:1rbons of 
natural or pyroqenous oti g; n, or combinations of both, frequently 
accomparded hy ·Uwir non-m1::tcdlic derivatives, which may br: 
gaseous. liquid, semisolid, or solid, and which ar~ completely 
soluble in carbon disulfide. 

The def"i nitfon:; whi eh fol 1 ow shmv the rel at·l onship between the 
various '.Jr,>il!ps of "tdtiinino::s subc,tances" /R.-2/; 

"Bi tumi now; subs ,':,1~,;<~s" an, (\ cl a.ss of r1at 1 ve and p_yrogenous sub
stances containing hit1JrnPns or pyrobitumens, o~ ressembling them 
in their physical pr0p0~ti0s. This definition includes bitumens, 
pyrobitumen~;, pyr(EJN1ou: J1sti:lat,:,,; {pyrogenous ~vaxes and tars) 
and pyrog"!nou,; rfi::idui::~; ',uch a.s pitchet: aw! p/rogenous asphalts. 

"Pyrobitwnen': is a gener· 1.: term applied to na.tive 51lh":tanc,~s of 
dark colour, comnr,r'atively har~ 2nd non,vo1 :i.ti lf.:, coi:1~,o:;Fd of 
hyd.,..OC-'"', ... ,n~•: ~1h.1 ·"•h ,,•>\! ·''f' ,-r•;i-,, n 1--,· ""('.71-~:.1'" r,·1 y{1wf'1r''t,,:>(l. ",od·i',,:,1;• ·l~ l ,::;,, ,., ···'.</ T,',.,l,_..,,1 .,, • .l._y ·-,'l .• .,.._, ,.;~\.- ... ,_,,.L;J, il \_.,....,,, ~·; .... -, .... ...,, .. ,..1 t... ~a>">.;~, 

sometir;1if~3 ... 1:·;soc·f~tt:.:~d with m·fnera~, (natter;) the t,,Jn-.. mineral consti= 
tuents beii·1 g ·!nfus·ib-it?., ?rct tel:1tfv1~-1y ·Jn.sc/!ub·~?2 ·tn carbon di.,., 
sulfide. (This c:r~ti~n i~clud~s the 1sphnltic and non-asphaltic 

11 MitH:?ra·i Wax" ·1,: t:?i('f!' r;;-iplied to ii species of bibmen, ,f!so to 
cer·~afo ovro9eno;,:,; sub.::.t;_.rncf:s, of variable cofour, viscous to 
solid con;istenc;; havirg a 1:har0cteristic luster and unctuous 
feel; compardtiv~ly 0cr-v01atile; composed of hydrocarbons, sub
stantially free from C>-"YW'!1Bted bodies; cont1dnin9 c,:msiderable 
crystal'!izah·le 1Jilraft1ns, sometfmr:?s ,'!Ssociated 1>11th mineral 
matter, the non--miner2! ::onsr:::u,~nts t)f!t?foq c2asrlv fusib-ie and 
soluble In carbon d1sulf1de. (This definit~on 's ~poi ied to crude 
and refined na 1:·f,1r--, :rini:•r::il t!a.-'<•.?S, a:so to f!yrogenou,, 1•rnxes), 
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2 .1. 2 

"Asphalt" is a term app·:·ied to a SfHcci€s of bitumen, 1:,0 ;_:o 
certain pyroge.nous substances o? dntk co1our, v.c,ti,1~,c,, i·j,t.,fr;ess, 
comparaUvely non-volat:le, com~-,1:;1=:d oi h/dr;:_,c,,rhon,;, substan
tially free from oxygenated bod·!1~s; conl:::1/n-;ng r.-:i:at·ivr-•iy ·1atle 
to no cry s ta 11 i zab 1 e paraffins; s crnPt Lnc; ,-1s c;;-ir: 1 a tr·tl 1-d th ml nera."l 
matter, the non-rninera·1 constHtni;; l),•inq f1:-dr·1e, ar:<j lar9ely 
soluble in carbon disulride; the d1sti11:-i.t,fi, h·ac,:f,rnated b1!tween 
300 and 350"C, yields cons·iderabi1~ •:u·1 fonatioi• rf•c;·/du1', {Thi:::; 
definition is applied to native asphal+.s -rnd pyro9enous asp
halts). 

11 Asphaltite" is a species of biturw:·n, fo,:'Judir1q dark cofoured, 
comparatively hard and non-volatile: sol fct~; !..'.Ot11posed of hydro
carbons, substantially free from o:rygenatrd bodies ,rnri cryst::i'l·
lizable paraffins; sometimes z,L;soc·Jati:-id with min1:irc1·i m;ittr::r, the 
non-mineral constituents beeing difflcu"ll:y h.1(;it/l,J and L:n'qrily 
soluble in carbon disuHidE'; thf: d1stillatinn ,,,:os·!due., r· .~.ion--
ated between 300 and 350°C, y·lelds consfd+.:tL~blf-: SL(1 'r1ti 1-;~·~; resi-
due (This defini'tion ir1clud 0 e 9;1,,on1!·e n ;1nr:p ,dt\! . . 1 1,d grahamite)" V •• ,_,.,., ~,;) ·••.•··•··'·,·-'·· 

"Asphalti c Pyrobitumens'' are spfJC 1 es of pyrob"/tum::,n, i nchiding 
dark coloured, comparat'ively hard and non,.vo·iati1£' '.;!Jiids; 
composed of hydrocarbons, substantial ·1y fr2(: from oxy9enated 
bodies; sometime associated vdth m'!ner-a! matt(irs, t}lf? non-irdneral 
constituents being infusible and largely insoluble in carbon 
disulfide. /This definition includes e1aterit(J, wurt7'/l'itr~ 
(depolymerizes on heating, becoming fu~ible and soluble) 
albertite. impsonite, and the asphaltic µyrohituminous ~hales/. 

Some di st·I r19u ·1 shing characteri st·i cs of substa,icE,s rnent I oned above 
are given ·In Table r (based on R-2, p.168L 

General cornposi_tfon _and ptopertfes. 

Bitumen is an organic material ~hich consists of ~iiAtures of 
mainly aliphatic and aromatk iiydtoc<l ;•bon.s ; -· r~ rt· ,Ji'/. ;, have 
combined wHh nitrogen, su'1f'H anc' nYfJ?n-l of 11>(1 ,/,,r:,1/:n• 
weight. The constituents anoear tc be 0rormnus1v ~~riable. complex 
and subject to rapid change under Jiffere,1t mef~0d5 of tr0atment. 
although possessfog ri,tr1er stab1r) 1r1y';1c;,1 ;:n·opPrtif0 •:; o>)U;ept when 
heated. No m-2th•:id fer a:.;curat,1 ly ,u;:i,ly:,i,1 1"SJJi'ia't h.Vi .1/~t '"ieen 
developed. Methods of a~alysis ~ ➔ ve u~11a, y cons;ctP~ of d2ter
mining r2lati·,;e mo·lect(idr ~vei9hts, q,:ner,d nat.Ur't! ut co11:pounds and 
elemental composition rdthcr than specific chemical st~ucture. 

8 itumen L obta ini?d eit'H?r fr-Gm tii,: d 1 :: r_-;; -::-: "~ :' un ,:; ." 1:ro ·: ,~u1n or 
from natural deposits. t3·1turnens from the (;-.;10 ;;uutc"-: 0··c,r;.,~:ni:i"ie each 
other in all respect 2xr.:ept that n?itur;_J b!-c,.Jrr1cr:n - 02: ev1!d to be 
an early stage in the brei'ikdo~in cf or9-:1,i1 1•• n:Jt"in0 depo5H•; into 
petroleum - often contains rrdnera·is Ah'ii2 pt:h'.Jlf:uri, bHllmen does 
not. Most cn.nif? oi:s contafri some :,·:tuifi£•11; ,:,rnr,; ... ,:-: 1;ny re<1cn up 
to 50'0. Bitumens derived by refir,l•1:: p~tf·:,1,,:um nr:,nJlly have more 
pari:1ffinic side-chains +.1an :1-Hur,,i :')·:t'.."•;'il', 



Substa:nc.ec Species 

Pftrolewrrs 

Nc:-.:t.iv',; mineral 
wa:x.:ee 

tfomber 

o~ok.erite 
Montan wc..x 

Specific 
density 
at 25 °c 

,,,OCJ 
o_,90 ... ·i 1.100 

~ 

BrnJ!ll:Il,OUS SUBSTANCES AND SOME OF THEIR CHARACTERISTICS 

Penetr(j 

at 25 °c 

5c.,iQ 
5 

Fusibility 

oc 

60 ... 75 
75"95 

Fixed. 
carbon 

0.5-10 
2-10 

Solubility 
in 
GS2 

95-100 
98,,100 

Org,.. matter 
insol11 

cs2 

0-1 
0-2 

Mineral 
matter 

0-5 
0•2 

Solub., in 
naphtha 

88 O; 

75·95 
ao-100 

02 in 

orgf, mai:;ter 

0-2 
~-6 -------------· -~··=-""•C.~.·~, .... --..-~~~ ~.-~-"-"""""~-... ~.~----·-------------------~------------------------~-

':31. tu.~ll~lB Native asphalts 

Cont tg < ·10 
rr:.i•12 cul 

Cont'g > 10 'Jc 
ud.11erA.i mati;,::-r ---------~-h=--~~-'•·•• 

.Jt.Spl1.::,.:.-~ 3.. l<'::'L 

Gil.crnn.ite 
Glat1(~e p.i t.,_:J:, 
::'.!""ahar11:~ t;::: 

~)v95...,7 .1: 

0,95 .. 1.·:5 

l'i,05-1~10 
.,. j(; ... t .. "i) 

~ ..-. ';:,t .... 1-.:)2G 

0-350 

0-150 

lj ·--·--·----·-' -·---- -·---·--··----------- ---~~ --···~~~·· -~~ ...... --,~.•---........--

r·~"r-uln t:..:.,t:t;ns 

Ls~)h2.~-t:I.c 
p;yrobi tw1.1<:!ns 

h}.o,i.:~ .. ~.:.:te 
\sn: .. :rt ~ 1. l i 1:. (-; 

Albe:rtitc 
Im1,r:.ornt0 
!sphaJ tic pyri.)Clitumi,.. 

;101!8 shales 

9i:,i .. ·1 ,.;::1; 
J'5 ·- ·1 : ~~7 
.. cn~-·1"1O 
~ 10=·: -a25· 

·1.,)0"-i ,,,75 ·-------· .. ,.,~ ~-~ --~-----·~--~ -~ -~ ····---·--•-"·-· ~- .. . 

N a:n ... 1Sphal tic 
py1·obi tu:rr1en2. 

f:y -~·ogenou-e 
tiC-1..'C'd'B 

RubUery 
5 
0 

0 

·-·~------ ··----------Ta.rs ______________ , _____________ _ 
Pyragei,\CIUS 

residues 

P_y:,:-oger ... ci·1.s 
ar:~pha1ts 

Pitches 

Residual oils 
Blown petrole"J.m 
asphalts 

Resid.uaJ. a~:,,,pb.al·i·,s 
asphalts 

asphalt 

,.85-..1 JJ5 

Do 90• .07 
~, ,.oo~ ., 1 ·1 
1,,,0)~· "20 
·1,.,n4 ... v07 

100-350 

25.,.200 
0-150 
0-150 
5,.,.;o 

15,,.-i65 

·15 ... 175 

20 ... --;75 
:=::u~, t .. U 
75 .... ,320 

lnfe 
Infta 
Inf"' 
Inf.., 

Inf. 

-20-25 

25 .. 200 
25-110 
25•110 
6~ ... ~50 

_______ ,________ --------- ---~-------~-------

1·25 

5-25 

''/0~,20 
20.30 
30 ... 55 

2 ... 5 
5,..25 

25-50 
50-85 

2-25 

2-10 

5-20 
5-40 
5 ... 30 
5-25 

60-98 

h·,·90 

45-100 

10-20 

·1 • 6 

rrr,, ~.3 

98-~ oc 

95-100 
98-100 

0-40 

Q.,25 

Q ... i 
O•'i 
0-5 

'/0-90 
80-95 
85.38 
90-99 

'J5,-70 

0»-0.,5 

0•·5 
0•15 
0··5 
0-0.5 

0-10 

10•95 

Tr.•1 
11:r~ =5 
Tr .. =)G 

~r .. -·io 
T'r.,-10 
Tr.-10 
Tr.,-10 

30-8S 

Q,,0.5 

0-0,5 
0-"1 
0-1 

Tr" ... 2 

25-95 

11r .. -d5 

40-60 
20-5c,, 

T,·-·50 

5•-··!0 
•J::r., .... 2 
rrr .. --2 
r.l':r., ... ? 

O='l'r·., 

80-99 

50~90 
25-85 
60-95 
~•0-8o 

o~.2 

0-2 

0,~2 
o~.2 
l)c,2 

·i ... 5 
O~.? 
0-J 
Cl-..) 

Q ... j 

0-3 

2-·5 i.-

0--2.,,) 
3-7 
0-2 
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Bitumens are complex co! loidal 'JJStems of h_:,1drnc;n·tH;r1s; ;n "";h1ch 
it is diff'icuH to drovJ a sharp distinction br~twt:•trn U1e continous 
and the disperse phases" They c::in be coni; i <l0r1~d a,; rJ•i sp,:,r,; ions of 
micelles in oily constituents (the ma1ten1:!s) ,;imilar to heavy 
lubricating oils. the micelles being µepti!0d to different 
degrees" The dispersed particles i:1.r·e cd11Eid r'SDhuHew,,, ,,,': 
asphaltene content of bitumen is deter-ml nE:id ,1 '.,: 1·\·p_1 1_,._, ,: Ji,1, 

insoluble in petroleum naphtha. 

As~haltengs consist of high-~ole~ular ~ydr~ca~bo0s (approximately 
10 to 10 ), probably predom1nantly ar0110t1c 1n character arid 
having carbon/hydrogen (C/H) ratios of ~11out 0.9 to 0.1. When 
heated they do not soften, but dricompose, swe·1 l , ar1d s l ntt?r. They 
are practically insoluble in petro·li~um fr·actfons, but t!H;'y absorb 
similar resinous petroleum fractions of lower mo12cular weight, 
which are present in asphalt, and which act dS thA dispersion 
agent to peptize the aspha1t,:nes. It fs diffi,:,.i1t to •nake a clear 
definition of resins sine£~ io ,;t,rndc ·fv_.d rnetho,1 of ::;e(1J.ration 
exists, hut they ar-e often separa+.f?d by nbscJrpt·inn on clay from 
the naphta solutfon ;;.fter precipitath,r1 of thP a 0,pha.d:ene'), 

There are variable amounts of sulfur, nitrogen, oxygNi and 
entrained salts (from salty oi1-wel1 'iliater) in bitum{ins. These 
constituents in general do not have an impor~a11t efffct on ~he 
uses of bitumen, Bitumen from certain v-1axy U'udes conta,ins wax in 
varying amounts, Since petrohium b'itumen ·is obtained ae:: 
residue on distilling crude petroleum. fts comnositi~~ is 
naturally dependent on the extent to which the disti11dLlon has 
been carried. The further distillation Is car1·ied the lower the 
penetration. "Distillation ,~esidue bitumen" fr. often r.1lso caned 
"steam-refined bi tumen 1

'. 

Oxidized asphalts contain a higher proportion of asphdltene 
micelles, and have typically plastic propert'i,:!S, as compared with 
the generally viscous proper~ies of ~traight-run bitumens. The 
oxidation process effects a n~lecular struct11,,e, which oives 
plastic and elastic properties to the :ntite,·i,i"I thJt arP vahlab"lt~ 
where liquid flow is undes'irabl1;~ 

On the other hand, oxitation red1,~ 0 s rlu~abil I 
tions and 1 Mers :'ht! til ity co11•;i r,,:11,', 

The softer the asphalt the 1onye~ thr otidiz rg or iir-bln~ing 
time requ l red to reac/ 1 d g i 'lei', nenf,tri:tt"i o L 1w1n? r,l asti c 
the oxi~ized bitumen. 

- organic materials 

black or dark brown in colour 

- thermo-plastic substrtnces 

- readily adhesive 



2.1.3 

- highly waterproof 

- durab·I e 

resistant towards most acids, ka'!is and salts 

- not poisonous 

- 11 1·n"r+" (i P C L, •.,.. .._..j do not react visibly with the su tances they 
contact) 

- high 1y resistant tow a ageing and climatologfcal influences 

- soluble in many organic solvents (e,g., benzene, chloroform, 
carbon disulfide) 

- light (density of 0.99 - L'.-!) 

- good electrical insulator. 

Sources 

15 

The earliest known bitumens or asphalts occurred in sprin9s in the 
east and to some extent in Europe. Later, depos Hs of solid, semi
solid and liquid bitumens usually mixed with minerals ranging from 
dust to sand, were found and mined. Lake asphalt from Trinidad was 
the first large commercial source but natur,:i"! asphalt has declined 
in relative importance as petroleum became the major source. Large 
natural deposits of bituminous materials occur in many parts of 
the world (e.g. in Cuba, California, Venezuela, Canada, Syria) 
which are designated as bitumen, asphaltite, pitch, elaterite, 
albertite, gilsonite, impsonite, grahamite. and wurtzilite. 

It is interes ng to note that deposits of glance pitch in Utah 
have been found to contain an average of 1.75% uranium oxide 
(U30g) and 4% vanadium pentoxide (V205) /R-5/. 

Petroleum bitumens are ined main as residue on distilla-
tion of certain petroleum crude ls, and are produced in all 
consistencies from 1 ight oi ! to heavy (high viscosi ) 
industrial represent over of the totJl production 
of bitumens. petroleum·· bi p tion in the USA is 
about 9 000 000 ton r, which is about the total 
production of Ct:Jde on, bitumen content of crude oil varies 
with the source; some crudes contain practically no bitumen, while 
in others the bitumen content may be as high as 50%. 
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2.2 

2.3 

2.3.1 

Types of Bitumen 

Bitumens can be sub divided into the foll owing types arr,c, J: ng to 
the mode of their preparation: 

1. Straight-run di sti 11 at ion bi tU!fk':ns 

- obtained as residue after distillation of certain petroleum 
crude oils. 

2. Oxidized bitumens 

- obtained by blowing air through molten bitumen at 150-·260°C. 

3. Cracked bitumens 

- obtained by pyrogeni c breakdown of high molecular-weight com
pounds (cracked residues). 

4. Cutback bitumens (asphalts} 

- obtained by liquef_ying bitumens by addition of a solvent 
(e.g. petroleum distillates). 

5. Emulsified bitumens 

obta·ined by the addition of anionic (alkaline soap). 
cationic (amine salt) or non-ionic aqueous solutions 
(emulsifiers). 

6. Natural bitumens (asphalts, asphaltic robitumens, rock 
asphalt, glance pitch) 

- consist of naturar!y occurdng materials obt,rined by mining. 

Application of Bitumens 

Bitumen has been known sinct? earl f mes and used for 
thousands of years cement various building materials (e.g. in 
Babylon), to i.;aulk boats, for waterproofin9, and for" 
purposes. Probably its earliest use was a water stop t~een brick 
walls of a reservoir in the beginning of the third millenium B.C. 
at Mohenjo-Daro. in India. In Genesis XI, 3, reference is made to 
the use aspha1 t (bitumen) as mortar, 

Ear'ly Buddhist traditions mention "earth,.butter". In the middle 
east asphalt was extensively used for roads and water works, such 
as flood control. A king left an inscription saying that he had 
found hfs realm fn mud and had left it laced with roads glistening 
with aspha 1t, 

The recovery of objc t: Pri' r i 'i ica ! t Jn1;':'- F1 

is one of the rensnns v!f'1y b tume 1 or riany J;>:1ts 
to be immune C 

condHion 
tH:ien thought 



2.3.2 

2.3.3 
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Bitumens and /:litunifnous :na':t,ri,11; dte usi:d for a great vath?ty of 
purposes, e,g. For: 

road surfacing., roof!nqs, floorir,T;, 1nsu"li1tir:g varmshes, ','1r1ter~ 
proofing, automobile tu:clerco,1tin9, 1inir,9 of water canals and 
reservoirs, coating of pioelines, acid-resistant paints, cold
mo·1ded products, printing inks, th£~trnoplastics, thermal and 
electrical insulating 1n,1tr:•··fal, r-iver dnd Sf:o revetments, bt?ach 
erosion b2n·r·iers, ba.tt~:l'/ manufacture, ;e;oundproc1fing, and injec .. 
tion into sands and fis:,;,wed rock formtd.ions to stop 1-ri,~ flov.1 of 
underground water. 

Presently in the US/\. -':'.110:, 7':;;~ oft/if-• b/ 0.unli:m, der·ivr~d from crude 
oil, is usr:d for· v!n(, :1i1out ; for roofinq ,1nd tht~ ('f~St for 
purposes p~;r"t'1.~i!l~/ er'.1.~n-~~v: (f?Ci at;nvr~, 

It seems ~hat the ffrst thorough study on ttie use of asoh~lt in 
the fi1:'id of nuc·1eat t-H;tE: rnana9emc!nt has been c:~rried out in the 
year 1958 in thP ~~iteci s1:~tes at the Oak Rfdge National Labora
tory /R-3/. Frolfl this <:-ttidy it was concludPd t!rnt ''asphaltic: 
membranes appear practical far lining earth storage pits for 
aqueous radiochemical waste provided that the wastes are neutra
lized and a.re di?.ca_yed s:JfficiEmt1y that the se"lf-heath1g tempera
ture does not eYceed 150°F (65°C} and the tim~ for the asphalt to 
acquire a Jose of 109 r,J.d i.s more than 25 years",, 

As from the year 1960 bitumen has increasingly been used as matrix 
materi a 1 for the i ncorpo 1 ation of hi~,- and intermedi ate,:1 evel 
radioactive wastes /10C/. The first investigations an the 
bituminizaticn 0f radi..,active w,jstes havP been car-r-ied out at the 
Research Centr,': for Nucleat EneY'qy at Mol, in 81~lgfum /2/ and at 
the Plutonfom Productfo:1 Ci:rrtre of s1arcoule 1n /'ranee /3/,, 

In Mola. sma11 Tn{,':cd!Y:·';n hd-s been 1}:.nit a:1<1 op,:tdt<=.:J :tom 1960 
to 1964, !\s from '-~\,4 L"i7·i: tnr1f1y :1,1 impro\/,:(1 bH'.1rn:,1izcJtion 
faciiity, cilll»,d ":'•:;;rr1r,.,,", '.1as an,i\"t:-d to treat an the· radio-
active cot1ct:;"'1tr?1t~~; 1,:;.:. -;!1.1t1~}t~s ~_:f ... ~)·,~·!~.-1ctrd in t.,}~e ~(e~;earch Centre 
at Mol, dll".1 Lhi~ ,:1i':,.,u,: :lp~rii:.?r:c 1 n9 inc/,-!en1:s or ~ignificar.t 
problems /:i.89/ ... f? '~(~;,,-J Yac-illty for ~:'r,e b"iturnin·Lzation of 
rctdioact-fvt:• ·tJt1--•~-tc·:~_; ::1·d1 >.~.-,c: ope·ta.t-for'J -fn 10-6:-·: at Hctf·cou"Jej France~ 
Since t!1E,n tfi,, ',1tu1n;n ::::U\m 0f radfo:Jctive •t1astes. has bi:en 
utilized in ma,w crJ;rntr'i,-1 .s, pt'ir:1,'J.ti:y ·1r. Eur-o:Je, L,,rgA--scale 
bitumini.:r-1r.'irJr1 ;~,·iant'.: ,ire · :'::ttt0 rl, e,q, at the i\Jucl,!ar Research 
Centre in Kar1sruhe. (f.Ederal Repub11r of Germanyl;l94/ 
and at the CUROCHEMlC Cornr:;Jny ·in Mc·: (Belgium) /161, 193/. 

Moreover, radi0act1~e wcs~0 bituminiiati0n facilities of various 
treatment cc1pac!i:•ie.c. e,~, ;,,,,,Uw; at ,H1c·:,ctir n::'.Sedr'd, centn~s, 
po\ver reactc.t '•;ttt·fon; dt;({ other ~r:"justri;1·! nuc1rar eni~rgy "insti-
tutions in ~;~~v:~~rc::,-i :' ht• ccu!'itr:'e· ✓ r .. q, 'in thi? S::~vjr?t Un on, 
Untted tatr.::" Un'it·f:t• i{;q(1:-1n:i, ,) !if:niitsri(, .11i.,~)tria 9 Sw tz.er-= 
1 d n d j F n : ,.;~ n (i ,, D:; ~; t~ n (1 f] r) i'i l) ,, .] n <j L :/ ~? /'. h [j .:~ 7 .·; \f ,~ ;: "f r) 
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2.4 Chemical Properties 

There are many kinds of bitumens, diri'er-inD wiiJel;., fr, chemical 
composition depending on sources trnd treatments flitqmeri may 
sometimes be mixed il'Jith up to 27 wt. --1 of ,rdnf~rals /?7b/. Jl.fter 
being heated to l00°C to expel water and 9iLi'S Hie, inin2r(fl 
content of certain bitumens may be as high as 38 wt. -%. All 
bitumens are insoluble in pure water and generally solid at 
temperatures helow 70°C. Bitumens free of miner<lls, gases and 
water, consist mainly of carbon (80--8Bt) hydro£!Hi (8--H1f,J, ogygen 
(1-12%), sulfur (1-7%), and nitrogen {tnK(: tu 1,5':tL p. five 
elements occur in four major components'. 

- saturated hydrocarbons 

- cyclic hydrocarbons 

- resins and 

asphaltenes in various proportions. 

The amount of asphaltenes in the bitumens ranges from 10 to 32%. 
The asphaltenes are insoluble in water and non-polar paraffinic 
hydrocarbons, soluble in carbon disulfide (CS2) and chloro
form (CHCl3), and only slightly soluble in alcohol, ether, 
and low molecular-weight paraffinic hydrocarbons. Asphaltenes con
tain rather high amounts of oxygen (3-11%) and suHur {7-9%); they 
are mainly composed of high molecular-weight (greater than 1500) 
aromatic and heterocyclic hydrocarbons. The asphaltEmes melt in 
the range of 180 to 280°C. By hydrogenation at moderate tempera
tures, asphaltenes may be partly converted to resinous rw1t"'ri al s" 
Hydrogenation at high temperatures and increased pres,0res results 
in a low yield of liquid hydrocarbons. 

Resins are amorphous solids that are soluhl2 in most hydrocarbon 
sol vents, The compounds formi nq resins are structurally simi 1 ar to 
those forming asphaltenes, Natural bitumens may con:dst of up to 
20% resins, howevE~r, gem'rally of "le•~s than 10°:, The resins 
(- like the asphaltenes -) contain r1ther high prooortions of 
oxygen and sul fur; they are mostly ndphthen 1 c •(:-/ ds of a mo1 ecul ar 
weight of ahout 800. 

The paraff-inic, naptherdc, cli':(1 arorn,1tic 11y,.ir·vdrbuns 'in bitumens 
and also heterocycl"lc ciirnpo,er1ds (1,11,ich cont•ifr; n::..yqer,, s1(!fur, 
n'itrogei~, and sman ;;mot,nts of va:lous metals) f1ave 1,10!?.:cu1ara 
weights r-angin9 ftom 500 to 5000; compounds of low(~r mo1ecuiar 
weight can also be present in small amounts in bitumens. 

Sulfur fs present primarily in thiop~enes 1nd benr-thiophenes, 
with smaller quantities in sulfoxid0s. Nitrogen is pres0nt prima
rily as pyrirlines anri pyrrole~type cnr::pound•;. !Jxygeri -is ntes,.::nt 
mainly in hydroxyl, carbonyl, anc1 ester groups, !\bout 3r;• ,,;: the 
hydrocarbon fraction is sc1turated; ahi1ut 5fJ;; M rnort ::, ",Jrnatic. 
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The s irnr/i est 'v'-ii3.Y t\V whi , . .\: ::•wi ci:.0 i1ri c:::,d ,,ha tac :::er ui :':i12 iJ: ;urn?n 
component.~: (a1a:inl:/ aspf:,~t-lt'"?iif~~~, nd Ukt 1 tr::nes) \~an be i:_;har~1::tt:~rized 
is by g·hrlnJ th0 c,1rbon to :·;yd(G:/i:(! .1tJ,,,/c ratfo (C : H fL.rtioi 'ir. 
the material., as of,ita·ir!~~d f"?,orn ,,,..CJH1bdsr:·inP an;J.-!y,~;~i.s.~ ·f5; ratio 
stands for its rrn,,;1n ;:n•t,ik:tic ch,1,'c,ct1:!r, il. hf~711 nrtl,, indicating a 
strongly aromatic m1tur€'; fot sdt,,rat;~d ctl 1 t1c hydro,:drbon<: trie 
C H - ~ 0, 5, for br-,nzenf' the C: • H ~, 1 , nnd for naph tr1a 1 ene 
C : H = L '.?5, 

By blovJing a1r thr1H.19h rnoi':.tr: Dlturrk:r1 0)<ygenal:1on dnci dehydro-
genation rt:'.r1ct1(Hl"~ take rl,1,P, ,l\t1nut 3d% of t:1e r1iturner1 p,"o,!uced 
by industry is ait--b.1nvm, 

Many variedes of hcrh b:G,;':i arid d!-~tii led b1UHnt:n, haF" •;<:fir used 
for the b'"Iturnin·iznt·tnr·} t·arJ~fu:ttct·ivr:~ V<JZ~~tt.~S~ 

2.5 Chemical Stabii1tv 

Biturnt?n::; :1rt-=.~ (''f~.·; iv ,:r:y·\/ ,·(:;,,·i ··;tr::tnt: t.~; 111d ('r-;a.q{:nt'3 at 
atmosohPri c ternner,jt!,tt:. i :; th'i0 rcfcr.,, Jr;p l ',-:d for pr-ot~'cti on of 
more r·ear:tiVf: llld'tt;(L3'1 V,d;n,;t ;:i;t'ri1fU1l influences. 

,~t h·ighet' tc:fflpt~/·.c,t;_;rt~·:;~, b·~t.Linit::n C{ltJ rr•r1ct y.1·ith \JHr···(ou·:; agents 1 

such as ,:ixyqi:?n, -;ul t, ,rnd chlotin~', arid thi;; propetty is made 
use of hi ·'.:he P"E,oa.nrtfo,1 of ·;p;~:.:,ra·: types of b!tum(HL These 
reactioris e~'fec:; mR11ily a deh_y,fr,.i,:iena::·1,:in of the b·ll:umcn ,rnd a 
formation of a~phaltenes. 

Chemical ch,;rngL; may ai ;o occur \11llen the bHum,!n •· without being 
in contact 14 i tf; othE,r ,,,1h·,t;;ir1ct0 ,; f s expo~;2d to nigh temperatures 
(> 300°C), Thi:; phen(lif'.:-·Fm ,:hcu!r1 be cory;·jdcred n,::;t only when 
producfng bitumen by mr~;;ns or (1·/st:i11atinn but also in thf: 
biturn1nization n~ r'ddi(active wastes. 

The che111i ea:; I atari rH :·1t stab l ·1 ity ii r,~ nFi uencrci by the c:1emi ea 1 
comoositfon ryf C:,e bitt:ffE•,: L•iff1~rfnc,?s in cornpc·:;:tfon CdtVie 
differences in th~ ~at~ of rPaction; ~owever, differences in the 
type of r 1!;?";<:t"i ot: ":·t:• ~:,<~·1 ::H;~e~ oh~:-1:?rvr~(J . ., 

facture of ~J-lO\'iY! ;·): ·,LJ:r~ ~3(Ji he,-:;-1',;"·r:; b·J·l'~;,;nif~iL; '.\f(!efl a.pp~!ied9 ·is 
very often f n ,-:er 1:,•ci, \'; :1·1 .• i"' 

The ra i:e of ('(:·::-~-:-.,:· 1- J uti ,,~'. ds \/.·:ty m1Jc:·-, on the~ ti~,rnper::'1ture .. Under 
conditions pr2,,1ai: i,iq :11 ,1:~rnuf.acture of hlo11'/fl bitumen. when 
air and P!o1 ten '.rin:ms:::, :,:":.: in cl,F cGntact i:it 250"C or hiqher 
temperati.i:"P,~ 1 ;,~ .,,f~:/:1-ct-·!or: -J\ ?c;,,.··1y (apid I:"1 its 1pp-1i,?d form, 
bitumen ls usudi 1,; in ;nntac:t v1i,J·1 o;zygen at ;1tm:i:;pheric tempera-
ture, 1Nhen th(~~ h·fT~un1-~n I·•·.:) ] 'i''-!t',Y '.,-1i;~Jh (:on.~~"lStt:nc_y~ Und2r these 
condit"Ic,ns ·t}1f1 y•::~-.:tct--fnri ,,.i,:k~~:c.;(J: ·Jr;r1y ~:lO'-f/i_'./. 

Bitumens ea : 
is muc~1 ;,yf qh;c:r· 
light is prnrncte~,j find f-3.r, i,:~ t~?stf'-;CT,f}f'! 
5 iJ~ In tt,;~_-: t1] h('~ r;r·~·· :f!.~\' r. :Jt dn•if(~ t·/.: 

mm. 

r,:rtr:, ~rf· O/.i dati on 
Oxidation 1n the 

-~·.o a Jeoh~: •)';. about 
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Different types of bitumen vary 9reatly in their susceptHd l h:y to 
oxidation in the presence of sunlight, e.g. blown bitumen has a 
greater resistance towards o)ddation. 

At a depht of about 50 µ in a bltumd1 "idy,?r the inten,;ity of the 

light is reduced to about l'!,. Oxygen can on·ly reach the ·interior 
by means of diffusion at a Vt:ry 1m1 rate, owing to tile high consi
stency of the bitumen, These factor,, contribute to the resistance 
of bitume(l to atmospheric influences. 

Generally bitumens are less resistant !:<Mar:h aci(l-iG than alka"line 
solutions. B'itumen does not seem to 1,1' attac::,,d by concentrated 
alkaline sofotions at room temperat1H·e, aHhouqh dilutE, alk'.aline 
solutions react with acidic bitumen constitumits to f r,1 ,.::lts 
such as sodium naphthenates which serve as excel lent ,11u sifying 

agents for bitumen. 

This reaction is particulary noticeable in soft bitumens of high 
acid value and at a concentration of 0.1% sodium ~ydroxirte. 

Using e.g. 20% sodium hydroxide and 10% sodium carbonate solu
tions, emiil s if -/catfon is not observed at room ;:·:mr;c:ra turf.:, even 
after five years contact. 

However, the surface of bitumens may show signs of en~lsification 
in contact with these concentrated solutions at 60aC. 

The resistance of bitumens to acids depends on the concentration 
of the acids. Generally, concentrated acids attack bitumens. Pro
longed contact wHh dilute acids may cause d hardening of thEi 
bitumen, due to the formation of asphaltenes. 

Concentrated sulfuric acid (e.g. 96%) attacks the aromatic compo-
nents of the bitumen (acid tar). The saturated hydrocarh are 
not even attacked at 200aC. 

Bitumen is resistant to dilute sulfuric acid, and highly resistant 
to concentrated hydrochloric acid solutions at ~oom temperature. 

Bitumen is not resistant to nitric acid. 

Concentrated nitric aci~ effects oxi0ation Rr1ri ritratior. Dilute 
nitric acid also attacks bitLJmen, ever1 at l0v1 -.::0,1,>~rrtrations -:1nd 
at room temp0tatur~. r' Humen -1-:; U:c·refore ,,:rJsu f ta:)·l e for the 
protection of mateda1s against the adfon nf free nitric acid. 

The resistance of bitumen towards various cr:emical rciaJ€nts under 
different cond tions of :~cri,:entrat.iori, temperJ.1-ur·f, (c:1nd time) is 

indicated aual tatively in Tables 11 and III. 



TABLE II 

RESISTANCE OF BITUMEN TO THE EFFECTS OF CHEMICALS AT ROOM 
TEMPERATURE 

! 
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40/50,20/30,10/20 i R85/25,R85/40,Rll5/15 I 
l ·---~·-~----· ,----··--· ·---·-------·-

Inorganic acids 

Hydrochloric acid up to 10% 
Hydrochloric acid 10-30% 
Sulphuric acid up to 50% 
Nitric acid up to 10% 
Nitric acid up to 25% 
Nitric acid up to 50% 
Phosphoric acid 
Hydrofluoric acid 

Organic acids 

Lactic acid 
Butyri c acid 
Formic acid 
Acetic acid 
Benzoic acid 
Picric acid 
Salicylic acid 
Phenol sol utfon 

Inorganic alkalis 

40% 

10% 
10% 
85'.¼, 
20% 

1% 
1% 

() .1% 
1% 

Caustic soda up to 30% 
Ammonia 25% 

0.5 
=,r-

+ 
' ' + 

+ 
+ 
--
-

l 
Soda solution lOo/ J 
s_o_d ___ a __ s _o_i_u_t_i_o_n_(_s_a_t_, _i ---·-

0 

·----· 1--Salts 

Common salt solution 
(sat.) 
Chlorine-containing hrine 
Sea water 
Magnesium chloride 14% 
Sodium hydrosulphite sol. 
(sat.) 
Sodium sulphite sol. 
(sat.) 
Sodium hypoch1orite 5 g 
Waterg1ass 
"Teepol" 
Formaldehyde sol. 30% 

l 
j 
l 

I 
I 
' l 

! 

1 

+ 
+ --

-

1.5 2 j 0.75 , , [: 5 J. ...., " ;J 

(years) ___ ~---- ________ (_yen rs ) ·-·-

+ - I 

- + 
+ ·- + 
- + 

+ -_, 

+ 
+ 

- + 
- + 

+ 
+ 

+ 
+ 
+ 
+ 

+ 
+ 

+ 
+ 

l + 

+ 
+ 

+ 
+ 

+ 

+ 
+ 

+ + 
+ 

I 

' --~·-------------·-- ---------·-----

Not affected: + 
Little to mode te att<lck: + 
.Strongly attacked: -

(Source: Shell, Brussels, data from Amsterdam Lahora and 1 iterature). 

., 



22 
CHEMICAL Wi:SJ:S'i1AffCl~ 01'' lI'l'fJMEN 

- The data are based. on continuous exposu.r·~, to the chemiei:t1 
London) 
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SYMBOLS 
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j 
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! 
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H HYOROBROMIC 
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L 
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1------·--
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HYOROGrn 
SUlPHji-= 
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ucnc 
ACID 

l '-----..,~-~-'/ 
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l 
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i I 
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i 

-~ 
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~,,, 
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2.6 

2.6.1 

Thr physi,,11 propertie(; of hlt,y1,, a,f? of ,i·:i 'i:dv,.1 fo1p(w't·u1cF 
for their use as d suitc"ibfo i::oct 1r1:J 1m.1tN'id! lot rddic,:c:tiv,) 
wastes, Eilt.:,1rn.::ns are solid or Sti1i1i-·'',;J1d suhstanr;(1s at ronm 
temperat,Jrf?, Thf•y can e,c:is·/1v bf': liquefied by h(·::'l!frlr;,. ftE• 

viscosity of' oitumen, d·:ctJcL,e \<11 th i nz:reas 'i ng r,emM!ti'iturc, 

The tf!.1ht~ton::~hip bet~4f(~t:H ·t.<~·(nperJ.ture and v·!scos~f f~, not ·frlenti= 
ea 1 for ,; fff-E::rE1nt tyrH•:< ~rnd gt11<.fos of bh:1m1,:~n ,::~; orn bi: se,:n fa 
Table IV and Fig.1. 

In most «:.ipncat·fun, t,itw;~f!\: i': heated u1!i.il H: bf•Cc•fflt:!•, ?;qf'fld-· 
ent'!y flu!:J hH' 0i·, pa>·tic;1i<•r ,3pniicii:'im: .. 'f the ori;:.fmum ecpp'li-
cation V'lscus~iry is ·:,pjj,.,1 1 tC;,HJpt~rHtur·t'. to ~t\1 h·~·ch ai·~y given 
grade of bftjmen must b] l1~~ted an easil} b~ r?ad trc~ Fi~.l. 

The opt1,,1um appl katl,;Jr: vi:;co::·i ·in t'.ht! biturinr-1.i'.ati,)ri 0f nuclear 
wastes 1Hin b"' ck•te1·,11ir:ed hy vaf' 0<1s factors:; si1d1 a.s the charac
teristic~ of the waste to he incorporated. the bitumen to solids 
ratfo., thti type nF ml.x12!", the ('Vapora~ion tate nf w,'ltE,r ~:tc Due 
to the v.:1riab:e f~:Lte1ws tiJ iJe tr:i-'f311 jnto conslder;,,tfon, the most 
suitabh: viscrr,fty fen· :!~eh ::prcHk case must be found by 
trialsJ 

As the temperature Gf bitun~n '.s increase~. e.g. from 250 up to 
500°C 1 its colloidal an~ micel le strut:ture is altered, volatile 
substancAs ~re 2vaporat0d 1 Jnd tne fl~idity of the rµs;due 
focrea:;ei; unt:1 l H F!owr, ahnor;t i i!v.? '!ubricatlng oiL 

When then co0l~d to rz,c:11 temper'1turc', thi~ b·itwnen i~, LF,1rn1ly 
harder :ov' t-errl"' ·1-t' Ii<• 1,1,,.'"''€' f'f''ltf·l<•, th·1n -/-." ,,1a~, ·H··j,,j,1~11·,, • ~_,., u '1~, 9 '•- '~ ~.,~J 1 f,_ '.,•~J, • ~J' 1 "'¥ ./, ••~ Y ,:C,, , . ., \/\JC:,~)' \,r, ,·:.' • ,,-c,~ :f •et:, 
Furth.::r (:'.)'.)ilng C:11,l':;(')$ ;)r'G'fJr'2SSi 1;C:ly :,:i,;:; 111d1ty, Lf:1. h1ghf?Y' 
viscos~fty.) 
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TABLE IV 

EOUIVISCOUS TEMPERATURES (°C) 

Mexphalt 
Grade 

180/200 
("Spramex"l 

80/100 
60/70 
50/60 
40/50 
30/40 
20/30 
10/20 

H 80/90 
H 100/110 
R 85/25 

85/40 
95/15 

115/15 
135/10 

---

TABLE V 

-·--•--·-------~·-

Viscosity in est 
--- ~--

20 000 5 000 · 2 000 1 000 

08 

17 
23 
~6 
w 
35 
42 
53 
72 
95 
69 
68 
88 
16 
40 

·--- i----,.-,---- -~---

70 85 97 1 

78 94 106 1 
85 101 113 1 
88 104 1 L 
91 1 'I 1 a LJ.ft 1: 
95 111 124 1 

101 117 130 1 
111 128 14 l 1 
133 150 163 1 
154 170 184 l 
126 144 157 1 
1 "·7 - t.; 144 157 1 
143 161 176 1 
166 !~02 2 
190 210 . 225 2 

-------

CONVERSION FACTORS FOR VJ OSITI 

--·-------·----

200 100 50 

138 156 176 

149 166 187 
155 172 193 
158 175 197 
162 179 201 
168 185 208 
175 193 216 
186 205 228 
?.06 224 246 
227 245 
205 225 248 
201 220 243 
225 245 

(256) 

----~--·- --·--·----

obtain ue in unknown units, 

-~--;e. l Rt~d~ ! Red-- r~~~-t~)~-~ -
mu1 ply by: ---------r---

Known mat 1c j wood Ij ~ood II Universal 
saybo 1t Engler 

rol 
( "E) 

29 

(sec) Viscosity _________ (cStLt-------l--\~:ec) -~---- - -•-------·---+---------+------·-----

K , . ' S ·i-· i i I O • i::c 1 nema t 1 c \ c t •· 1 t,, , , '+, ,Jd 

Redwood I (sec)j 0,247 i - l 0,1 1,13 
• 1, ,, 117 1(' \ ') Re<h11ood II l.sE~C/; i,'+ . .1 • !,.) 

SayboH Univ (sec). 0,218 0,885 0,08fl5 
Saybolt Furol(sec) 2,18 8,85 0,885 10 
Engler ( 0 E) 7,58 30,7 3,07 34,81 
STY (sec) 400 162 
(10 mm cup) 
Ford cup (sec}1 3,15 0, 

! 
; ' ----------------- .. -------------------------- ------

0,458 
0, 113 

· 1, 13 
0, 1 

3,48 
183 

,; , 

0,326 
0,0287 
0,287 

528 

0,0025 

0,0062 

0,0054 
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The viscosity of bitumen is high, ranging from 103 to 1020 
poises at Oto 50°C. 

(The viscosity of heavy machine oil at 20°C is 6.6 poises(,_ The 
viscosity of a natural pitch was found to be about 1 x JO•.l.J at 
15°C and 5 x 1011 poises at 0°C. 

It is recommended to transfer b'itumen by pumping at a viscosity of 
about 1000 est. 

Two shipments of a given type of' bituirn::n a.re 1 H<t'lJ to fi uctuate 
in their physical properties and composition, even whrir : , ived 
from the same source, 

Each bitumen has a predetermined consistency and some fixed 
physical properties over which one has no control. 

The selection of a suitable bitumen for a given waste 
bitumi ni zati on process should primari iy be based on the fo 1 'lowing 
physical factors which can be detPrmined bE::forehand by usit1!) 
standard test methods: 

a) the penetration which characterizes the relative hardness or 
consistency of a given bitumen under known conditions of 
temperature, loading, and time; 

(the penetration is defined as the depth, measured in multiples 
of 0.1 mm, that a standard needle penetrates into a 
bituminous surface under a constant load (e.g. 100 g) in a 
specffh1d time (5 sec) and at a specified temp,2rature (e.g. 
25°C)) 

b) the viscosity which determines the flow d1aracter·i,,t,r;s of the 
bitumen at the temperature applied; 

c) the softening 11 point 11 which indicates thrc! ten1perature at ;:1hich 
the bitumen gets 11 slow-f1owing"; 

{the softening point is determined by 1W'J£u1s n1· trie ring-and
ba11 apparatus: 

a rinq of g·1ven d'irner1sion, fil"ied icrith bHumen, :s leaded V'dth 
~ r~e~ 1 'oall (3 C g)· th~ who10 Jr t1~ 3 +ad i~ ~ ~ +h ~~~ !l1p u .::) l, t 1 . ill ·J .·~- _, --~ 1,.,., f ~~ • c,.,. • .,.~. ; !) ,._, ~ ••• a. -uii ·;.,.,,10 ~,1 -.., 

temperature at which the bitumen n~ache::; a certain d.:::fon11aticm 
is reported as the rh,g-and-bcd1 (R-+ B) softening point} 

d) the flash point which indicates the temperature to which the 
material may be safely heated an an open flame. 

Besides these particular properties the knowledge ot some phy~ical 
constants of bitumens might be of value for their use in nuclear 
waste management. 



2.6.2 

In the subchapters hereafter a short survey of the fo 11 owing 
physical properties is given: 

- specific density 

coefficient of cubical expansion 

- specific heat 

- thermal conductivity 

- permeabiliiy to water vapour 

- surface tension 

- total surface energy 

- resistivity/conductivity 

- dielectric strength (breakdown voltage) 

- dielectric constant and dielectric loss 

- mechanical and rheological properties 

- radiation resistance. 

Specific_ df::nsity 

The specH'ic density of bitumens hav"ing a penetration at 25°C 
greater than 5 was determined by means of a pyknometer, that of 
harder bitumens by means of a hydrostatic balance. 

The results obtained in these determinations are given in Table 
VI. 

TABLE VI 

SPECIFIC 

Pen, 

ITY OF BITUMENS 

g/5 sec/25"C 

300 
200 
100 

50 
25 
15 
10 

5 

Spf:'!cific density at 25°C 

1.01 + 0.02 
1.02 + 0.02 
1.02 + 0.02 
1.03 + 0.02 
1.04 + 0 .02 
1.04 + 0.02 
1.05 + 0.02 
L 07 :; 0. 03 
1.07 +- 0.03 

31 
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2.6.3 

The specific densities of bitumens partly depend on the or1g1n of 
the crude oil from which they have been prepared, but in genera·] 
they lie between the limits indicated in Tab'le VL 

For the rest, the specific density is only dependent on the pene
tration, and is therefore practically the same for bitumens of the 
pitch type, the normal type, and the b 1 own type of the same pene
tration. 

However, bitumens prepared from cracked residues are generally of 
higher specific density; bitumens from heavily cracked residues 
for instance, yielded the values given in Table VII. 

TABLE VII 

SPECIFIC DENSITY OF BITUMENS FROM HEAVILY CRACKED RESJ 

Pen. 100 g/5 

100 
50 
25 
15 
5 

< 5 

sec/25"C Specific density at 25°C 

l. 13 + 0.02 
1.13 + 0.02 
1.13 ·=-r 0.02 
L 14 +· 0.CJ2 
L 15 1: 0,02 
1.16 1 0.02 

Generally t~e specific density of bitumens ranges from 0.99 
to 1.2 g/cm . 

For convenience and for most technical purpos~s one mav ,~,,.ume 
that the density of bitumen at 25°C is 1 g/cm-:i. { , ,;1 a1 i crudiE! 
oils are lighter than water, Le. they have a sity o·~ 
less than 1 g/cm3). 

f_o~f.f i~ i~n_! .Qf _c_~b_j_c~ 1~1:i~p~.n~.i o_n_ 

The knowledge of the cubical expansion is required e.g. for the 
calculation of vessel capacities and in cases where shrinkage on 
cooling is an important factor. 

The coefficient of expansion is practically constant in the 
temperature range of 15 - 200°c and almost identical for all bitu
mens (of a penetration 100 g/5 sec/25DC from 23 to 196). The 
coefficient of cubical expansion of bitumens in the range of 15 -
200 °c is 0.00061 + 0.00001. 



2.6.4 

2.6.5 
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Specific_heat 

The specific heat of bitumens is a linear function of the tempera
ture {in the range O - 300°C) which shows that no transition point 
and consequently no definite melting point does exist. 

The specific heat varies somewhat with temperature as indicated in 
the following Table VIII: 

TABLE VIII 

SPECIFIC HEAT OF BITUMEN (Blown bitumen, penetr.40 at 25°C, 
soft.point= 85). 

T "c emp., 

0 

100 

200 

300 

Specific heat, cal/g 0 c 

0.430 

0.462 

0.494 

0.526 

Change of specific heat per l°C = 0.00032. 

Changes of specHk heat of various bitumens per l 0C were measured 
which ranged from 0.00032 to 0.00078. 

A value of 0.45 cal/g.°C car be considered as mean value for the 
specific heat of bitumen. 

Thermal_ conductivity 

It has been most suitable for technical use to express the thermal 
conductivity in kca 1 /m. "C. h, that ·f s the number of k il o-ca 1 ori es 
flow'ing per hour through a cross-section of 1 ri, when the 
temperature gradient is l°C per metre. 

The values expressed in kca1/m.°C.h are converted into 
cal/cm. °C.sec. units by multiplication by the factor 0.00278. 

The thermal conductivity is practically the same for all bitumens; 
it changes (decreases) only slightly with the temperature (about 
1% per 10°C). 

For practical purposes a thermal conductivity of 0.13 kcal/m. °C.h 
can be used. 
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2.6.6 

2.6.7 

Permeability to water vapour_ 

For determining the coefficient of diffusion of the water vapour 
within the material, Fick 1 s diffusion law can be used, which is 
expressed by the following equation: 

where N = the amount of water that will diffuse in time tin the 
direction x though a cross-section with a surface area A, Pl - P2 
being the difference in the vapour pressure of the water. 

This law applies perfectly to materials which absorb pract'ically 
no water (polystyrene). 

The permeability of bitumen to water vapour can be expressed by 
the coefficient of diffusion D; this represents the amount of 
water vapour {in grams) which, at a vapour pressure difference of 
1 mm Hg, would diffuse in one hour through a layer of 1 cm thick
ness having a surface area of 1 cm2 if Fick 1 s law would hold. 

A diffusion coefficient of 1.3 x 10-8 g.h-l.crn-1. 
mmHg- has been determined for bitumen at 25°C. 

The diffusion coefficient depends on the penetration and the 
temperature of the bitumen. 

Surface tension 

The surface tension valid for a great variety of bitumens of 
various temperatures is given in Table IX: 

TABLE IX 

SURFACE TENSION OF BITUMENS 

Temp. , °C 

25 

100 

120 

150 

Surface tension, dynes/cm 

33 + I (extrapolated) 

29 + 1 

28 + 1 

25,5 + 1.5 



2.6.8 

2.6.9 

Total surface energy 

The total surface energy Ec. can be cakul ated using the .. 
following expression: 

E = c; - T s 

o = surface tension 

T = absolute temp. 

For a great va2iety of bitumens a total surface energy of 
51 ! I ergs/cm has been determined. 

Resistivity/conductivity_ 
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Bitumen has a high resistance (a low conductivity) and is there
fore a good insulating material. Harder grades have a slightly 
higher resistance than soft grades though the differences will not 
be important in practice. The resistance of all grades decreases 
with increasing temperature; typical figures are: 

Temp (°C) 

30 

50 

80 

Resistance (ohm/cm) 

1014 

1013 

1012 

The influence of fillers on resistance is negligible, provided 
that they are present in the bitumen as solids, and that conduc
tive fillers such as coke are not used at high concentrations. 
Large quantities of conductive filler can, however, reduce the 
resistance markedly, e.g mastic asphalts containing coke, 
grgpni te or metal powder fil 1 ers can have resistances of 103 -
10 ohm/cm and may be used as f1 ooring where some 
conductivity is required to avoid electrostatic hazards. 
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2.6.10 

2.6.11 

Dielectric strength (breakdown_voltage) 

The dielectric strength is measured in kV/mm, and depends on the 
conditions of measurement and the shape ef the electrodes. Hard 
bitumens have a higher dielectric strength than soft grades: the 
strength of all grades decreases with increasing tempPr.;i ,:·•e. 

a) Bitumen of a penetration of 170/200: 

Temp (°C) 

20 

50 

b) Hard bitumens: 

Temp ( oc) 

20 

50 

Dielectric strength 
(kV/mm)(flat e·lectrodes) 

10 

5 

Dielectric strength 
(kV/mm)(flat electrodes) 

30-60 

10-20 

The effect of fillers on these values is not known precisely but 
they will tend to reduce the above values. 

Dielectric constant and dielectric loss 

The dielectric constant of bitumen is about 2.7 at 20°C, rising 
to about 3.0 at 90°C. 

The dielectric losses in bitumen increase with increasing 
temperature but decrease with increasing frequency as shown in the 
following Tables X and XI. 

TABLE X 

DIELECTRIC LOSS 

oc 

20 
50 
80 

100 

tan o (50 c/s) 

0.015 
0.017 
0.029 
0.045 

TABLE XI 

DI IC LOSS 

Frequency (c/s) 

50 
]0'1 
106 
107 

where 6 = angle of phase distortion. 

0.015 
0.006 
O.OOJ 
0.001 
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Meehan i ea l __ and _rtieo l ogi_ca_l _properties 

Bitumens behave either as viscous liquids or as elastic solids; a 
behaviour intermediate between the two states can a1 so be obser
ved. Bitumens are thermoplastic and subject to variable mechanical 
reactions; these properties are affected by the conditions of 
loading and by the presence of so°lvents remaining from distilla
tion or which have been added. Mechanical resistance to deforma
tion can be measured in terms of poise. which is an absolute unit 
of viscosity; resistance can be measured in all ranges of consi
stency and at all ordinary temperatures. In bitumens deviation 
from pure l·lquid, or Newtonian, flow is common, with various forms 
of plastic behaviour being found. 

The deviation also can be measured and expressed in terms of 
poises. Elasticity appears in bitumen under certain conditions. In 
the Newtonian or pscudo-Newtoni an types 'it appears as a rnentgen 
effect, or reaction to imp,;1ct; in oxidized industria1 bitumen it 
is a weak sol id-type, part·ly static reaction. These effects have 
various applications in practical use. The roentgen effect is of 
special importance fo road use, wher(~ dynamic ·impact is high. 

The most important characteristic of bitumen is its flow or 
rheological properties. Bitumens can be divided into those that 
have purely viscous flow characteristics and those that have 
plastic characteristics. Plastic bitumens are higher in asphal
tenes, and these are not so well dispersed as in viscous 
bitumens. 

Empirical tests are used in measuring the flow characteristics of 
asphalt; the most important properties tested are the penetration 
and the softening point. Penetration and hardness are reciprocally 
related, i.e. the lower the penetration the greater the hardness. 
Bitumen is produced in varfous 11 penetration grades". which may 
range from 5 or even lower, up to JOO. 

The penetration and the softening point are related to the 
aspha1tene content. 

The viscosity of viscous bitumens fs difficult to measure direct
ly, however, it can be determined rouqn·ly from the penetration by 
the following fornrula: 

For many purposes bitumens with purely viscous f1rn11 properties ar,:> 
not satisfactory. Even the hardest viscous bitumen will flow in 
time under small stresses, and there are cases in which there is 0 

stress on the bitumen that needs to be resisted without flow. 
Roofing bitumen is an example in which the small gravitational 
stresses set up by the slope of the roof w1 n cause f1 ow and 
consequently a plastic type of bitumen has to be used. The viscous 
bitumens are general"l_y made p·L:istic by air-blowing. 
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This decreases the content of resinous dispersion agent and in
creases the asphaltene content. The micelles tend to he u~iracted 
to each other and set up first a loose structure and. a resins 
are depleted further, a more firm, gel-like structure. uch 
systems show complex f1 ow characteri sties such as e1 ast city and 
thi xotropy and wi 11 tend to resist stresses. 

The knowledge of the compressibility of bitumens might be of im
portance for the geological storage of bitumen-waste products 
(BWPs). The change in volume of a certain quantity of pure bitumen 
under pressure is relatively small compared with that resulting 
from a change in temperature. 

Th2 compressibility of bitumens is of the order of 40 x 10-6 
cm /kg. A5 the thermal coefficient of expansion per °C is 
600 x 10- , the change in volume per l°C drop in temperature 
is about the same as that per 15 kg/cm2 rise in pressure. 

The influence of pressure on the viscosity of bitumens depends on 
the type of bitumen, however, can be enormous. 

If one applies 1000 kg/cm2 pressure onto bitumens that br>h::ive 
almost like Newtonian liquids, the viscosity may incr1::dse by a 
factor of as much as 105 and more. 

The addition of certain types of fillers permit to build up a 
structure in a sol-type bitumen which has sufficient yield stress 
to prevent flow at elevated temperature and which is also suffici
ently plastic to permit slow but considerable deformation of the 
bitumen product at 1 ow temperature. 

A bitumen emulsion conta·ining a colloidal clay emulsifier offers, 
upon drying, an extreme example of a bitumen product with that 
kind of filler structure. An amount of only 1.5 vol -% of 
colloidal clay (bentonite) in the form of a honeycomb skeleton in 
the resultant bitumen 1 ayer prevents a soft bHumen from flowing 
off vertical surfaces even at temperatures far above l00°C. 

Bitumen products of high mechanical resistivity can also be 
obtained by mixing bitumen with mineral aggregates resembling road 
carpet xtures, 

The mechanical strength requ·ired for a certain bitumen-';c:i ids 
mixture can be realized by a suitab"le comb·lnation of ; viscosity 
of the bitumen and the structure and amount of the inorganic 
(mineral) material incorporated in the bitumen. 
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Various tests have been suggested to characterize the ductn Hy 
and the brittleness of bitumen 

The ductility ts:~:st put fon•iar<l ;:1s r:'dY'iy as 1903 by Dow /R-7 / con
sists in stretching a bitumen briquette narrowed in the middle to 
a cross section of I cm. in a water bath of 25°C at the rate of 5 
cm/min. Under these condltions most bitumens for road making show 
very high ducti1 iti es, mostly t~xceeding 100 cm. 

Bitumens of thr.~ el astk sol--type exhibit d more regular. yet 
strong focri:?ase in ductility with rise of temperature, whereas the 
ductility of bitumens of the gel ··type is l itt"le affected by 
temperature, The ductil Hy is cl ose1y rcl at::d to the rheological 
properties of the bitumen. 

The dE>qree of brittleness 'ls important fr1 many applications of 
bitumen. Whether a substance ls brittle or not, depends on the 
conditfons prevailfog er app"lfod. Om· can dist-/riguish between the 
static brittleness (a measure of which is the elongation at 
rupture), the dynanri c bti ttl eness ., and the "dynamic toughness". 
The brittleness of bitumen depends on the rate of deformation and 
on the temperijture. Therefore the degree of brittleness is 
expressed by means of the temperature at which breakage occurs 
under g'lven conditions. Tht": method Pvo1ved by Fraass /R-8/ is 
widely used in Europe; it "IS based on the determination of the 
temperature at \'ihich a strip of bitumen breaks when bent slowly 
( see Annex), 

Radiation resistance 

In the bituminiziiticn r.J radk1activt• wastes the• stability of the 
bitumen matrix agafrist ,-1-, 13-, or· y--radi,!tfon is of decisive 
importance. especially for the q~estion on the maximum amount of 
radioactivity {a-·, n- or ·r-emitt1r19 nuci ·Ides} 11/ithi•i the matrix 
compatible with a saf~ storage. 

The invest iqatfon-: on tr'k' t.:,d1 cit'ic•r1 N:s ·i stance of bHuminous 
materia':s (using vctr1-),:•:; 1ntt:rnr1: and extenia'I radiation sourcfJS 
and dose rzites of 1. , 1J1) rad/50, ,fl 11y,11 to draw the folfowing 
conc1u;;"ions: 

bitumei is sui r.::":d f:;1,i,iciE:ntly sta"Jlr:,J ;or the ctmdHioning 
of radioactive wastes 4 f the total riose will be less than 
109 rt,d; 

- bitumen absorbing a rlase of 10LO rJ~ {and hiyher) suffer 
from a hreak-dcv-m of the c!•£0 ndca" -;rr,.1cture 1eJding to: 

t·!") / i} 
H;1: 
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o increase of the softening point, 

o increase of the elasticity, 

o slight increase of ductility, 

o decrease of penetration, 

o increase in asphaltenes and resins (and decrease in oils), 
and a 

o decrease of the flash point; 

irradiation of bitumen of 107 rad causes only minor 
changements of its properties; 

- for the same total dose the changes of bitumen decrease with 
the decrease of source intensity (dose rate); 

- ha8dening of bitumen becomes apparent at doses exceeding 
10 rad; 

- the increase in volume due to radiation degradation is less 
pronounced for oxidized (blown) bitumen than for straight-run 
distillation bitumens; 

- the higher the dose rate (rad{sec) the lower the sp~ed of gas 
release (expressed in cm3. d- . c1-l) from the bitumen 
products /42/. 
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Summary of_phy_s_ica1 data __ 

In order to obtain a quick survey on the physical pronerties and 
constants of bitumen the mean values or most "practical values" 
are summarized in the following Table XII. 

TABLE XII 

PHYSICAL DATA ON BITUMEN 

-------------------------

No Property 

1 Spee Hi c density 

2 Coeff. cub. expansion 

3 Specific t 

4 Thermal con due vi ty 

5 Permeabrl Hy to H20-
vapour 

6 SurfacE~ tension 

7 Total surface ,::!nerg_y 

8 Resistivity/conrluc ty 

9 Dielectric strength 

10 Diel c constant 

11 Dielectr"ic lo~;;s 

12 Radiation resistance 

13 Viscosity 

14 Combustion heat 

16 - Permeab·i 1 i to 02 
(blown bitumen, penetr = 
16, R+B = 116"C) 

Value 

1,04 _±_ 0.03 kg/l at 25°C 

0.00061 per °C (in the range 
15-200°C) 

0.45 ca1/g, "C 

· 0.13 kcal/m. °C.h 

1.3 x 10-8 g.h-1.cm-1.mmHg-1 
(at 25°C) 

29 + 1 dynes/cm (at l00°C) 

51 + l ergs/cm2 

1014 ohm/cm (at 30°C) 

20-30 kV/mm (at 20°C; flat 
electrodes) 

! 2,7 (at 20°C) 
I ! tan 6 0 .. 015 (50 c/s; 20°c) 

- ea 109 

3 r,n 10 - 10,:.u poises (in 
50--0"C l 

10 000 ca1/g 

,_ 4 
(at 
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2.7 Health Aspects 

2.8 

Pure bitumens, which do not contain additives, can be considered 
as not health hazardous. Numerous observations could not give any 
evidence of carcinogenic properties of pure bitumen. When using 
bitumens of unknown origin one has to take into consideration that 
they may contain coal-tar which is i:arcinogenic and very 
irritating. 

When working with bitumen in a closed room a rnaximu~ permissH)le 
concentration for vapours of pure bitumen of 5 mg/m has been 
proposed as a mean value for each period of max 15 rn"ir1; when 
working with impure bitumen a concentration of 0.2 mg/m3 should 
not be exceeded. If those concentrations cannot be kept masks 
provided with fresh air supply have to be used. 

If warm or hot bitumen comes into contact with the skin one should 
not try to remove the still fluid bitumen; instead the place of 
contact should be brought into flowing cold water, 

For the removal of bitumen from the skin pure toluene can be used. 
In principle, there is no haste to remove pure hitumen from the 
skin as it forms a sterile closure of tne wound; the bitumen 
loosens by itself after some days. 

The wearing of overalls, protecting g·loves and shoes ·/s necessary 
when working with hot bitumen. 

Safety Aspects (Fire) 

Normal bitumen at room temperature is not classified as an 
inflammable liquid. 

Nevertheless, hot bitumen has to be considered as a burnable 
liquid. Bitumen has a flash point ranging from 200 - ~ 320°C 
depending on its origin and nature. There for the major fire and 
electrical hazards during the operation stage are basically due to 
sparks and possible local overheating. 

For the fighting of a bitumen fire foam-, powder-, or carbon 
dioxide (C02)-extinguish11rs mu:;t employed. 

The use of water bear>1s should be ,11Joi ded as it can cause cooidng 
over or even a tearing open of the vessel containing the bitumen. 

For certain special cases water spray or water beams may be used 
for the removal of heat from vessels containing burning Ditumen. 
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LONG-TERM BEHAVIOUR OF BITUMEN 

General 

The tendency of bitumen to age under atmospheric influences has 
been known for a long time. However, until recently the ageing of 
bitumen was not intensively investigated. This is undoubtly due to 
the fact that even under severe conditions most bitumen construc
tions have a long service life. During the last 20-30 years the 
phenomenon of ageing received an ever-increasing interest, 
especially in connection with protective coatings, bitumen paints, 
road constructions, and presently also in connection with the 
long-term storage of bituminized radioactive wastes. 

The ageing is influenced by several factors, such as the presence 
of impurities in the air or in the water in contact with the bitu
men, and the kind of solids incorporated in the bitumen. 

Besides the ageing of bitumen two further factors need to be con
sidered for the long-term stability and behaviour of bitumen: 

- reactions with (solid) materials coming into contact with it 
and 

- its possible microbial degradation. 

These factors, which are of importance for the long-term stability 
of bitumen in view of its use as coating material for radioactive 
wastes, are treated in the following chapters, 

Durability of Bitumen /R-4/ 

Physical hardening 

As al ready mentiont:d, bitumens are colloidal svstems fri \vhich 
heavy constituents are pept'i zed by means of the resins (aromatic 
and polar substances) in a mixture of hydrocarbons. 

Cooling of such systems from its application tempera re to am
bient temperature shifts the absorption equilibria in the direc
tion of larger conglomerates and hence an increase in viscosity. 

Th·is phenomenon may be ciassified as phys-fcal hardening. Dwing to 
the high viscosity the shift to new equi'J·ibria is a relatively 
slow process v,ihich may last several months. 

Another cause of physica1 hardening may be the presence of 
paraffin wax, which slowly crysta11 izes when the bitumen is cooled 
down. In most cases this process is faster than the one mentioned 
above. Both processes are reversible in that upon reheating of the 
bitumen the original v·iscosHy is restored. 
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3.2.2 

A third possible cause of physical hardening is evaporation of 
volatile material. The rate of evaporation depends on the nature 
and quantity of the volatile corr;porH,nts and on the conditions of 
exposure, mainly the temperaturr .. The resulting losses vary con
siderably with the type of bitumen, being dependent on the mole
cular weight distribution of the ma1tenes, Commercial bitumens 
normally do not harden to an appreciable extent rlue to this cause, 
e.g. it was found that the viscosity of bitumens usually increases 
by a factor of 1 ess than two after heating at 60~C for 14 days, In 
some cases the hardening might be of importance. It is then 
comparatively easy to assess this factor by heating the r,., ... ""<::m 
under exclusion of oxygen to a temperature about equ,f1 , ) t ,,t 
applied in practice. 

Chemical_ hardening 

Like many organk substances, b'ftumen is slov,/ly <lLz.ecl w11en in 
contact with atmospheric oxygen. The polat o;;:yHn-contairiirig 
groups formed tend to associate to micf!'lles of r11gher· mkellar 
weight and thus the viscosity of the bitumen rnrJy ·increase ,::on
siderably. 

It is necessary to distinguish between chemical hardening in the 
presence and in the absence of lignt. In the light, the oxidation 
reaction proceeds at a much higher rate than i 11 the dark and, 
more-over, is of a different type, The bound oxygen ·is mainly pre
sent fo CO groups and the remainder of U1e oxygN1 consumed dis-• 
appears for the greater part as COz and H2 □-

In the absence of 1 ight all the reacting oxygen ·is bound: 

- after short times of ageing (e.g. one wef~k) as S0--9ro1• :1nd 

- after prolonged ageing {one yeai' and morel as CO-gro'"ps 
(probably esters), 

Presumably the sulphoxides slowly 
pounds. This reaction is well known 
pounds, which showed sulphoxides to 
mercaptans, 

1 nto carbonyl corn
from work with model com

frto aldehydes and 

The ageing (oxidation) of bitumen in the pre~en~e of light is 
mainly activated by ultra-violet part. 

Experiments ha 11e shov:ri that oxida on In the nee of light is 
limited to a depth about 5 µ. in practice, ageing affects the 
material to a greater depth, because in the long run the skin that 
is formed may crack and dis'integrate into a powdery substance, 
which may be removed by rain or wind, a fresh surface thus heing 
exposed to the light. However, for tilr:.> d:irar,n ity of road 
constructions this phenomenon is only of mi 1, 1!' importance, 

The skin formed is very hard and insoluh1e ,n !ie;u:ene. 

In the application of bitumen in the field of nuclear 
management, it is the ageing in the dark that has to be considered 
as a cause of hardening. 
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The age1ng in the dark is gov1::rned by b10 mechanisms: 

- oxygen transport by diffusion ,1nd 

- oxygen consumptfon by reactHHL 

A fast diffusion and a slow reaction lead to deep penetration of 
the oxygen, the opposit,~ to shallow penetration (skin formation). 
For a distilled bitumen 50/60 the following values could be 
derived: 

diffusion coefficient of oxygen: L2 x 10-6 cm2/sec (at 50°C) 

solubility of oxygen in bit.: 0.10 cm3 ¾at standard temp, and 
press)/cm- atm. {at 50aC). 

The reactivity of bitumen t0w11rds; oxygen varif:s with origin, type 
and temperature. In the rangA 30 to SOnC the temperature has only 
little influence on the m~chanism of hardening. 

It has been shmvn expedmentany iHHi by calcul atfon that the maxi
mum depth of oxygi?n penetration is in the range of 2 .5 to 5 mm. In 
the long run, hovu:VE~r, the d1::ptri of the oxy9en penetratfon wil 1 
increase somewhat; in any case, the rate of hardening drops con
siderably in the course of time. 

There are no apprecl ab cl i'. differences in the type of ageing between 
most bitwnen~. 

An increase in temperatdre and p1·essure acci:fleri1tes the oxidation 
of bitumen. 

3.3 Reactions with Various Materials 

In view of the use of b'ltumer. as im,notJ·i1isation matrix for solid 
radioactive residues the possible changements of bitumen proper
ties with time, due to materials contactfog it, have to be taken 
into consideration. Besides the contact with the incorporated 
waste and the contafo,1r materiiil, the bitumen can or win come. 
during (geologicill J ·1ong.,term stor·:190, in contact with air. hydro
gen (present. r.1,; hydr,)iys'Lr; product) J water sofotfons ~'Jto:.rnd 
water, sa1t solutions, other mineralized water solut;ons), and the 
surrounding ~ieo l ogica·i mr,ctL1 and rnan••made structura 1 matrri a1 s 
(mainly concrete a:1d mttd·l alloys). 

The general conclusion to be drawn from available data on the 
reaction of bitumen with these substances at the prevailing 
storage temperature and pressure, and during the envisaged times 
is that the bitumen properties of importance are mainly affected 
at and near the surface ar:d are not ! nfl uenced in a way whi eh 
would endanger its function as protective coating material. 

Besides the airez,dy m,2nt:fo ed ageing '2ffects the information given 
hereafter m-i ght be useful ri the assessment of the 1 ong-term 
stability of bitumen and b tumen-v1aste products { BWPs L 
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3.4 

The degree of impermeabilization obtained by bitumen coatin9s de
pends on: 

- the compactness of the bitumen coating layer, 

- the rate of diffusion of water (vapour) and air through the 
bitumen, and 

- the nature of the coated materials .. 

There are two reasons why only small amounts of ... 1ater will pass 
through a homogeneous bitumen layer: 

- firstly, the solubility of water in the bitumen is 1 (M ( 'in the 
order of 0.001 - 0.01%), 

secondly, the viscosity of the bitumen is h19h at norrr:· 1 ,mbient 
temperatures" 

If the bitumen contains drops of a salt solution or water
attracting particles in considerable quantities, the water 
permeability can be substantially increased. 

The diffusion constants of bitumen for water.and air !oxygen) is 
of the order of 10-8 and 10-10 g. cm-1 . h-1 . mmHg-1 1 

respective ·1y. 

One can calculate that even thin tight layers(~ 0.5 mm) provide 
an adequate barrier against water and air fo the protection of 
materials against corrosion and water attack. 

The effectiveness of the protection depends on the absence of 
hydrophilic materials in the bitumen and of pinholes and cracks 
through which water could penetrate. 

The lower the penetration of the lYitumen, nit:: s"i<:Mer the diffusion 
of water through it; distillation bitumens are less permeable to 
water than blown bitumens of thE' same penetr·at·1 on 

A 5 mm thick layer of blown bitw1 1rm aft~::r JO ~/(!ar'; cu,1t<1ct w1th 

tap-water' ,,1n1 absorb 3 ·· 41, 1.vate·· and ,:1 ha,"d res!dua·i hit1m1E~n 

will absorb less than·~ water. 

The ability of bitumc0 11 :,; rEisist attacks by acidlc, alkanne, and 
salt solutions l,::1t assL,lL' that the tdtumen ;dl! sho.-J a high resi
stance against the (usuanyl less agressive aqut,ous solutions and 
the various solid materials occurring in nature and in the waste 
repository. 

Microbial Degrad~tion 

In 1972 Drent /105/ g&,d:: a 1 iteratm1;, r,~vH,,~- cv: the "Uf2cts of 

Microorganisms on Bituminous Materials", 

Recently a "Survey of Microbial U,:qt,:'\zUtlon ,,; "•.s:)haHs with Notes 
on Rel at·i onship to Nuc: 1iar \-lastQ M.<a putil i S'V:d by 

Zo8e11 and Mol,:~cke nl:i:. lt Htiqht rfr'ic,' ln ,~ some 

important information ,i;-·;!y anti ~. cor:cllEl,.Ht coni·•·•·r"1 , the 
latter publication. 
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It seems that virtually all kinds of bitumen are bion2graJable by 
bacteria and fungi at rates va:ying from extremely slow to fairly 
rapid. The rates of Diodegradatfon are influi2nced by the contact 
of microbial E~nz_yme systerns with the bitumen, the chem'ical com
position of the bitumen, its physical state, and environmental 
conditions. 

The waste bituminization temperatures in the range of 80 - 200°C 
are high enough to kill most bacteria and fungi contained in the 
waste itself. However, bacterial degradation of the bit11men i,,1aste 
from external sources is still quite possible. 

Most soil and aquatic bacteria, including asphalt oxidizers, grow 
best within the range of pH 6 and 8. 

Even under the most favaurab1e conditions for the microbial degra
dation of bitumen'>, the rate is 9entJral1y very slow. 

The rate of degradation appears to be directly proportional to the 
surface iH':s~,:.l exposed to oxyqena ted i,,Jater per unit ,'lei (}ht ot 
asphalt. The biodegradation of asphaltenes and other hydrocarbons 
by a Pseudomonas .Spc1cies !tvi:ls found /R-·9/ to be promoted by bio
ernulsifiers or surfactants. 

Pseudomonas as:.phalten·icus, a new species recently isolated from 
asphalt deposits in Ontario (Canada), utilizes a wide range of 
hydrocarbons, including asphaltentis. Th€! hight~st temperature at 
which mirrobial activity occurs is ahout 100°C. 

Relatively few micro!,1al species survive prolonged exposure at 
temperatures higher than 60°C. 

Hyperbadc oxygen, carbon dfo;dd,~, anc certa·lri other gases are 
bacteriostatic or bactericid,·fl at pt'essures c·~ only 5 to 10 atm, 
It has not been determined whether asphalt (blt~men) is attacked 
by mi croorgani :;ms i r1 the absence of f r2e oxyw~n, 

If certain anaerobes att;ack bltu111er: 1 the rate is mucr1 slower than 
aerobic deg~adati,,n 

It was shown by H~rris /R-1 that certain physical r·operties of 
paving asphalts we~~ d1t2red by microbial ~ctivity at ambient 
temperatur% \-.'i-::hin n i"1,,; vieeks; •ater tH: notE:d N-11/ a steady 
increase in the mi~rob!Q: oopulation fn soil surrounding asphalt 
coatinqs on buried pipt,t·. -ind e:;sential·ly no 1iricrob1a1 rwowth 
around coal···tar cor:1t1n9s, Mainly pseudomonads, coryr.ebacteria, and 
actinomycetes werL~ ·invo·hrd in the.: destr-uctinn of asphaH. 

Depending on the kinds of nacterfa present and various environ
mental conditions, tn~ pBraff1n fractions of asphalts seems to be 
attacked more rapid!y than the heterocyclic compounds of asphal
tenes. If so, destruction 0f paraffins may render the remaining 
fractions more vul11Erahl2 to enzymatic and chemical action. 

In view of us-ir'1g bitu:;1P, 1 as eolbi:dding material for· radioact:lve 
wastes the following state,~~nts or conclus~nns - derived frJm the 
relevant -iitE•raturs::'! ;;:ari be mad(~: 

- micrno ~FH11c;rns, ~;Heiy pr0sP.nt. i•1 ,:ature, ar1: c;wab·le of 
attack ng M c1iF11:;1 w;r12r a.,~r·o;1f< :,rnd 1110:;t p,'o::iably a1-;o 
anaero ic) con0iti0~s; 
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- in general, microbial attack seems to be fastest for steam
refined bitumens, followed by air-blown and finally coal tar 
pitches; 

- little is known about the use and effectiveness of products 
that inhibit microbial action; 

many of the components of bitumens, such as asphaltenes, resins, 
and paraffinic, naphthenic, and aromatic hydrocarbons can be 
more resistant to chemical reagents, such as strong acids and 
alkalines, than to microbial enzyme systems; 

the few species attacking bitumen are most abundant in soil or 
bottom sediments that have been in contact with crude oil or 
bitumen; 

- the speed at whi eh microbes attack asphalt is very ~, ( under 
optimum growth conditions only about 0.025 mm thi E'SS of 
bitumen was found to be affected in 3 years) /R-12/, 

- the conditions have to be perfect for a very long time to 
produce any noticeable damage; 

- the possibility that microorganisms destroy the bitumen coating 
(of radwaste) is extremely small. 

3.5 Conclusions 

The application of bitumen in nuclear and non-nuclear fields is 
based on its favourable physico-chemical properties and its long
term du rabn i ty, 

Various bitumens may show differences in this respect, dependent 
on origin and manner of production, particularly, with respect to 
the oxidation stability. 

The demonstrated natural stahil ity of bitumen 
years in an underground environment must be 
advantage over man-mad€' mated al , 

1 i s of 
1 real 
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4. WASTE CONSIDERED FOR BITUMINIZATION 

4.1 General 

4.2 

4.2.1 

For the bituminization only those wastes are considered he~e 
which: 

- are generated at light-water reactor stations and nuclear fuel 
reprocessing plants (wastes from other nuclear activities are 
therewHh inc·1 uded as they do not pose nev1 prob"l ems and do not 
require other waste m1nagement techniques), 

- are inorganic or orqa 1i c so·1 utions or suspens fons or finely 
devided sol ids, requi .··ing solidi f·icatfon dnd/ )r fLx:ation prior 
to their final storage, 

- belong to th{" low- or intermedi.ate-•1eve·1 rad·/oactive waste 
categories, i.(~. having a specific activity ·in th~ unconditioned 
as we]1 as conditioned.for~ of_l~ss than 10 Ci{dm· (in practice 
normally less than 1 C1/dm":::: 3.7 x 1010 Bq/drrr.)). 

Besides the bitumirrization of the "wet" \vastes, also the coating 
of certa:in 11 dry 11 wastes by bitumen can be considered. 

To place tile "bituminizable 'f✓ astes" in thf: correct perspective 
al so types and amounts of wastes are merit ioned whi eh ;m;: ,::ondi
tioned for storage by other means than bituminization, 

Reactor Wastes 

_Qrj_gj__n _ 

Most of the radionuclides in liquid waste effluents at LWRs or1g1-
nate from the pr·imary coo·! ant or from the fuel storage pond. Four 
main proresses contribute to the radioactivity in the reactor 
primc1ry ci:rn"iant /R-13/., 

- corrosion of activated r~2ctor components, 

- contamination of the fuel cladding with fissile material, 

- leakage of radionuclides from defective fuel rods. 

The quantity of fission pr,Jducts ·1n recictor coolants ~l~pends on 
the qua 1 ity of the foe 1 e 1 en:ents. 

The quantity of activation products present depends upon the 
degree of interaction between the coolant and reactor components. 

Radionuclides in the water of the fuel storage pond originate 
from defect, ve fuel r·ods ar,c; corto.s ion of the fuel e 1 ements. 



Approximately equal contributions to the total volume are made by 
the treated 1\•1et 11 and "dry u wastes, ut most of the acti vHy ( up 
to several thousand Curit::!S) ·1s cbsoc ated with the "wet" wastes. 

A significantly 9reater volume reduction could be achieved if com
bustible wastes were treated by incineration. 

Radio-cesium is the main activity contributor within ion-exchange 
resins after a storage time of 20 - 40 years. Typica'lly, about 150 
- 500 Ci of Cs-137, < 1 Ci of Sr-90, and 5 Ci of Co-60 are found 
in the evaporator concentrates accumulated during one year at a 
PWR station, 

The oil waste may contain smdll amounts of tritium. cesium or 
corrosion products. 

In pressurized water reacto (PWRs) the reactor coolant usually 
contains 20 •· 40 cmJ of hydrogen per kilogramme of water to in-
hibit the radiclytic ition of the coolant. Th0 control of 
pH may he done by using lithium-7 hydroxide, or potas,>fom 
hydroxide ( Sovi et-typri VVER ··440 PWRs), 

The control of ·1 ong-term changes in reactivity of the core during 
plant operation and for cold shutdown reactivity control is effec
ted by means of boric acid as the soluble neutron poison. 

Under normal operation conditions the radioactive contaminants of 
the waste residues are activated corrosion products and tritium 
(produced by activation of coolant additives, naturally occuring 
deuterium in the coolant, and ternary fission of U-235). 

Under normal operation of a boiling water reactor and with 100% 
fuel cladding integrity the main (non-gasesous) radionuc1ides pre
sent in the solid waste residues and liquid concentrates are: 
Cr-51, Mn-54, Fe-55, Co-58 1 Co-60, Zn-65, Zr-95, Sb-124, i.e. 
activated metals from the corrosion of the materials used in the 
primary system, turbine feed-water plant. 

The leakage radi i from the fuel to the coolant influ-
ences more the activHy level than amount of the viastes. 

The largest fraction 
the low-level waste 
is contained in L 

resins from a BWR belongs to 
amount of radioactivity 
-14/. 

In Tables XVI to XVIII some further data on reactor waste amounts 
and constituents are g1ven as examples. 
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TABLE XIII 

APPROX !MATE ANNUAL "WET 11 WASTE PRODUCTION BY A 900 MWe - BWR 

Type of Waste 

Ion exchange resins: 

- Granular form 
(reactor water clean-up) 

- Granular form 
(condensate clean-up) 

- Powder form 
(condensate clean-up) 

- Powder form 
(fuel storage pond 
water clean-up} 

Filtration sludges 

Evaporation concentrates*) 

Volume m3 /a Acti vi t.Y Ci /m3 

15 < 50 

7 < 1 

50 < 10 

2 < 50 

50 < 

20 < 1 

*) At some BWR plants evaporation is seldom used. 



TABLE XIV 

APPROXIMATE ANNUAL "WET" WASTE PRODIJCTIO~J BY A 900 M\4e - PWR 

Type of waste 

Ion exchange resins: 

- Granular form 
(primary loop) 

Granular form 
{ secondary systems) 

Effluent concentrates 
Boron effluent concentr. 

(Filters. solid 

TABLE XV 

6 

15 

25 
30 

Acti ! CUm3 

< 1 

< 2 
< 2 

APPROXIMATE ANNUAL VOLUMES OF SOLID RADIOACTIVE WASTES FROM A 
1000 M\i!e - L~JR 

·-- ·-·-
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Type of 
waste 

BWR PWR I Treatment 

::;re After ·-ireTore ~After Applied 
;itm. tr~a treatm, f;3~tm. ) (m ) (1113) 

----. 

"Wet" wastes ~o 
' 

65 80 40 Bitumini zation 

Dry compressible 

Total 

(non
compressih1e 
wastes excluded) 

--- ~----- ·-~~---· 

40 0 100 250 

53 0 165 330 

·-·- ------ ------···--··· - ~----·---------

60 l Compress ion l 

·-

100 Compression 

+ 

Bituminization 
... - ·-·--
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TABLE XVI 

WASTES FRQM TWO 590 MWe - BWRs CONDITIONED BY BITUMINIZATION 
AT BARSEBACK /277/ 

Waste Origin Activity Amount Resulting 
category concentration per year drums per year 

Powered Condensate low 15 tons 250 
resins polishing 

Bead Reactor medium 10 m3 120 
resins water 

clean-up 

Powdered Fuel pool medium 0.7 ton 10 
resins clean-up 

Mechanical Rad waste low-medium 1.5 ton 20 
filter aids system 

Concentrates decont. medium very smal 1 5 
chemicals volumes*) 
etc. 

*) These small volumes are due to the fact that no demineralizer 
system is used. 
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TABLE XVII 

CORROSION AND FISSION PROOUCTS IN THE PRIMARY WATER 

CORROSION PRODUCTS FISSION PRODUCTS 

Nuclide Ha 1 f1 i fe Nuclide Hal fl ife 

Cr-51 27.8 d Sr-89 52 d 

Mn-54 303 d Sr-90 28.1 y 

Mn-56 2.58 h Mo-99 66.7 h 

Co-58 71.3 d I-131 8.07 d 

Co-60 5.26 y I-132 2.3 h 

Ni-59 7 .5x104 y I-133 20.9 h 

Ni-63 92 y I-134 52 m 

Fe-59 45.1 d I-135 6.7 h 

Cu-64 12.9 h Te-132 78 h 

Zn-65 243.6 d Te-134 42 m 

W-187 24 h Cs-134 2 .05 y 

Cs-135 3x106 y 

Cs-136 13 d 

C s-137 30.2 y 

Cs-138 32.2 m 
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TABLE XVIII 

DISTRIBUTION OF RADIONUCLIDES (%) IN AN EVAPORATION CONCENTRATE 
OF A 670 MWe - BWR /R-15/ 

Nuclide March after 

1976 7 months 10 months 2 years 3 years 4 years 

Cs-137 6.8 8.4 8.0 10.0 11.6 15.4 

Co-60 65.4 72.2 76.7 82.5 83.0 80.8 

Cs-134 3.1 2.8 2.5 2.8 2.1 1.8 

Mn-54 2.0 1. 7 1.6 0.9 0.6 

Zn-65 17.6 13.8 11.0 3.9 2.6 2.0 

Co-58 5.0 1.2 0.5 

Acti~ity 
Ci/m 0.2 0.17 0.16 0.12 0.11 0.08 
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Reprocessing Wastes 

Qrj__gj__n _ 

Present-day fuel reprocessing plants apply almost exclusively 
Purex-type processes - whi eh are characterized by the use of 
tributyl phosphate (TBP) solutions as extractant - to separate 
uranium and plutonium from fission products and other impurities. 
The reprocessing operations generate a large variety of gaseous, 
liquid, and solid wastes. 

The origin of the various categories of waste in a Purex-plant 
using a chop-leach head-end is shown in Table XIX. 

If a plant would apply a chemical decanning of the fuel elements 
(as e.g. the Eurochemic plant from 1966 - 1974) then the r~sulting 
large volumes of decanning solutions would belong to 
intermediate-level waste category. 

Amounts and composition 

In Table XX the approximate specific waste arisings for the 
various types of reprocessing wastes are given. 

As only the intermediate- and low-level waste solutions (besides 
filter aids and ion exchange resins) are considered for 
bituminization, the composition of other waste types will not be 
discussed. 

It is difficu1t to quote a specific production rate of LLW and MLW 
solutions (in m3/t fuel material processed) as their amounts 
generated are not directly linked to the through-put of the 
plant. 

a) Intermediate--1evel waste 

The ILW production rate may vary in certain periods from 1 -
40 m3/t fuel treated. The main reason for this wide range is 
that a large ion of the decontamination waste belongs to 
the ILW category, The liquid ILW, resuHing from normal process 
operations consist malnly of alkaline sodium carbonate solu-
tions or acidic ium nitrate utions, which may furthermore 
contain aluminium. iron. potassium, fluoride. and sulfate. 
Their activity level is generally in the order of 10 - 100 
mCi/1. Typically, a ILW solution contains 400 g sodium nitrate 
per litre and 2 moles nitric acid per litre. The main radio
nuclides present in ILW are Zr/Nb-95, Ru-106, small amounts of 
other fission products, uranium, and plutonium. A wide variety 
of alkaline and acidic medium active decontamination waste is 
generated containing oxidizing or reducing agents, organic and 
inorganic complexing agents and other reagents such as 
surface-active compounds (detergents) and corrosion inhibitors. 

All these solutions are usually mixed as far as compatible with 
their subsequent treatment or they are stored separately. 



-· ·-j-
RADIOACTIVE WASTES 

I I I 
GASEOUS HIGH-LEVEL MEDIUM- LEVEL 

LIQUID LIQUTI) 
WASTE WASTE WASTE 

I I I 

Chopper Ra:ffinate of Solutions 
off .. ga.s 1 st ex:tractio11 off-gas 

c:vcle (HAW) scrubbers 

Dissolver Decont amina.t io11 
off-ga.s sol. plant and 

casks 

Vessel Solvent wash 
off .. gas sol. (aqueous) 

,,,........,..__ 

Ventilation Low-level waste 
evaporator 
concentrates 

Laboratory 
wastes 

Ma.intena.nce I 
wastes .. J 

Decanning 
solutions*) 

FROM NUCLEAR FUEL REPROCESSING PIANTS 

I I I 
LOW-LEVEL ORGANIC HIGH-LEVEL 

LIQUID LIQUTI) SOLTI) 
WASTE WASTE WASTE 

I I I 

Concentrator Spent solvent Cladding hulls 
overheads and fines 

Off-gas Diluent Feed clarifi-
condensates washes cation solids 

TABLE XIX 

ORIGIN OF THE VARIOUS CATEGORIES OF WASTE 

*) if a chemical decanning 
is applied. 

I 
MEDIUM+ LOW 
LEVEL SOLID 

WASTE 
J 

Filters 

Ion exchange 
resins 

Pond filters, 
silica.gel, 
kieselguhr 

Failed equip-
ment,tools 

Combustible 
trash 

!Non-combustible 
trash 

(. 

C 
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TABLE XX 

APPROXIMATF SPFCIFIC Wll.STE PRODUCTION OF THE VARIOUS WASTE TYPFS 
( 1000 MWe LWP 310::0 M\.<ld/t hurn-up) 

WASTE TYPE WA~TE VOLUME 
(mJ/t fuel) 

SPECIF C ,l\t:TIVITY 
(Ci/111 1 waste) 

GASES ~epends on ventilation depends on ventilation 

LIQUIDS 

(* after concentration) 

Hiqh-level* 
( > 104 C i /m3 ) 

Intermerliate-lev~l* 
(10-2 - 104 Ci/mJ) 

Low-level 
(< 10-2 Ci/m3) 

Organic solvent 

SOLIDS 

(before treatment) 

Canni nq hulls 

Combustibl E' 

Non-comhustib'le 

0.7 - 1.0 

1 - 4 

40 - 100 

0.5 

0.5 

4 

1 

. 3 X 106 - 3 X 105 

101 - 102 

> 1 

< 1 

10~ 1 - 103 
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These primary wastes are treated thereby producing n,:rllla.1 ly two 
waste fractions. One fraction contains a high percentage of the 
majority of the radionucl ides in a small volume whilst the 
other fraction wi 11 be of such a 1 ow specific activity that it 
can be safely disposed of into the environment. The radio-
nucl ·ides are concentrated by different methods according to the 
activity level and chemical composition of the solutions. 

The methods mostly used are: 

- chemical precipitation, 

- ion-exchange processes, and 

- evaporation 

According to the technique applied the radioactivity is concen
trated in the precipitates (sludges), or on the ion exchange 
material. or in the regeneration solution, or in the evaporator 
concentrate. These concentrates can he incorporaterl 1. bitu-
men or another suitable matrix material. 

As an example, Table XXI gives the estimated composition of an 
intermediate-level liquid waste after evaporation generated at 
a commercial 1500 t U/year plant {Allied-General Muclear 
Services at Barnwell, SC. USA) /R-16/, 

b) Low-level waste 

It is equally difficult to state a relatively precise specific 
production rate for the LLW ari~ings, however, the indicated 
upper limit (Table XX) of 100 m· /t of fuel processed will 
normally not be exceeded, 

The low-level liquid wastes from fuel reprocessing are 
chemically not greatly different from natural waters. They 
contain only very small amounts of inert chemicals and radio
nuclides, 

The radionuclides of greatest importance in these was ♦0~ are 
above all tri um. then ruthenium-106, cesium-137 an0 
strontium-90. 

These wastes are very 1arge in volume. E:vaporator condensates 
ii'! one may average 40 m /t of fue·1 processed. Because of their 
great volume and low concentrations of radionuc1ides, the LLWs 
have been suitable for environmental disposal. 

If the LLW solutions have not the requ'ired purity for safe 
discharge to the environment they have first to be sufficiently 
decontaminated. Normally distillation is applied, which 
produces extremely pure distillates. Also co-precipitation 
processes are employed in which the solid residues - after 
their separation by filtration - can be incorporated into 
bi turnen. 
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TABLE XXI 

ESTIMATED COMPOSITION OF LIQUID ILW AFTER EVAPORATION /R-16/ 

-- ---- fr.-·- - ·----·-·---·-----~·-·----------· 

Cations Anions 
-------· ---- ~u•--=-••-----• 

Component Cone. (M) Component Cone. {M) 

----

H+ 2.5 N03- 2.74 

Na+ 1.1 N02-*) 0.26 

uol+ 0.037 P043_ 0.24 

Hg2+ 0.023 Cl - 0.016 

Mn2+ 0.009 soi- 0.009 

K+ 0.005 r- 0.007 

Fe3+ >-----· --· 0.003 
Cleaners 

Ag+ 0.003 -- -· 

zr4+ 0.001 Component Wt.-% 

Ru 4+ 0.0006 
Soap 0.5 

cs+ 0.0001 
Detergents 0.5 

sr2+ 0.0001 
------- Na2 EDTA 0.5 

*) N02- is not Na2 Citrate 0.5 
stahle in is 
solution" Tartrate 0.5 

! Na,, Oxalate 0.5 
,c_ 

I ···-·-------------- ---
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4.4 Conclusions 

The operation of a 1000 MWe LWR generates yearly approxi-
mately the following low- or intermediate-level wastes which can 

be bituminized: 

35 tons of ion exchange resins and filter aids of an average 
specific activity of< 100 mCi/kg, 

- 3 tons of dry matters contained in evaporator concentrates. 

These solids are contained in a total "li~uid volume,; (Lj, solu
tion or suspension volume) of abouJ 100 m which bitumi fzed 

would result in approximately 75 m bitumen-waste products 
60 wt.-% bitumen/40 wt.-% solids) or 375 product drums {containing 
200 l BWP/drum). 

The reprocessing of fuel unloaded yearly from a 1000 MWe LWR 
(ea 29 tons) generates approximately: 

- 75 m3 ILW solutions containing about 400 g salts per litre and 
an activity of< 1 Ci/1 and 

2000 m3 LLW solutions containing small amounts of salts and an 
activity of< 10 µCi/1. 

The bituminization of the ILW solutions and the sludges or concen
trates from the treatment of the LLW solutions results in the for
mation of 80 tons or 60 m3 bitumen-waste products (60 wt.-% 
bitumen/40 wt.-% solids). The 60 m3 BWPs are usually filled in 
180-litre-portions into 220 product drums which results in the 
generation of about 330 drums. The bituminization of ILW generated 
in a large reprocessing p1ant will result in a specific bitumen
waste volume of about 2 m /t U processed correspondfo;i 11 BWP 
drums per ton uranium processed. 

One can conclude that the operation of a 1000 MWe LWR and the 
reprocessing of the unloaded fuel per year generates in total 
about 700 BWP-drums requiring storage or disposal. 
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5. BITUMINIZATION OF REACTOR AND REPROCESSING WASTES 

5.1 General 

5.2 

The solid and initially liquid wastes of the low- and inter
mediate-level radioactive waste categories from reactor stations 
and fuel reprocessing plants can principally be bitumini • i.e. 
incorporated in or coated by bitumen. 

Thus, the bituminization is relatively insensitive to the type of 
waste being processed; it may be operated either as a continuous 
or a batch process. 

The bituminization of liquid waste can be classified as an eva
poration mixing process; the bituminization of dry solids is a 
mixing and/or coating process. 

The temperature of the bitumen-waste mixture during the incorpo
ration process does normally not exceed 200°c. 

Bitumen-waste products containing up to 80% solids could be pre
pared. Usually a product containing 40-60 wt.-% solids is chosen 
as it represents the best compromise of the conflicting require
ments of volume reduction, viscosity, ductility, and the flow 
(casting) temperature. 

The aim of the bituminization of liquid and solid wastes is to 
condition the various wastes in such a way as to obtain a final 
solid product suited for long-term storage or disposctl. 

Process Techniq~~~ 

For the incorporation of soi id and initially liquid wastes three 
different bituminization techniques have been developed: 

1. Mixing of the solid or liquid wastes with molten bitumen at a 
tempt: i'ature ot 140 - ;?30,,C und,~r simultaneous evaporation of 
water and casting of the fluid mfxture into containers (drums) 
for storage after cooling down to a solid product. 

2. Mixing of the solid or liquid wastes with emulsified bitumen 
at room temperature and subsequent heating of the mixture 
obtained to evaporate water; the remaining mixture is filled 
into containers, cooled down, and stored. 

3. Mixing of waste sludges, surface-active agents (for 
emulsifying), and bitumen to obtain in the first stage a 
preliminary coating and simultaneously a partial removal of 
water; in the second stage the final coatfng of th0 mineral 
salts and other solids by bitumen and the removal of water are 
achieved by heating the mixture to about 130°C. The solids
bitumen mixture 'is filled into containers, cooled down, and 
stored, 
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5.3 

These three types of incorporation processes can be carded out 
batchwise or in a continuous manner. 

The bituminization of radwastes (especially from reprocess1ng) by 

the "sedimentation techni que 11 /227 / can hardly be rer-nrnn,,,vied as 
the operational principle involved does not assure t\,, ; ':'quired 
quality of the final product. 

Process Equipment 

The bituminization of 1r✓astes requires mainly reaction vessels. 
evaporators, and mechanical mixers; in addition condensers, off
gas clean-up systems, and condensate clean-up systems (e,g. 
filters for the removal of bituminous oils) are usually needed. 

Three types of heating-mixing equipment have successfully been 
used on an industrial scale: 

L A 11 pot11 provided with a heating mantle or heating elements 
(inside) and a mechanical stirrer for batch processes. 

2. Two - and four - screws - extruder evaporators (diameter of 
the elements e.g. 83 or 120 mm) effecting continuously 
homogeneous mixing of the sol id waste componfmts with !tumen 
under simultaneous evaporation of water (and othev vol le 
components) and extruding of the waste-bitumen mi x,:ure in 
product containers. 

3. Wiped-film (or thin-film). evaporators permitting also in a 
continuous way the mixing of the solid residue with bitumen, 
after evaporation of the water, along the heated evaporator 
walls and outflow (or pumping out) of the resulting mixture 
into the product containers. 

5.4 Final Product Container 

Design and material of BWP iner are + all of 
importance for easy and safe filling, hand·l 1n9, transporting, and 
interim-s ng of the entire fina 

In most safety analysis mad€! in p 
to give no credit to the container as a inst the 
dispersion of radionuclides from the waste p ts to the 
environment in order to base the ana'lysi s on "consennxt i, 
assumptions". Such a vi'ew might justified in case.; ,~re the 
expected life-time (corrosion resistance) of container in the 
forseen storage environment is negligibly ort ared to the 
time the contained nuclides remain radiotoxically ha 1. e.g. a 
relatively thin, steel cylinder filled th v trified high-level 
waste from fuel reprocessing placed at a great depth in a bore 
hole or a salt deposit. 
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In view of a prolonged ir1terim-storage of bituminized waste, its 
subsequent handling and transpor~ to the final repository, the 
design and material of the uroduct container could be of such a 
quality as to assure dimensional stabi"lity, ·intactness of the con-· 
tainer, and a real d1ffoslun ba·rtlfT over a ~;·/gnificant length of 
time. Whether such an advanc;:d product contdiner is safety
technically desirable a~d economically defendahle or not, depends 
on the qua'lity and ,:ompositfon 0f t::f' contained product and on the 
strategy, t,::chnique. ard nlace s1:ilected for it~, interim- and final 
storage. 

At present, the most widely used containers for BWPs <'H't ild 
steel drums of 170 ,. 220 l total volume rirotf":Cted ag, ;n a.tmos-
pheri c corrosion by rn f n-= ra 1 paints. 

In Czechoslovakia even paper drums were used. however, only for 
the purpose of transport from the plac<:' of or'icr1n to the place of 
burial /216, p. 204/. 

At Eurochemic, studies riavE• been carr'ied out ~thich aimed either at 
an improvement of the corrosion resistance of normal mild steel 
drums by protective coating materials (such as special paints, 
bitumen, plastics. silicon oil etc .. ) or the selection of a 
suitable, relatively in2xp2nsive conta.im~r matedal more 
corrosion-res·istant thari Pi.dnted 11lild stee·1. As a result of these 
studies a new type of ste~:'l platr:s" recently deve·loped by 
Cockerill-Ougr~ (Belgiu~), has been selected for manufacturing 
product drums suited for the engineered surface storage of 
bitumen-waste mixtures for at least 50 years. 

This nt:W plate material is called "chromized stee·i" (t61e 
chromis§e); it possesses on both sides an 70 - 110 µ thir~ surface 
layer 1tdth the properti,::.s of a 2oc0 chromium conta'ir1in9 fenitic 
stainless steeL The chtomized stf::e1 plar.es um be w2:ded by all 
conventional processes. If the price of a standard painted mild 
steel drum (60 cm diamet0r, 9G cm height, 1 .2 mn steel plate 
thickness) is taken as unily. then a drum of identical design and 
dimensions made of: 

chromizeJ t2ei and 

S t i:l 1 fl 1 /:': S S •; t/!; I 

1979 ·1, ti Ci~.,;) , 

. J ,'[ 1-~
; r, 

It was co~cl1Jde~ ~- cir~ms 01~de ut chromiz~d steel represent 
the be5:t r:onipr0mis"' b,".'.'•,.err, r'Eqt.1~,·e(: p:-< 1rp,-t·f,,s and priCcc', 

Fig 2 is a const~uctior J11wiRg of th0 drum u~2d Jt [uroc~emic for 
BWPs, 

If consider(:d n2-ct:;sB.r) ,:_! d~sic;n .;~,f fut:Jt-.~· fJtcduct CJ·: ·;n9rs 

could take into considn·athm an improved rn::chanicai ·,t::':Li"!ity and 
i'1 double vrnll with an i1pprw1ria.t0 H\:1:,cd,'l.! "1-Yt'.veen inner- a11d. outer 
~,all., to increas:2 eh,?. r-,:WH'r' of barTi,,rs di,J ::0 ·i 1r1p1O\f0 at the 
same time the cnrro·;•i r1·, iqnib::", 12<':11..:h , and mechcnncal 
res1stanct. 
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The amount :rnd nature nf s,:il ts ,v other waste const tu,.,ts mixed 
with molten hit.1.Hnen mB.y effect ctH'i!iical and physica c:hangf-:ments 
of components of thi:0 nri ;~ture and ,::nns:c·quentlv the qua1 ity of the 
resulting solid product. 

Certain saHs tend tn a9qforwir,1te or to settL2 (due to triE'ir 
higher dt1 nsHy) cau::;fri,:1 inf101noq(1nenw; products (isoeci;:d1v if ''pot 
type 11 coat!nri equipmen:t j,; used; t,j the:;1'! salts belonci: ;odium 
iodide, sodfom chlorid1:1 hai'ium sulfat,:,, calciw,i nitr·atF', 

Other salts react wHh the bi bimeri caus f ng a hiH'dNli n11 of the 
product and sometimes an increa~ed leachability to these salts 
belong: sodium rnetahorate, calcium metat)Otdt,e. sodium orthci"
phosphate, sodium nttratl~, rnagn1,.:;ium chlor·ide, magnesiur~ sulfate, 
and aluminium sulfate. 

To the inert, easily mixable salt5 belong: calcium phosphate, 
calcium sulfate, calcium carbon0t- sodium carbonate, sodium 
bicarbonate, and sodium sulfate. 

During the incorpon1tfon of mixed bed ion-exchange r,'·:lns, a 
thermal degradat~ on of tr.e has i c anion exchangf:r fraction takes 
place at temperatures above l00°C. The main gaseous degradation 
product is trimethylami~e, which has an autoignition temperature 
of about 180°C, 

To reduce the del ibt'rr,tion of the am'irie, the bitumird:z,,tion of 
anion exchange resins should take place at the lowest possihle 
temperature .. 

Using a scn?w extruder the ternpt:rc1tto'e profile st10u·ld preferably 
be decreas h1g frorn th(~ ,,.;a,:t:: 1 nl d t<; the outlet, f', CJ_ from 160"C 
to 120"C, 

To obta·!n wa:;te :.,:i,::.:r1cif1::,, cnncr:?n\:rr.d:es, s1.Jrrie'.;, c.:ind other 
liquid mFJtet ,.'!:; ';uit<:c; for inr.:otporatfrm intJi 1)/t1.,1-1en and to 
asstff'A n.it thr~ i'C'',!;i U"HJ fir,P h:t( ;.;atisfactm·y '.)afi~/y·-relenrnt 
propertfPs, the $0 inwi~g r:~e-tr0atmPnts and condit1ons shoulrl be 
taken H,r;i ,.:n11;;id>1 ,,:·· :,.,n' 

the aqiJ,,?tU ,. ~: r 
be neu u ,11 , z f;d ,.,. 
Lion; 

.; C ] ( ; r 1 ·; C j ! : .::;_ •; { ~:! ,'.( ( ), :1, t 1 n 
d1~,a·i·inf· (rri ·7 

as tht i)n?cipi i:t::::, ,,~:;,,',:/ fron! Ui,;,:, ;i·i/calfo1zation {mainly 
hydrocldes) "1Y't U'.:':uii1 1 / r,,t ~:ft·:,,:t:\J,: enrJ,i!)h to "fnsr;'lifrdl·ize thf~ 
most iir.portiH1t ff:;sinn products strontiw': Si: and cesium-131, and 
some other lonci-- l hf, rad·i ,:f!1ic·; f de,; s~JE:c f·.rc 1 ,,s:::, 1 i l i zation 
proc~dt:res (1,lsinq ;))Yt'./11i :J,';:O'F'. /)( ;n(ptjQi'j Gt pre 0 -formed 
pred1p1tates l shculrj he ):1e~ clS e"g.: 

0 Stf1\/~~J'°:~J fh.'i c',. t'.t: ,y· ;.'J nd ittff 1;: ;:;f ;·· !e /~r'>J F-~-1 (II) :·1.ydroxi des at 
pH ~:;; f~ : ~.1,, i .·~t; ~ 



68 

o anions forming water soluble salts and which can bind more 
than two molecules of water should be converted in , ., , 

soluble or insoluble compounds to reduce the leach ate and 
the risk of swelling of the product when in contact with 
water. 

Further measures may effect the product properties in the 
following way: 

- the addition of emulsifying agents (e.g. 4 - 6%) 1ov1ers the 
inflammability temperature, but aids in the preparation of 
easily castable, homogeneous products by 1owerfog the viscosity 
of the hot product mixture /280/. 

- the incorporation of wet ion-exchange resins at higher tempera
tures {> 150°C) can result in excessive foaming and may cause 
products of higher porosity; 

- increased incorporation temperatures(> 135aC) may lower the 
leach rate of waste constituents if they can react for a longer 
time with components of the bitumen (e.g. Sr); 

- an incorporation temperature of 190 - 200°C effec normal 
hold-up times in the coating equipment that the bitumen-salt 
mixtures retain less than 1 wt.-% water (usually less than 
0.5 wt.-% water); 

- the simultaneous incorporation of ion-exchange resins and 
evaporator concentrates of high salt contents diminishes the 
fixation of radionucl ides by the resins and favours thereby a 
higher leach rate (inert materials and aditives improving the 
immobilization of the radionucl ides can be bitunrinized together 
with ion-exchange resins); 

the incorporation of ion exchange resins(< 50 wt.-%). salts, 
minerals, and other fi 11 ers increase the form-stability of the 
BWPs during storage; 

- the simultaneous presence of more than about 1% of unhydrolysed 
Fe (III)-salts and sodium nitrate and/or nitrite lowers the 
thermostability of bitumen and leads to a cons·1 le accelera-
tion of the incineration /227/; 

- the incorporation of larger amounts of hygroscopic t tances 
and more than 50 wt.-% ion exchange resins can lead a 
considerable swelling of the BWP in contact with water; 

- mixing of higher amounts of sodium nitrate(> 15 wt.-%) with 
bitumen at temperatures higher than about 220DC leads to 
strongly hardened (oxidized), incastable mixtures; 

- bituminization of strongly alkaline (pH> 13) sodium 
solutions can result in hard products of relatively 
temperature and higher leach rates. 

trate 
ignition 

One could assume that the slow cooling rate of just flu d 
bitumen-waste mixtures (see Fig. 3) could cause inhomogeneit es 
(e.g. by sedimentation) in products of industr1a·1 sizE!, 
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U+O cm ft·cm bottom) ---

( 1 U cm f;•on1 bottom) 

crn 

0 24 (hours) 

0 72 (hours) 

Fig, 3 - COOL! TS 

BWF::;: 
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It has been experimentally verified at Eu rochem"ic the'· ii1ut:r 

normal operation conditions an average cooling rate of about 
2°C/h from the casting temperature dO\,m to near ce'! l temperature 
did not effect the homogeneity of BWPs containing 50 to 55 wt.-% 
bitumen (Mexphalt 10/20 and Mexphalt R85/40) and a wide variety of 
salt mixtures. 

As the sedimentation rate depends mainly on the particle size. 
shape, densities and the viscosity (temperature) of the bitumen, 
significant differences in the settlinq rate and homo9eneity may 
occur under certain process conditions. 

Worth mentioning is an experiment in which a considerab"!e settHng 
of active ion exchange particles was measured (indicated by an 
almost double as high activity at the bottom part than at the top 
part of a "settling tube" p 1 aced within the product in the drum) 
using the normal bituminization conditions /280/; it has been 
assumed that the relatively high residual fraction large resin 
particles remaining in the otherwise finely ground "ion exchange 
material has caused the remarkable sedimentation. 

Unfortunately, neither the fining time and tempera tu ·L:1 nor the 
cooling rate has been indicated to permit an interpretation of the 
experimental result. However, al so studies carried out fr1 Finl and 
/R-31/ have shown that considerable sedimentations ion exchange 
resins in granular form can occur while the sedimentatfon of 
resins in powder form under the same bitumird on conditions are 
i nsi gnifi cant, 



5.6 

5.6.1 

5.6.2 

?1 

The ◄ ncorpor~tfon of waste resfdu~s into hot b tumen necessitates 
to co11::;·/(for two impott,mt s,1fety rhl.::s: a.n lg;11 tfo,1 <',nr:1 an exp1o
sfon, 

The combustHdlity of bHumeri {as we'll as other organii: rrmteria'l) 
is considered as the main drawback for its application as 
encapsulation material for radioactive wastes. A.s the fricorpora
ti on of certafo types of waste frrt.o bitumen ma.y not only involve 
the danger of ignition but a·!:;o ,explosfon.-likEi reactif)n:; much 
attention has been paid to the saf2ty of th('! bitumfoizat'ion 
process. 

The waste concentrates from reprocessing plants (and nuclear 
research centres) can be ·identified as the critical type of \'laste 
fn view of fire and explosion risks. especially those containing 
nitrates and thermally instable or volatile organic compounds. The 
main component of ILW solutions from fuel reprocessing is sodium 
nitrate which could oxidize the bitumen under the generation of 
heat, gas and pressure; such a reaction m~y damage the bituminiza
tion equipment. Therefore. the thermal conditions and the concen
tration of reactive salts are of prime importance for a safe per
formance of the bituminization process. The operation conditions 
have to be chosen in such a way that exothermal reactions of an 
explosive nature are impossible and that volatile organic sub
stances do not accumulate to form inflammable or explosive mix
turf1s, 

Normal bitumen is not cL;1ssified as an inflammable substance, It 
has a nash point ranging from~ 200 - 320°C depending on the 
origin and nature of the bitumen. Therefore the major fire hazards 
during the operation stage are basically due to sparks (or other 
ignition sources) and local overheating. 

I t1',1Eist"1 gatfons on the hazards cau5~d by 'incorporating sodium 
nitrate and ~;odium rl'ltrite into b·ltumen /76, 193/ have shown that 
significant exothermic reactions for all investigated compositions 
uccurr~~ exc1usiva1y in the temperature ranqe from 390 - 430°C 
(i.e. b~yond the me1tfrg points of NaN03 ana NaN02), The 
thf:>rma1 stability of bitumen/salt mixtures d"fminishes if the 
NaNO~ and/or NaNO? content is increased and the content 
of bltumen and/or-insoluble solids is decreased. 

A great number of experiments were performed to establish ever
safe incorporation condition~ using Mexphalt R 85/40 ,:md varying 
proportions of soluble (NaNO? and NaNO,) and insoluble 
salts. The elem1:"ntary analysis of the bitumen type Mexphalt R 
85/40 indicated the folfowing composition: 8tLO% C, 11.0% H, 2, 7% 
S, and 2.3% O.Thus. the binary mixture of 13.13% Mexphalt R 85/40 
and Bn"87% NaN03 contains the theoretica1 amount of oxyge:n 
1r1hich ·is n<''.Cessa.ry for a com1:i"1 ete combustion of the bitumen con
s·f dere:d .. 
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This mixture shm4ed no n::marl<'.ah 1 •"' e,rnthermic reactions unt·1: 31::,"C 

(fusion of ~.laNfh) and an jjexplc·:ion" t-emLv2t,:1.ture ahovEi 
400°C. " 

It could be demonstratr2d that other' ml xtu;·ti<,, though oxygen 
deficient, are more 11 dangerous" thal'l the 13/ff? %-mixture, 

A sample containi~~ 1~~13% Mexphalt R_85/40, 41.94%_NaN03, 
16.47% NaN02 and 2B.4b% insoluble sol ids showed exo~herm1c 
reactions as from 250aC and the formation of an explosion-like 
reaction at about 350aC. 

It is evident that such extreme bitumErn/saH ratfos are 1.rnl ikely 
to occur under well-controlled operation conditions. 

Differential thermogrammBs obtained on a grl~at number of diffe
rently composed bitumen/salt mixtures (40-50% blown 
bitumen/NaN03 + Na~!O? + water-insoluble salts} tr~vea!ed 
that no exothermic react'lon t,:ikes place below 295''C. 

From the investigations performed one could draw the following 
main conclusions /193/: 

- there exists no risk of a spontaneous exothermic reaction during 
the incorporation of nitrate and nitrite containin9 waste 
slurries into blown bitumen {Mexphalt R 90/40 or R 85/40) pro
vided that the bitumen/salt mixture contains at least 40.wt.-% 
bitumen, that the different salt constituents are homogeneously 
dispersed and that the temperature at any point of the mixture 
is kept below 280°G; 

- if the homogeneous dispersion of the salt components cannot be 
assured, a minimum content of 50 wt.-% bitumen is required and 
the temperature at any point of the nrl xture should not exceed 
230°C in order to avoid hazardous exothermic reactions. 

Investigations carried out in the Sovjet Union have shown /273/ 
that sodium nitrate and bitumen interact at all ratios when a 
certain temperature 1 s reached; u~ing up to 70% sodium nitrate the 
1 owest i nteractfon tempera tu re \ria.S found to be J50"C, In the 
presence of other comp6nents, e.g. boror compounds. iron and 
manganese hydroxides, alkalis. the nitr~tu-bitumen interaction 
temperature drops only fn the pn-:sr-rnce of alkalis (to about 240"'C) 
whi eh is a consequence uf tr1e decrease 1 n the melting point of 
nitrate-alkali mixtures. 

Using a temperature below 200DC the bituminization of neutral or 
weakly alkaline :1\/aste does not 1 t-'o.d to M!Y complication due to 
strong exotherma1 reactfons. The bituminizatfon of anfon exchange 
resins should preferably be carded out at temperatures below 
140"C (and - exceptionally•· from a s'l"lghtly acidic slurry) to 
reduce the formation of infl ammat;·! e :Jases. DFrngerous exothermal 
reactions can arise only in the bitumin1zation of waste with a 
high alkali content. 
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5.6.3 

5.6.4 

Incidents 

To our knowledge. no explosion has ever occurred during the indu
strial bituminization of radioactivA nrocess wastes. 

However, three fire inddents are known to YH\\Je happened durin9 
operation which all could be extinguished ~ithin a short time; no 
radioactivity escaped from th~~ p1 ants, no person was injured and 
only small damages and contaminations occurred 1n the cell where 
the hot bitumen-waste mixture caught fire. 

In the first incident the fire wRs caused ~Y ignition of the 
vapours of organic solvents contained in the waste concentrate 
/194/. 

In the second indd~nt organic compound5 contained in the waste 
(TBP and its degradation rroducts. antifoami"g agents, 
polyethylene-oxide adduce~) decomposed - as a consequence of 
improper pH-adjustment ,cn1d simultaneous equipment failure - into 
easily inflammable volatile compounds /186/. 

In the third incident d researcl1 experiment was executed upon 
request of an outside client which involved an inactive mixture of 
distillation bitumen with nitrates, sulfates, fluorides, sodium, 
calcium, barium, iron, nickel. chromium, aluminium, and 
magnesium. Upon attempts to rt!~·l i quefy the warm m'l xture after 
standing overnight in a 11 pot-type 11 mixer-evaporator by means of 
immersed e1 ectri ca1 heatinq elements ti temoerature we'll above 
400°C was reached 1ocally,-leading to cokiiig and finally to fire 
which could quickly be extinguished; no damage to persons or 
equipment occurred, 

Conclusions 

There exist no risk of a ffre or' an explosio11 or any other 
dangerous exothermic reaction during the industrial bituminization 
of radioactive wastes normally generated at LWR stations and 
reprocessing plants rrov'rle~ th1t: 

the bitume~ cont~nt ~f 

the temper?!ti.'"":-' i!Y ;., /JO i ;; or the b1 t;Jm2n-Ha::;te mixture is 
1 ower than ?.JU'<:.:, 

- an efficient m1x1ng of bitumen and waste residues and thus a 
homogeneous product Is ~ssured, 

- the accumldation of' explosive gas rnixturE::s is prevented by 
applying a sufficiently powerful ventilation (especially above 
the container receiv1ng tl1e hot BWPJ. 

- substances which are con:fd2r~b1J lowering the burning point or 
are easily volati1izAd 3te destructed, converted, or removed in 
a pretreatment process or·10r to the i ncorpnration of the 
remaining waste frijct10:1 
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No explosion or fire is known to have occurred in the industrial 
bituminization of real reactor and reprocessing wastes. 

The fire incidents known happened all with the just cast or 
overheated final product mixture involving wastes from research 
activities, partly of unknown composition (originating from 
various activities of a nuclear research centre), and under no or 
insufficient ventilation. 

A fire during the bituminization of wastes cannot be excluded with 
certainty, however, the probability of its occurrence is extremely 
low if the above listed requirements are strictly observed. 

Anyhow, it is recommended to install an appropriate fire-detection 
and/or fire fighting system to reduce damages and contamination 
due to a fire as much as possible. 

5.7 Bituminization Facilities in Various Countries 

5.7.1 Sweden 

As Sweden does not possess a fuel reprocessing plant the radio
active wastes generated in this country originate primarily 
from reactor stations, and to a minor extent from nuclear research 
centres, universities, radiochemical laboratories, hospitals, 
etc .. 

These wastes belong almost exclusively to the low- or 
intermediate-level categories and are conditioned for interim 
storage by means of cementation and bituminization techniques. 

Presently, two bituminization facilities exist in Sweden, one at 
the Barseback nuclear power stations (built by Saint-Gobain 
Techniques Nouvelles, SGN, France), the other at the Forsmark 
nuclear power stations (built by BelgoNucleaire, Belgium). 

a) Barseback Facility and Process /281/ 

The bituminization facility treats the wastes (ea 27 tons per 
year) generated by the two 590 MWe - BWR-stations. 

These wastes consist to about 99% of ion exchange resins (in 
form of powder- and beads) and filter-aid material (ea 5% of 
total weight of solid waste material). The volume of concen
trates is at present very small as there are no demineralizer 
systems installed (which would produce sodium sulfate solu
tions). 

The solid components of the waste have a specific activity 
prior to their incorporation into bitumen of 0.1 - 100 mCi/kg 
dry weight. 

In Fig. 4 a simplified 11 standard 11 flow-scheme is presented 
according to Harfors /281/. 
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TANK 
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15 wt.-% 
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"'90 kg/h 

1-EED 

TANK 
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lo LLW 

Oily 
FILTER _J 

Fig. 4 - FLOWSHEET OF THE BITUMli'JIZATICf\J AT THE BARSEBACK NUCLEAR 
POWER STATION (according ReL 281) 

Clean water with varying 
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- Reactor drainage 
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-· Reactor containment 
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Floor drainage from 
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wiih lor.k 

To turb1n 

? To bresun 
c=~~-~.;c. 

F!oor drainage 
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Floor dra1riag!:! 
Lrnk for w;isie 
budding 

Fig. 5 - SYSTEM FOR PROCESSING RADiOACTIVE WASTE. ;:,, i THE BARSEB;t;O< 
NUCLEAR POWER STATION 
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The wastes ~o be bituminized are collected in a stainless steel 
tank of 7 mJ equipped with a stirrer and a coil for steam 
heating. 

By dee anti ng at three different hrvel s a waste slurry ( suspen
sion) of 15 - 20 wt.-% dry matter can be prepared. 

Ion exchange resins ·in the form Df beads are ground to powder 
in a wet grinder prior transfer to the feed vessel. 

The slurry batch is heated to 60°C, then sodium sulfate is 
added to obtain a final concentration of 0.1 M (effecting a 
disaggregation of flocculated cation and anio~ resin particles 
and a reduction in the release of amines during bituminiza
tion), and finall_y an amount of emulsHying agent (Collemul H4) 
is added corresponding to about 2 wt,-% of the total dry weight 
of waste material ('lrriproving the homogeneity of the bitumen
waste particle mixture). 

Bitumen (120"C), ~ype Mexphalt 40/50, and the pre-treated waste 
slurry are fed by pumps separately but simultaneously and 
continuously to the top part of a thin-film evaporator, type 
LUWA 210, where both streams are mixed and the water 
evaporated. The evaporator is heated by a circulating 
thermofluid (Texatherm 3~!0) having a temperature of 230°C. 

The bitumen-waste mixture flows at a temperature of about 160°C 
and a rate of 50 - 55 kg/h from the bottom of the evaporator 
into drums of 220 1 placed at a turn-table with positions for 8 
drums. 

The vapours from the evaporator are condensed, and the conden
sate is pumped via a cooler through a cartridge filter to 
remove entrained bituminous oils (normally< 200 ppm). The 
filtered condensate is then treated together with low-level 
liquid wastes from other sources. 

The product drums are provided with a lid, monitored for sur-
face dose rate, and discharged from the filling cell after 
a minimum cooli hours of the filled drums. 

The drums W"i th 
shielded tran 

a one by one by means of a 
container (4 cm of lead) to an engineered 

interim on-site stora 

In Fig. 5 the liquid was 
originally been plan 
slightly different. 

facility, 

treatment system is shown as it has 
7 /; the llas built!! system is 

Fi g. 6a shows the drum transfer system and the adjacent interim 
storage of the BWPs, Fig, 6b shows in more detail the lead bell 
used for the transfer of the BWP drums. 

The Barseb~ck facilf is in operation since 1975 and had pro
duced at the end of January 1979 approximately 1200 product 
drums. 
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Fig. 6 a - DRUM TRANSFER AND INTERIM STORAGE FACILITY AT BA.RSE:nlCK 

Fig. 6 b .. LEAD BELL FOR THE: TRANSf'ER OJ? PRODUCT DRUMS 
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b) Forsmark• s Facil i.tY :::nd yroce,~s /163 _ a/ 

The waste treatment building at the Forsmark Power Station 
( presently two 900 MW., -· BWRs, ,'I. third 1050 MWe - BWR 
is under constructionl contains systems for treating liquid, 
semi-solid and solid wastes and a storage for LLW and ILW. The 
storage capacity corresponds to 5 years production of ILW. 

An extensive waste segregation is practiced in Forsmark. 

A scheme of the various lines treating the radioactive liquid 
and semi-solid wastes -is shown in Fig, 7. 

The indicated evaporator is of th~ thermocompresso~ type 
pefmitting to reach a decontamination factor of 10 
10 • 

The ion-exchange resins are stored in the 75 m3 tanks for 0.5 -
3 years to allow the short-lived radionuc"l ides to decay. 

The bi tumi ni .zation facility at Forsmark comprises the foll owing 
main components: 

- waste feed system, 

- rotary drum dryer, 

- mixing vessel, 

- offgas system, 

- drum filling station, and 

- bitumen storage. 

Sludges containing 80 - 9mG water· are fed to the rotary drum 
dryer via the waste feed systErnL Ion-exchange beads are milled 
prior to the drying step. The dried matedals containing less 
than 10% of water, are convey(-:d to the mixing vessel and are 
mixed w1th a sufflcierit quantity of bitumen for half an hour to 
a homogeneous product. T~e fina1 product is discharged into 
220 1 steel drums. 

After coo!ing for 20 - ?4 hours, the drums are transferred to 
the storage for med 1 tmHJ.cti ve waste. 

Other countries 

Since the first small waste bituminization unit was built in 1960 
at the Nuclear Research Centre at Mo1 (Belgium) until today, a 
considerable number of bHuminization installations on laboratory, 
pilot and industrial sr:a:1e nas been constructed in many countries 
for research and industrial purposes. 
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Plants solidifying !LW s utions on an industrial scale from re
processing by incorporation of the contained salts into bitumen 
exist in Marcoule, i<arlsruhe {Fiq. 8) and Mol (Eurochemic Fig. 9 
and Fig. 10). In these plants a more or less elaborated chemical 
pretreatment of the waste solu on is applied before the resulting 
slurries are mixed vJith molten bitumen at temperatures between 120 
and 200°c. 

For the mixing of the was slurries with the bitumen, the eva-
poration of the water and the homogeneous incorporation of the 
residual salts into the bitumen matrix a screw-extruder-evaporator 
is used at all the three plants. 

Moreover, besides these and the above described plants in Sweden, 
radicactive waste bituminization facilities of varying treatment 
capacities exist in the following countries: 

Austria, Belgium. Bulgaria, Canada, Czechoslovakia, Denmark (see 
Fig. 11), Finland, France, (Cadarache, Saclay, Valduc), German 
Democratic Republic, Hungary, ,Japan (Tsuruya), Poland, Soviet 
Union, Switzerland (Goesgen). United Kingdom, and the United 
States. 

5.8 Conclusions 

All low- and intermediate-1eve"I waste solutions, suspensions, ion 
exchange resins, and sludges from reactor stations and reprocess
; ng plants can safely ·incorporated ·1 nto bitumen by various 
techniques on an industrial scale. as demonstrated in several 
countries. 

A safe and smooth operation is secured if: 

the weight ratio hitumen 
higher, 

- a homogeneous distri 
matrix is secured, 

- the inco 
solids is below 
below 150"C, 

thrn 

for 

is equal to about one or 

solids within the bitumen 

salts and thermally stable 
anion exchange resins preferably 

the accumu1 at ion 1~ ammab Jt" r;es is prevented (e.g. by a 
powerful ventilation), 

the generation of ~ fs excluded, and if 

- any other ·ignition •,ource is absenL 
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6. 

6 .1 

6.2 

6.2.1 

THE PROPERTIES OF BITU!Vi[Ncs\✓ASTE MIXTURES 

General 

The properties of mixtures of bitumen with radioactive wastes 
which can be of importance during the various waste management 
phases are listed in Table XXII. 

87 

In general. the incorporation of solid matters into bitumen causes 
a considerable decrease of the penetration and the ductility of 
the bitumen with increasing solids 1 content and furthermore a 
significant increase of the softening point and flash point. 

In this chapter mainly those properties and factors are considered 
whi eh influence the safety durin9 the short- and long-term storage 
of BWPs. 

Composition and Characteristics of Bitumen-Waste Products (BWPs) 

Reactor waste-bitumen products_ 

The majority of BWPs generated reactor statfons are composed of 
about 50 wt.-% bitumen and the solid constituents originally 
present in the wet LWR wastes (i.e. mainly spent ion exchange 
resins, filter sludges, and evaporator concentrates}. 

The ion exchange resins usually applied in Swedish nuclear power 
plants are: 

Duolite ARM 381 {of a mi equivah~nt capacity of 1 : 1); 

- Duolite ARC 351 (cation exchanger); 

·- Duolite ARA 3 {a on n r), 

These are resins n d vi a cross-linking of 8% DVB. 
The powder res l ns arr:0 mostly made out of bead resins by grinding. 
At Forsmark croiotH!X AOH-CH - 100 µ particle size is used; 
the proportion of cation resin to anion exchange resin is 
approximately 3 : 1. 

The water associated with the ion exchange resins is partially or 
almost ccmp1ett?1y removed means of a dryer prior to their 
mixing with 1 i quefi ed bHumen v1hn st water of the aqueous 
solutions and slurries is removed du ng the incorporation process 
until a residual content of less 1 wt.-%. 

The final product~ consi thus of a mixture of bitumen with the 
solid and non-volatilized (at the incorporation temperature and 
time) constituents the treated wastes. 
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TABLE XXII 

IMPORTANT PROPERTIES OF BITUMEN-WASTE MIXTURES IN THE VARIOUS 
WASTE MANAGEMENT PHASES*) 

Property Waste Management Phase **) 

p I T L 

Density + + 
Penetration + ++ + 
Viscosity ++ + + 
Softening point ++ ++ ++ ++ 
Plasticity ++ + 
Homogeneity ++ + + ++ 
Porosity + + ++ 
Compressive strength ++ 
Shock resistance + ++ + 
Cold resistance ++ ++ ++ 
Content of solids ++ + + ++ 
Specific activity (a, f3' y ) ++ ++ ++ ++ 
Thermal conductivity ++ + ++ ++ 
Thermal expansion + + ++ ++ 
Ignition point ++ ++ ++ + 
Flash point ++ ++ ++ + 
Burning point ++ ++ ++ + 
Burning rate ++ + ++ + 
Phase separ. during burning ++ + ++ + 
Radiation stability ++ ++ 
Dose rate ++ ++ ++ ++ 
Gas generation ++ ++ 
Swelling (due to radiolysis) + ++ 
Swelling (due to water) + + ++ 
Water absorption + + ++ 
Water content + + + ++ 
Leaching + + ++ 
Effect of micro-organisms ++ 
Ageing ++ 

*) Based on Ref. 219, however, somewhat modified. 

**) p Solidification process 

I Interim storage 

T Transportation 

L Long-term storage 

+ important 

++ very important 
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The weight or volume fractions of b'iturnen and the waste components 
are chosen beforehand {according ~o proven flowsheets and required 
product properties) and are carefully controlled during the 
bituminization by accur;ite flow or weight measurements of the in
active bitumen and the radioactive waste "streams 11 

The spent ion exchanger beads from PWR stations are loaded to a 
high degree by lithium and borate ions. 

The evaporator concentrates from BWPs have normally a high content 
of sodium sulfate whilst those from PWRs contain high amounts of 
sodium borate {or boric acid) and deternents. Because of solu
bility limitations (e.g, the low solubility of boric acid in 
water) the total salt content does not exceed 300 g/1, and is 
usually about 200 g/1, 

Approximate data on the properties of three "typical 11 BWPs pre
pared from LWR wastes are given in Table XXIII. 

TABLE XXIII 

SOME PROPERTIES OF "TYPICAL" U,JR WASTE-BITUMEN MIXTURES 

BWPs 

P rope rt i es 

Specific Density 

Softening point (°C) 

Flash point (°C) 

Ignition point (°C) 

Leachability in dist. 
H2o g.cm-2.d-1 

Specific activity (Ci/'l) 

Heat generation (W/1) 

Total integrated dose 
(rad) 

Spe§.Hrgen.rate 
(cm /Mrad. g BWP) 

*) Mexphalt 15. 

f.ll;JR /P~JR 
Bitume 

4B% I on f!XCh. 
H,,() 

L 

1.18 

90 

3 X 
'i 
1 

0, 

< 3 X 10 

< 107 

0,005 

< 

< 

Bitumen* 
,v 47% Salts 
'" 0, H20 

8 

( 

5 

2 

L40 

90 

> 300 

X 10-4 

0.01 

X 10-5 

X 106 

~ 0.005 

BWR 
50% Bitumen* 
~ 35% Salts 
~ 15% Fillers 
~ 0.5% H20 

1.35 

> 85 

> 300 

~ 425 

1 X 10-3 

< 0,02 

< 10-4 

r 
< 4 X 10° 
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6.2.2 Re.e_rocessing waste-bitumen products 

The majority of the BWPs are composed of 40 - 60 wt.-% bitumen and 
the nitrate salts contained in the neutralized evaporator concen
trates of the ILW-category, i.e. mainly sodium nitrate. The 
decontamination wastes are either contained in these concentrated 
sodium nitrate solutions or are bituminized separately. Process 
and decontamination wastes undergo usually a chemical pretreatment 
to insolubilize long-lived radionuclides and, eventually, to 
eliminate or to convert substances which might interfere with the 
bituminization process. 

A small fraction of BWPs may contain - as in the reactor waste 
products - ion exchange resins and granular filter-aid materials. 

The beta-gamma activity in the ILW-solutions (from the processing 
of short-cooled fuels) stems mainly from Zr/Nb-95, Ru-10;, and 
Ru-106; the alpha-activity is due to plutonium isotopes, 
americium-241 (grown-in from Pu-241) and uranium. 

The specific activity of the bituminized ILW is in the order of 
0.8 Ci/1 BWP. 

If a plant would use a chemical decanning process (e.g. the 
Zirflex-process for Zircaloy-jackets or the Sulfex-process for 
stainless steel jackets) the salts contained in the decanning 
solutions and about 1% of the fission product activity (due to 
leaching) would finally be present in the BWPs. 

a) A typical BWP from waste of a plant using a mechanical head
end has the following approximate composition: 

55 wt.-% blown bitumen, 

40 wt.-% sodium nitrate, 

~ 4 wt.-% salts of heavy metals and organic acids (oxalic, 
tartraric, citric acid) 

0.5 wt.-% water, 

0.5 wt.-% various substances, 

~ 0.8 Ci/i fission product activity, ,;; 3 mg Pu/1; < 1.0 g U/1. 

b} A typical BWP from waste of a plant using a chemical decanning 
has the following approximate composition: 

55 wt.-% bitumen (distillation or blown), 

20 wt.-% salts of the canning components (sulfates, 
f1 uori des), 

20 wt.-% sodium nitrate, 

4 wt.-% solids from decontamination wastes, 



0.5 wt.-% water, 

0.5 wt.-% various su tances, 

< 2 Ci/1 (depending on coo"!ing time); 

< 5 mg Pu/I ; < 1. 5 g U/1. 

The spec1 fie density of the product is between 1. 3 and 
1.4 g/cm • 
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c) In principle, spent organic solvents from extraction processes 
can also be incorporated into bitumen. 

The spent 30 vol.•·% tri butyl phosphate (TBP) - kerosene sol u
ti on originating from the Purex process can be separated into 
its TBP and kerosene components /R-18/ and the TBP fraction can 
be incorporated into bitumen. 

As the bitumen-TBP xture is an unusual reprocessing waste 
product and as certain general considerations in the following 
chapters are not necessarily va'lid for this mixture, some more 
information on its properties wi'll be given already here. 

TBP incorporated into bitumen exhibits a plastification action, 
it lowers considerably the softening temperature, increases the 
penetratfon, and decreases the V"i scos i ty. Consequently TBP 
should be incorporated in hard bitumens only and in a rela
tively small amount. 

To obtain a better product que.nty it is advantegeous to in
corporate TBP together with inorganic wastes or inorganic fill
ing materials (absorben ) , 

A product of a 11 
mixtures should contain up 
material and not more 

e to inorganic waste-bitumen 
wt.-% inorganic filling 

about 5 wt.-% TBP. 

It was shown 
di sti 11 at ion 
actions take 

differential ermoanalysis that up to the 
era re of TBP (289°C), no significant inter

. . '" 1norgan1c wastes, 
ne heats TBP-bitumen products containing 

ium itrate /209 a/. 

The leach rate a 0ne month of a product composed of a hard 
bitu~en. 40 iller 10 -% TBP {ea 3 x 10-4 
g/cm .day) is highf!r an a product composed of a softer 
bitumen and 40 wt. nitrate (leach rate: approx. 1 x 
10-4 g/cm2.day). 

The BWPs are usually callee 
(in some cases more corrosion 
about 80% of the total volume 
expansion during storage. 

in 220 1 painted mild steel drums 
resistant drums are used), filled to 
(ea 180 I) to all ow for an eventual 

The total weight of one BWP package (product plus drum) is 
approximately 280 kg. In Tab1e x:nv some data of 11 typical 11 inter
mediate-level BWPs are given which, of course, have to be 
considered as very rcu9ri vii·lues only, 
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TABLE XXIV 

SOME PROPERTIES OF "TYPICAL II HJTERMEDIATE-LEVEL REPROCESSING 
WASTE-BITUMEN MIXTURES 

BWPs 

Properties 

Specific density (g/cm3) 

Softening point (°C) 

Flash point ("C) 

Ignition point (°C) 

Leachability in dist. 
H20, average after 
1 year 
(g.cm-2.d-1) 

Specific activity (Ci/1) 

Heat generation (W/1) 

Total integrated dose 
(rad) 

Spec.H2-gen.rate 
(cm3/Mrad.g BWP) 

*) Mexphalt R 90/40. 

Mech. head-end Chem. head-end 

55% blown bitumen* 55% blown bitumen* 
~ 45% salts ~ 45% salts 
0.3% H20 0.3% H20 

1.36 

~ 115 

> 290 

~ 380 

~ 10-4 

~ 0.8 

< 0,005 

< 2 X 108 

..: 0.005 

1. 35 

> 110 

> 290 

> 360 

~ 10-5 

~ 1 

< 0.005 

< 2 X 108 

( 0.005 
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Storage- and Safety-Rr::l_evantproµerti es of B·i tumen-Waste Pro_du~ts 

Introduction 

The storage of radioactive waste products is safe when the release 
of radionuclides from these products to the environment does not 
lead to a hazardous radiation dose to man. 

Apart from the storage place and storage conditions the quality of 
the waste product itself p'lays an important role in preventing or 
retarding the dispersion of waste components towards man 1 s bio
sphere. 

The quality of a waste product in view of 'its safe storage is 
given by its composition which determines the stability towards 
various physical and chemical (somet·imes biochemical) impacts. 

The properties of a great number of BWPs have been examined at 
various research instit~tions thoughout the world. 

The properties and factors - which are judged to be of importance 
for a safe storage of BWPs - are: 

- resistance against leaching media; 

radiation stability and effec 

- thermal effects and stabn ity: 

- sedimentation of incorporated solids: 

combustibility and explos·iveness; 

mechanical stabili 

- swelling caused by radiolysis gases and uptake of water. 

Some of these factors are greater importance during the tempo-
rary storagE' (in E:ngineered stora facilities), some of them 
during the f,inal ( logka storage of the B!,JPs. 

The essential resul investi ions on the above mentioned 
properties and other characteristics BWPs are dealt with in a 
concise manner 1n the sub-,chapt;::?rs that foll ow. 

For detailed information on the experimental procedures applied 
and other particulars the original literature should be consul
ted. 
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6.3.2 Leach resistance 

a) General 

The most important property of radioactive waste products to be 
stored (or to be disposed of) is the resistance against the 
leaching of the contained radionuclides by water (rain water) 
and aqueous solutions (e.g. ground water, sea water, saturated 
sodium chloride or other brines). 

The aqueous solutions coming in contact with the waste products 
may slowly dissolve components of the waste and transport them 
away from the product into the environment. 

The leachability of a substan~e is fharacterized by its "leach 
rate" L (expressed in g. cm- . d- ) which can be 
determined - using a well defined test method - according to 
the following formula: 

A 
L = -A-t_ . _m __ 

O S • t 

Where At= amount or radioactivity of substance A removed 
(leached) from the sample in time t 

A0 = initial total amount or activity of substance 
A in the sample 

m = mass of sample (g) 

S = geometric surface area of sample exposed to leachant 
,( cm2) 

t = leach time (days) 

The 11 substance A11 can be a specific element, a radioisotope, a 
compound, or the entire sample; it must therefore be clearly 
indicated for which 11 substance 11 the leach rate has been 
determined. 

It should be noted that the correct SI--unit for the leach rate 
is kg. m-2 , sec-1; this unit has, however, up to now 
seldom been used in reports dealing with the leach rate of 
waste products. 

The results of 1 each tests can a1 so be expressed by a p"lot of 
incremental leach rates, R~ (in m. s-1), as a 
function of leach time. t lin s), using the following formula: 

an 
Rn= -Ao·S,p.tn 



- radioacti'tity ( c;~I) leached during each 
leach perfod tn 

A0 = specific radioactivity (s~·l.kg-1) 
initially present in the sample 

S = surface area of sample exposed to leachant (m2) 

p - density of the sample (kg.m-3) 

tn = duration of each leach period (s) 

t = cumulative leach time (s). 

A0 and an are to be corrected for decay time. 
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The leach rate, Rn1 of suitable products becomes constant 
after a certain time of 1eadiant renewal periods as indicated 
by the pfot of Hu ~e,'sus t, It i~ recommended to report 
the mean value or Hn ( together w·1 th the accuracy) for the 
virtually constant range. 

When comparing the results from leach tests one should take 
into consideration: 

- the possible sources of errors in the measurements; 

- whether the experimental conditions have been carefully 
contro 11 ed; 

- whether the methocls, conditions, and the types of products 
used are really comparable; 

- whether the sample:' can be considered a.s representative for 
the product generated in the bituminization process. 

The leach rate of waste constituents from BWPs is influenced 
mainly by the following factors: 

- composition of the BWP (waste/bitumen ratio. soluble and 
insoluble salt content. etc ... ); 

- particle size of the incorporated waste solids; 

- homogeneity of the product (d'i ,;persion of the waste within 
the bitumen matrix); 

- residual water content of tne BWP; 

- bitumen type; 

- bituminization conditions; 

- radiation dose; 

- composition of leaching liquid (salt concentration. pH); 
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A determining factor of the leach rate of radionuclides is the 
solubility of the chemical compound they form part of, or the 
solid species in which they are 'incorporated, and consequently 
all factors affecting this solubility. 

The most important results of experimental investigations on 
the various factors influencing the leach rate of different 
species from BWPs are summarized hereafter. 

b) Influence of the amount and composition of the incorporated 
wastes 

The leach rate is affected more by the percentage of solid 
waste residues in the bitumen and the species of isotopes 
being leached (Cs and Na > Sr) than by the conditions of the 
experiments /5/. 

- The leach rate increases with the increase of the salt 
content in the BWP. 

- Amounts of alkali exceeding 5 wt.-% decrease the leach 
resistance of BWP /216/. 

- BWP containing from 20 to 60 wt.-% solids from evaporator 
concentrates reach a constant leach rate in about six months 
/14/. 

- BWPs with 60 wt.-% soli from evaporator concentrates showed 
the following cons t leach rates: 

3 x 10-4 g. cm-2 . d-1 for static conditions, 

5 x 10-4 g cm-2 d-1 for dynamic conditions; 

(BWPs with 20 wt.-% solids showed a leach rate of 
1 5 10 4 ') '-1) /1 /J I . x - g. cm--, i'.l 1.1.""1• 

The leach rate for Ru-106 was 7 x 10-6 g. cm-2 . 
d-1 /8/. 

- BWPs prepared emulsifi 
aqueous intermediate-level 

bitumen and three typical 
sing wastes, namely: 

o aluminium adding solutions, and 

o neutralized second Purex-cycle solvent extraction 
raffinates (2 CW), 

containing about 60 wt.-% solids (including up to 35 wt.-% 
nitrates) and 13 Ci/1 were subjected to static leach tests 
with demineralized water for about 2.8 years. 
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At the end of the leach period the accumulated dose amounted 
to max 1.5 x 108 rad ( - which corresponds approximately 
to the dose that would be received by a BWP containing 5 Ci 
of Cs-137 per litre of BWP after ten years of storage-) and 
the total amount of sodium leached amounted to 1.4, 3.8, and 
2.5% respectively of the total sodium in the sample /51, but 
p. 46-60/. 

- The leach rate of Cs-137 after 1 year from bitumen BN-III 

o co~~aini~i 40 wt.-% sodium nitrate was ea 10-4 g. 
cm . d , 

o containing 40 wt.-% calcium nitrate was ea 10-5 g. 
cm-2 . d-1, 

o containing 40 wt.-% calcium carbonate was less than 
10-6 g. cm-2 . d-1 /43/. 

- BWPs with about 45 wt.-% bitumen show an optimal leach 
resistance compared to those with 40, 50, and 60 wt.-% 
bitumen /139 a/. 

- Mixtures of bitumen B 15 and various amounts of sodium 
nitrate(~ 500 µ particle size) showed the following sodium 
leach rate (mean values) for 1 year 1 s leaching in distilled 
water /283/. 

-----

Na~J03-cont 
1 5 10 20 38 

wt.-% 

mean leach-rate not de-
-2 d-1) 

4 
(g . cm . tectable 

xl0-6 7x10-6 2xl0-5 9x10-S 
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- Most of the BWPs prepared from evaporator concentrates (from 
reprocessing plants) containing about 40 wt.-% sodium nitrate 
have leach rates (in stagnant distilled water) of about 
5 x 10- g. cm-2 . d-1 /283/, 

- BWPs containing compounds which can bind a high amount of 
water (e.g. as crystal-water or by hydratization) and which 
are soluble in water show a low leach resistance towards 
water, i.e. leach rates of the compounds considered of 
10-3 to 10-1 g. cm-2 , d-1; typical examples are: 

o sodium carbonate forming Na2C03,l0H20 
(decahydrate) 

o sodium sulfate forming Na2S04-l0H20 

o sodium phosphate forming Na3P04,12H20 

o disodium hydrogen phosphate forming Na2HP04-12H20 

o sodium tetraborate forming Na2B407,l0H20 

o sodium chromate forming Na2Cr04,l0H20, 

If an anhydrous salt takes up water within the BWP the salt 
volume increases, causing an expansion of the product and 
finally its disintegration (cracking) when the limit of the 
elastical expansion of the bitumen matrix is exceeded. As the 
disintegration of the product is accompanied by a considerable 
increase of the surface exposed to the leachant, the 
leachability of the waste consituents is also considerably 
increased. 

The §onversion of anhydrous sodium sulfate (density of32.68 
g/cm ) into its decahydrate form (density of 1.46 g/cm ) 
increases the molar volume by a factor of four. 



- The leach resistance of bitumen-sodium sulfate mixtures 
(typical products from BWR-waste) in a saturated sodium 
chloride solution and a quinary brine (consisting of 31.2% 
MgCl2, 1.85% MgS04, 0.56% KCl, 0.18% NaCl, 
66.21% H20) was found to be high (for 50% bitumen -
50% NaS04): 1.7 x 10-6 g. cm-2 . d-1 in the 
saturated NaCl-solution and 1 x 10-6 g. cm-2. d-1 
in the quinary brine /283/. 
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This result is remarkable (- though explainable-) 
considering the high bulk leach rate of 10-l g. cm-2. d-1 
of similar product samples (18 - 44 wt.-% sodium sulfate) 
leached in distilled water and ground water which, in 
addition, degraded completely within seven days (for 5 cm 0 x 
10 cm long specimen) or fourteen days (for 7.5 cm 0 x 15 cm 
long specimen) /265/. 

- The leach rate is little influenced by up to 6 wt.-% of 
emulsifying agents in the BWP /280/. 

- The bituminization of PWR-waste concentrates containing 
borates resulted in strong alkaline salt-bitumen mixtures 
(50 : 50 wt.-%) having a mean ·1each rate of 7 x 10-3 g • 
cm-2 . d-1; products containing besides other solids 
mor~ than 30 wt.-% detergents showed a leach rate of 1.5 x 
10- g. cm-2. d-1 /283/. 

c) Influence of the particle-size and distribution (homogeneity) 

The bituminization of ILW solutions containing a high 
percentage of dissolved salts (NaN03) by means of a 
screw-extruder evaporator resulted in products of good 
homogeneity in which the dispersed salt crystals were found to 
have a size of~ 40 µ /76/. When slurries (containing up to 40 
wt.-% solids) from a chemical pretreatment of decanning 
solutions were bituminized, a little less regular distribution 
of the solids - which had particle sizes from "very fine 11 up 
to200 µ and more - was observed, however, no agglomeration of 
crystals. 

The bituminization of evaporator concentrates using an 
extruder-evaporator results in E:xtremely homogeneous products 
with particle sizes of the waste solids of 10 - 30 µ /283/. 

Bitumen-sodium chloride mixtures with 38.5% NaCl of 500 - 800 µ 
and of 50 - 80 µ particle size showed clearly that the product 
with the smaller NaCl-crystals were less leachable {up to one 
order or magnitude). 

One may conclude: the smaller the particle size and the more 
homogeneous the distribution of the incorporated waste solids 
the higher the overall leach resistance of BWPs. 
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d) Influence of the water content 

BWPs prepared from wastes originally containing water (e.g. 
waste concentrates, ion exchanqe resins, filter aids) contain a 
certain amount of residual wat~r. usually less than 0.5 wt.-%. 

A higher water content indicates a higher porosity of the pro
duct and thus a higher leachability of its content, especially 
of its water-·soluble parts; hov,ever, the residual watc'r content 
of some few weight percent does not significantly increase the 
leaching rate. 

If the BWP has been prepared from an acidic s1urry (e.g., ion 
exchange resins) the residual water may remain acirlic causing a 
considerable increase (ea 5 - 50 times) of the leach rate com
pared to an equa·1 product prepared from a neutralized slurry 
liquid. 

BWPs immersed in watPr absorb different amounts of water depen
ding on their composition: 

- the up-take of water is much higher in bitumens containing 
soluble salts than in bitumens containing insoluble ones 
/43/; 

- the highest absorption of water occurred when surface-active 
agents were present in bitumen /43/; 

- BWPs with 43 and 60 wt.-% bitumen took up 56% water during 
1500 days 1 ( 4 years 1 ) immersion into water /139 a/" 

e} Influence of the type.of bitumen 

- Generally, leach rates of nuclides from products with soft 
bitumens are lower than those composed of harder ones. 

- Samples containing evaporator concentrates in straight-run 
disti11atim1 bitumi:~ns (especially Mexphalt 40/50) shovrnd a 
slightly "lower l ead1 rate than those tirepared with oxidized 
bitumen /47/, 

The hitumen surt1c~ layer of the BWP is much more resistant 
to the penetra(ian of wdter than the bitumen inside the pro
duct. 

Experiments, in which distilled bitumens Spramax 180/220, 
Mexphalt 40/50, M 80/90, and the blown bitumens R 90/40 and 
115/15 were used, hav.:=, shmvn that the type of bitumen has 
only a small influence on the leach rate of radionuclides. 
BWPs with Mexpha1t 40/50 shovJed the lowest leach rate 

/139 a/. 



f) Influence of the b1Lm1inL12rhn condition:; 

The followin9 conditions may influence the ·ieachability of 
waste components: 

- incorporation temperature, 

- mixing-evaporating equipment and conditions applied, and 

- bitumen type: 
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At higher incorporation temperatures (> 150aC) and longer con
tact time. waste components can react with components of bitu
men (e.g. Sr·-90 anrl Ca) wh f eh normally reduces the ·1 eachabil ity 
of these waste components considerably. However, the 
bituminization of anfon exchange resins at temperatures beyond 
120°c may result in thP deliberation of volatne degradation 
products (amines) which may have an adverse effect on the leach 
resistance of the re~ultinq product. If another coating equip
ment than an extruder-evaporator is used. processes in which 
aqueous concentrates are dispersed into emulsified bitumen, 
produce usually more homogeneous BWPs than processes in which 
the direct ·incorporation into hot ,inon-emulsHied 11 bitumen is 
applied. 

Longer mixing of the bitumen-waste fractions at higher tempera
tures (190 - 210nC) reduces the residual water content in the 
resulting product (usually below 0.5 wt.-%) and thus the leach 
rate of the incorporRted inorganic waste solids. 

The coating of radioactive salts by hot. or just fluid bitumen, 
or by the emulsified form (awlonic and neutral) has no influ
ence on the leach rate /139 a/. 

g) Influence of the radiation dose 

Radiation doses higher than 107 rad cause the formation of 
radiolysis gas bubbles having diameters of up to several milli
meters. As this incre,1~:t0 of the purosH; increa$eS the overall 
surface of the rroduc t acc,'ss i b le by thf l eachant, one could 
predict that hi~Jh "i:ldi?t\on :'<jses if!aease 3'ignificant1y the 
leachabn ity of r-1:·':),. 

However, nwt1 rou~; , xper·f:ne~:ts hi:IV•': srhJ~n, that ~·adfation doses 
of up to 10 rad do n0t 1nr!uence the leach res1stance of 
BWPs towards various ieachants to any appreciable extent: 

BWPs containinn diffPt<c'nr tyo,:·· o" bitumen and 57 wt.-% solids 
(including 33 ;t.-% nitrate) 0 were irradfated to 1 x 1010 
rad (at 7?0 r~d/c 0 r 1 • ~½~ -JPRr½ ~~~hC o·~ ihe 1r·r·~di~ted and ~- u - .JC 'J J J ;., j t - - .... ·» ! . j j-~ Lt:": -.,,.;l l V , {.ii. • u ' 'I 

unirradiated samples w2re found to be almost the same /65/. 

From the consistent r0sult~ obtained at different institutions 
using Bt..JPs of \i,/1dely different compositions one may conclude 
that the radiation dosA (specific activity) has only an 
insignificant influ~nce on the 10ach rate of BWPs (of less than 
1 Ci/1 specific activity), a~d that the maximum permissible 
specific act 1 ;i re swns is 1 lmited more by the radiolysis gas 
generation than by ~h,'"c le;;;ch ratf', 
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h) Influence of the leachant 

The leach rates decrease as the pH of the leachant increases. 

For "identical" samples the leach rates are somewhat lower in 
sea-water than in ordinary water, The leach rates are normally 
lower in stagnant water than in running water: leaching of BWP 
of a low content of solids (up to about 20 wt.-%) may show the 
same leach rate under static and dynamic conditions. 

BWP prepared from BWR-wastes are less leachable by ground water 
which has been in "equi1ibrium 11 with concrete than by drinking 
water or demineralized water /280/, 

As examples of possible leachants in a reposito~y a probable 
composition of a ground-water (in Sweden) and the composition 
of a natural water after 1 weeks' contact with granular 
concrete are given in Table XXV and Table XXVI respectively. 
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TABLE XXV 

PROBABLE COMPOSITION OF GROUND-WATER IN CRYSTALLINE ROCK AT GREAT 
DEPTH /R-21/ 

Analysis Probable range Max value 
mg/1 mg/1 

·------

pH 7,2 - 8,5 9.0 

KMn04 consumpt. 20 - 40 50 

CODMn 5 ,. 10 12.5 

ca2+ 25 - 50 60 

Mg2+ 5 - 20 30 

Na+ 10 - 100 100 

K+ 1 - 5 10 

Fe-tot. 1 -· 20 30 

Fe2+ 0,5 .. 15 30 

Mn 2+ 0.1 - 0.5 3 

HC03- 60 .. 400 500 

C02 0 - 25 35 

c1- 5 - 50 100 

soi- ., 
15 50 ' -,. 

N03- 0, l -· (L 5 2 

P043_ O, 01 - (' l u • .L 0.5 

F- 0,5 - 2 8 

Si 02 5 - 30 40 

Hs- < 0. 1 1 r 
'.J 

NH4 0,1. ~· 0,4 2 

N02 < 0,01 - 0.1 0.5 

02 < 0,01 - ().07 0.1 

(Conductivity 400 - 600 µS/crn 1100 µS/cm) 
----·-----~-. 
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TABLE XXVI 

COMPOSITION OF A NATURAL WATER BEFORE AND AFTER 1 WEEK CONTACT 
WITH CONCRETE /280/ 

Analysis Before contact After contact 
mg/1 mg/1 

pH 6.8 12.2 

ca2+ 33 576 

Mg2+ 8.6 0.04 

Al 3+ 0.014 0.055 

HC03- 275 2260 

c,- 140 160 

coi- ( < 1) (2) 

Si02 16.1 1.3 

(Conductivity 700 µS/cm 7050 µS/cm) 
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i) Influence of the temperature 

An increase in temperature will normally significantly incre
ase the leach rate of soluble substances as both the solubility 
and the diffusion rate of these substances are influenced by 
the temperature. 

There exist only a few data on the leach rate of nuclides from 
11 senseful II bitumen-waste mixtures which, unfortunately, appear 
to be unreliable. In tests, using various sodium chloride
bitumen mixtures (mainly 70 wt.-% NaCl/30 wt.-% bitumen), it 
was found that the leach rate was nearly twice as high at 40°C 
as at 15°C /R-19/. 

Using 60% Mexphalt 10/20 and 40% calcium phosphate (as copre
cipitant for Sr-90) and also copper ferrocyanide (as copreci
pitant for Cs-137) as sample mixture for leach tests no diffe
rence of the leach rate at 50°C and at room temperature could 
be observed /66, p. 49/, 

j) Improvement of the leach resistance 

Apart from the factors al ready mentioned in the foregoing sub
chapters (e.g. chemical pretreaments, high bitumen to waste 
ratio, low water and soluble salt content, etc) two additional 
measures can reduce the overall leachability of BWPs: 

- the design and material of the container (see chapter 5.4), 
and 

- an additional protective coating of the product. 

The considerable reduction of leachability of BWPs by their 
coating with pure bitumen has been verified at various 
institutions (Eurochemic, KfK, CEA-Marcoule). 

It could, for example, be shown that a 6 mm thick layer of 
pure bitumen H 80/90 and H 120/130 prevented completely the 
leaching of radionuclides from BWPs during 1220 days (3.3 
years) immersion in water /139 a/. In other leach tests using 
BWPs coated with a pure bitumen layer of 5 mm thickness no 
leaching of salts took place guring 2.5 yearf /113/; after 5 
years a leach rate of 3 x 10- g. cm-2 . d- was 
found as compared to 10-4 to 10-5 g. cm-2. d-1 
for samples without th·fs coating by pure bitumen /186/. 

k) Conclusions 

The steady-state leach rates of the major "insoluble 11 fission 
products (Ru-106, Sr-90, rare earths) and of the actinides 
from well-prepared BWPs containing up to 60 wt.-% solids are 
normally between 10-5 to 10-7 g. cm-2 . d-1. 

The leach rates of 11 soluble" waite constituent! (sodium, 
Cs-137) are in the order of 10- g. cm-2 . d- . 
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6.3.3 

If a special chemical pretreatment is performed to insolubi
lize the long-lived radionuclides one may obtain for the most 
important nuclides the following leach rates in demineralized 
water (according IAEA-standard procedure) /82, 139 a/: 

Cs-137 1.5 X 10-7 3 x 10-8 cm/day 

Sr-90 1 X 10-5 3 x 10-6 cm/day 

Ru-106 1 X 10-5 3 x 10-6 cm/day 

Co-60 3 X 10-4 1 x 10-5 cm/day 

Pu-239, Am-241 1 X 10-8 1 x 10-9 cm/day 

All these leach rates can be considered to be 
for the safe long-term storage of BWPs. 

Radiation Stability and Effects 

a) General 

sufficiently low 

In judging the validity and reliability of the results given 
hereafter one has to keep several facts in mind; some of the 
more important ones will shortly be mentioned to avoid mis
interpretation of the results expecially those given in a con
cise form. 

Factors which influence the radiation stability of bitumen 
(and high polymer substances in general) are: 

- chemical structure (bitumen type), 

- additives (salts, other fillers, solvents, etc .. ), 

- type of radiation, 

- integral dose, 

- dose rate, 

- temperature, 

- surrounding medium (air, nitrogen, vacuum, minerals etc .. ), 

- specific surface, 

- mechanical forces during irradiation. 

The absorption of high-energetic radiation effects ionization 
and excitation of molecules of the irradiated products result
ing mainly in the formation of highly reactive free radicals. 
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These freP rad·ici'll'; Cjusc ciiangenKints of thr.1 physical and che-
mical properties due to following reactions: 

- degradation of larg(~ molecules, 

- cross-linking of molecules, 

- chemical reaction with the i~corporated waste solids and the 
environmental mediurn, (,":,g. air), and tht~ 

- formatfon of low mol,JcUl<lr 1'1e·ight products, e .. g, gaseous pro-
ducts. 

Radiolytic gases are thus secondary react.ion products of 
radiation induced radicals. 

The gases (H2, CH1, C2Hx etc .. ) formed effect inner stresses 
and fissures, and sometimes swelling, especially at elevated 
temperature5. The r~action~ with the surrounding (gaseous} 
medium during the 1rr~Jlation is of great practical 
importance. 

Irradiations up to about 108 rad may result in products of 
impro~ed propert'J es wfyf 1 s t at very high frradi ati on doses 
(> 10 rad) not only bitumen but almost all polymers are 
converted to technically u~eless materials. Results on the 
radiation stabi1 Hy based on strnrt-term irradiations at high 
dose rates are of limited value for the evaluation of long
term radiation effects of the same integral dose achieved at 
much lower dose rates. The results of short-term irradiations 
lead usually to wrong conclusions about the real radiation 
stahil ity of thr:~ product:3 tested. The presence of oxygen (air) 
during the irradiation may inhibit the cross-linking and 
enhance the degradation ( e. 9, by forrnatfon of ketogroups). The 
presence of distilled water lnst:1.~ad of oxygen at low dose 
rates has no measurable influence on the mechanical properties 
of the irradiated product:. 

Generally, the cont~nt of radi~tion-resistant waste components 
(e.g. inert salt~,), increas,~s tne radiation resistance while 
the incorporation ,,f non.r21c!iat/01:•resistant material decrea
ses the overall , . .1cHat1on stab·:lity of the FH1/P. 

The d1emical int::i'::,',~f'io,: of radiolysi~: products with the waste 
components c2n 1e~d t0 further radiation-chemical effects 
which can improve as well as worsen certain physical and che
mical properties of the BWP. 

One shou1d alrn at to define the r.:~diation stability not for 
the product as a total but in relation to each of its proper
ties of importance for its $hart- ana long-term storage. 

Statements about the rJdiatio~ stability are only senseful for 
practical purposes if the conditions applied are clearly speci
fied. 

For practical purposes the radiation effects can most easily 
be characterized by the q2s formation and the swelling (or 
shrinkage) of the BWP. 
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The irradiation of distilled as well as oxidized bitumens 
results mainly in the generation of hydrogen: besides hydrogen 
small fractions of hydrocarbons (with 1 - 4 C-atoms) and 
carbon oxides are formed. Hydrogen is known to be a product of 
the cross-linking mechanism, whilst hydrocarbons would pre
dominate if degradation were the main process. Carbon oxides 
are formed when primary aliphatic radicals react with oxygen. 
Therefore, in an argon atmosphere no carbon oxides but a 
higher fraction of hydrocarbons are formed; the degree of 
hydrogen formation remains unchanged by the irradiation in air 
or argon atmospheres /289/, 

The G-values* for the total gas evolution from bitumens are 
between 0.4 to 0.5, i.e. relatively 1ow so that part of the 
radiation energy seems to he absorbed by excitation v.Jithout 
chemical transformations. 

b) Generation of radiolysis gas and swelling 

The main results obtained at various institutions and con
clusions derived from published works, are listed hereafter: 

- the principal radiolysis products are: 

o hydrogen ( H2 l 

o methane ( CH4 l 
} • 75 - 95% of the total gas evolution 

o ethane (C2H5) • 2 - 8% 

o ethylene (C2H4) 

o C3Hx+c4Hx • 1% 

o carbon monoxide {CO) 

o carbon dioxide (C02) 

o water (H20) ~ O -

- the oe of i tion 
on the generation rate 
rate; 

/230 a/; 

, 8, y) has no significant influence 
iolysis gases and swelling 

- the generation rates of hydrogen for internal radiation (by 
Sr/Y-90) are two to three times higher than those for 
external irradiation, however, of the same order of 
magnitude /92/: 

- the results of external irradiation tests are in most cases 
transferable to radioactive BWPs (i.e. internal irradiation) 
/92/; 

- there seems to he a slight tendency that products with 
harder bitumens show a smaller rate of generation of radio
lysis gases and swelling than softer ones under comparable 
conditions: 

* G-value - moles p per 100 eV absorbed. 



- the influence of p,n·l:i-:ul,H· surJsi:dnc1~,~ (,,,9. nHratr?s} is 
not well defined; 
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- the amount of radiolysis gases (mdinly hydrogen) generated 
in samples placed fn an inert atmosphere (argon) increases 
proportional ,;iith d12 dose :it,so1'lwd and has been found equal 
/289/ or higher thar in the presence of air /92/: 

- the hydr(igen 9ener;',1tfot1 rate -1::; ,1 1 i neat function of the 
integral dose bPtw~~n l 100 Mr1rl and almost independent of 
the dose rate; 

- irradiation with iO MeV-electron~ uf bitumen yielded 5.6 x 
10-3 cm3 H2/g. Mr~d ~nd bitumen/SO wt.-% NaN03 
3 x 10-3 cm3 H?lg . Mrad, simi1ar v1lues were 
obtained for y 0 irr,1i:li ations /l39/; 

- the swelling tat,~(; uf bitwn[:ri IJ 1t5 (distr!h1tion bitumen) 
were found to be 3.ppr'OXirnate1y 21l'.t of the gener1:1.tion rate of 
hydrogen, ,.,,,h"lht th<' swe"l l in9 :'',Hes of bitumen B 45 -
NaMOJ {30 - 40%) 1n!:<tures Wf'r(~ of" the same orde~ of 
magnitude as the gen~rdtion rates of hydrogen /283/; 

- bitumen B 45 and b1twnen 8 45/30-40% NaN03 mixtures 
showed a hydrogen generation ra.tt1 of i:lbout 10-~ cm3 /9 . 
Mrad and a swelling of blocks of about 2 x 10-J cm3/g 
Mrad /92/; 

- BWPs containing 40% Li- and □orate-loaded ion exchange 
resins, 50% bitumen (B 15), and 10% water showed, after 
irradiation to a rlo:;e of 8CJ Mrad, a porosity*) 5hange of 
1 - 4% and a hydro9t'n gen-~ratfon rdte of (L 3 cm /g . 80 Mrad 
(at 760 torr, 25°C) /283/; 

- partially dried, uncoated ion exchange resin, loaded with 
lithium and borate and contalwir1g 24% residual water showed 
a hydrogen generation rate of O. i4 crn3 Jg • 100 Mrad (at 
760 torr, 25°C) /283;; 

- when bitumen-nit,a 1:r: -:,d'lt n11:ctures are frradf ated. al so 
nitrogen oxide !Nn) t~ found among the radiolysis gases, 
while a widt'x ';;:·Gct.r-urn, NO, \(h, rnetl1y·1 amine and 
tr 1• meth vl a,.·,,·111 r--. : , Fn :.•::'.c,rl 1· n ~;11· wt-:"~,,.,;, "'nn ·t· ;.1,1• "1· ng an 1· O"' ,,,J ,] :11, , ,_, I ,:, , ", Jc.., J , . _ ,, _r. ·_,,d.,,1J I -:._ ,:;) \.., V,, ,-,,_, ! l l ! 

exchang~r.s, howev,~r, at a v-er·/ 1 Oiv rat<': so that re1 at I ve to 
the pure m,Jtr'i;,: r.he to t.(1 ,,mo:A,.i: of hydrogen is not affected 
by the ddditlw:s; ~19/, 

- bitumen (8 15)/42% ~aN01 m!1turts irradiated with 10 
MeV-electrons to 1 dose'of Mr~d ,esulted in a change of 
porosity of a.bout 18% /283/:. 
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- the absorbed inteqral tios2 of a B~JP of 1 Ci/1 {contafrling 
fission products typical ;r:.,,. this waste from reprocessing 
plants, obtained 2 years after reactor discharge of the fuels 
processed) amounts to 90 Mrad (9 x 10 1 rad) after 200 
years: after this time the integral dose approaches 
asymptotically the end value of total decay of the fission 
products /283/; 

the release rate of radiolytically generated gas for a given 
integral dose is the lo~er the higher the dose rate (spe§ific 
activity), e,g. 0,2fl cm /Ci , d for 10 rad/s and 0.01 cm /Ci 
. d for 600 rad/s using 60% bitumen/40% NaN03 mixtures 
/42/; 

- a G-value of 0.41 for H2 formed from distilled bitumen 
(60/80) and 0.46 for H2 formed from blown bitumen 
(20/30) has been determined /230 a/, (GH2 = 2.4 - 2.7 
for polyethylene; GH2 = 0.044 for benzene; GHCl ~ 
0.3 for po1yviny1chi'oride); 

from the po"lrrt of v'iew of rad·iation resistance the tested 
bitumens can be used to process liquid waste with a specific 
activity of at least up to 10 Ci/liter without any 
significant effect on the water resistance, leachability, and 
changes in the structure of the BWPs during long-term storage 
/R-20/. 

c) Changement of the ·1 each __ rate __ and oth,er properties 

The irradiation of a wfde variety of BWPs have shown that: 

- irradiations up to about 108 rad do not lower the 
leach resistance of the products or only to a small extent; 
based on the highest observed changes waste-bitumen blocks 
with a specific act'ivity of 1 Ci/1 need at ·1east 50 years to 
observe a leach rate i ncr;:;ase by a factor of 5 - 10 /66, 
p. 23/; 

(l 

doses up to tGc ra(: (if.J no;:, change the fofl ammation 
temperature of BWPs: 

- a significant change ( increasP) of the softening points and 
consequently of the visco-elastic properties of bitumens and 
BWPs (60% bi~umen/40% salts) takes only place at doses 
exceeding 10° rad /283/; 

an increase from 1 x 108 to 5 x 108 rad increases the 
"ring and ban" :;oftt~rdng po-/nt (hardt1 tdng) by 10 - 30"C /66, 
p. 17/; 

- for a product como0serl of 42% NaN01, 0.05% NaOH, 0.75% 
H20, rest bitumen (Ebano 15) the porosity change 
amounted to less than 1% at a dose of 10 Mrad and about 26% 
at 500 Mrad /283/. 

d) Conclusions 

From the numerous in~estfgat1ons on the radiation-chemical 
stability of bitumen Hnd bitumen/salt :nixtures one may conclude 
for all c,ract,1::iit1 p1;rpor-:c, tnt' fcl'iov-Jing: 
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- the irradiation of blt1rnit'n and -,,1aste··b'!tumen mixtures by 
alpha-, beta-, or gamma-radiation results (- as far as gas 
formation is concerned-) almost exclusively in ~he 
generation of hydro;;f:n at ,1 rate of 0,3 - 1.0 cm- /g . 100Mrad, 
nearly independent of dose r~te atmosp~ere (air, argon, 
nitrogen) and bitumen typr~: 

- the swell i nG rate is in UH~ s<J,ll1E! order or lower, Le, "less 
than 1 cm3/~ 100 Mrad; 

- for most estimations and products containing 45% solids a 
hydrogen g§neratJo~ ~ate of 0.6 cmj/g. 100 Mrad can be used 
and O .1 cm /g . J OtJ i'kacl for othN' gases formed; 

- the total amount of gases generated during infinite time is 
proportional to the total exposure dose /230 a/; 

- the absorbed integral dose of most RWPs containing initially 
less than 1 C"i/1 G-y-ellrittin9 fission and act'ivation 
products will be lower than 10~ rad; 

- absorbed doses of, 107 rad cause negligible swelling, 
gas evolution, hardening, or increase in leach rate: 

- the presence of so"I id or sol i cli fi ed waste components does 
neither worsen thf:i tfHHation stability of bituminous 
materials nor improve H, i.1:::, they act as 1'foert" diluents, 
and the amount of total gas ,0vol ution is governed solely by 
the quantity of bitumen ccrntaim1d in the BWPs; 

- upon irradiation under comparable conditions bitumen gene
rates ·1 ess hydrogen than polyethyl NiE:; 

- inspite of differing rE:suHs of some investigators one may 
state that oxidized bitumens are more radiation resistant 
than other types of bitumen; 

- internal radiation doses of up to 1 x 109 rad cause no 
significant changements blown bitumen-waste mixtures, 
i.e. that from the int of view of radiation resistance all 
types of !ioufri (i,~i cM1 be so"li<lif:ed by incorporation into 
blo\Am hitum1",i, 

The question of th? combusci i -1 t and exp'!osi veness of BWPs has 
to be considered in rela io~ toe ternal heat and ignition sour
ces; it is therefor•e of ;pedal fo1pnrtarice du ng the preparation 
of the RWPs, tfrnir inti-:2r:n1-storElgE' and transport to the final 
storage or disposal place. 

For the long-term storage the internal heating of the BWPs caused 
by the decay of the int::Jrpor-ated radfonucl ides, has expecially to 
be taken into account id0s the f0rmation of radiolytic gases. 
i.e. the maximum a11owct)le '::cfi activity has to be defined in 
relation to the storage cona tions in order to avoid the forma
tion of an ianitable radiolvtic 02s/air mixture and an intoler-
able hPat1' "'19 ., ( f1 'Ji rH 'L,··y '; nf ",1',!,ic, :,··~t~/S,. = j; ,.· ' - •- . __ , ·j • ) ,_,.' _,:, ,__ J;11 ._, 0 
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6.3.5 

It is essential that t.i'H temp~1t,:\turE: d ffer·i:~nc,:, oi:1 tween t~w centre 
and the wall of a BWP b1ock is low, Th s means that the specific 
activity permisidble fo the fJna1 product depf'nds ma-fr1ly cm hr~at 
transfer conditions between the BWP and the container nature and 
thickness of the container and the rn~ironmental conditions. 

The heat conductivity changes s"l lghtly v-✓ ith tht· temperature and 
increases with the increase of solids in bitumen, it is in the 
order of 0.25 W/m.°C. 

Calculation of~decay, h,:at shows th::it~ For 8WPs nf a specifiG 
activity of 103 Ci/rw3 the f"oecff'ic hr!ut releasf~ is 3-5 W/m., 
and that the self-heatir1g w111 not practically limit the method 
of disposal. 

The temperature of nwrs c0ntalnin11 fission products will not sur
pass 70°C in the centre of a 200 i drum at a specific power of 
0.05 W/1, 

The storage temperature shotlld b~,~r UH: eldst-idty of bitumen and 
limit the segregation of bitumen and incorporated solid 
materials. For the system bitumen-sodium nitrate the storage 
temperature should not exceed 60°[ /43/. 

Considering B~•JPs of the IL~/ cateqory {,;:; 10 Ci/1) contained in 200 1 
drums one can state that the power release of the radionuclides 
will be of the order of 0.05 W/1 causing a temperature in the 
centre of the block of less than 70°C- At temperatures below 70°C 
no significant segreqat1on and migration of radionuclides exist 
for almost all BWPs and al so no '.~pontoneous "inflammation has to be 
feared. 

If the BWP 111 a 220 -1 standard dtum possesses a specific activity 
of 10 Ci/1 the temperat~re difference between the centre and the 
outside surface of the product ½Ould not exceed 4°C; when storing 
such a product in a bunker the temperature In the centre will be 
1 ower than 35"C. 

The ignition points cts we 11 as apuearan~e of exothermal reac-
tions are far beyon~ th0 hitumini1atior: te:~0er~ture of reactor 
and reprocessing J~tl~. 

a) General 

The solids In fl\~Ps tend to -;ett'iP to U, 10 bottom ctS ;;he bitumen 
mass liquefies at higher temperatures, 

The slow coolina down of hot xtures of bitumen and waste 
solids (2 - 3°C)hl could cause inhomogeneous products due to 
particle sedimentation. The settling could lead to the forma
tion of concentrated salts-bitumen mixtures. 

Thus, the f ncorporatfon er >JX1 t,; ~,uch as ni tra ,,,s may be 
suspect since they could b~ cz),l!:er:tr,oit£:d by sett1 ng, 
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Experiments carried out at E rochemic showed that there is no 
significant concentration change of sodium nitrate in the bitu
men matrix upon cool ·l ng doi1m 190 l of D. mixture of 55 wL -% 
di sti 1l ed bitWlll'~n/45 wt, ,;c;1}; 1m1 nHrati:~ in a 220 l product 
drum from l80"C down to room ,:>v'ature 11t an average rate of 
2 - 3°C/h. 

Experiments carried oJt in Sweden /280/ ~hawed clearly sett
ling of ion--exchange 'f'l:•si1is 1.'ui"ing cool·ing down of a cast 
bitumen-tesin mixturt!, The prGb'lem of Sf!dimentation of salts 
during the storage of CWPs has be~n studied in the United 
States /51/, in France /!39 J/, fn the Federal Republic of Ger
many /283/, and at Furocheflri c 

In the experiment;;; r;n',"iN1 nu'.: ·ln Fti:Flet: dHferent 8\4Ps were 
stored at 30uC, 62 , and iOS~C for one yea~. The particle 
size of the incorpora~2d solids was in the range of 1 - 40 µ. 
It could be shown that tl 1e ~alts do not settle if the storage 
temperature remains more than 20"C bel ov.i the soften'ing point 
of the BWP. 

For a large number of BWPs the softening point (R + B) is 
around 115°C which usually fn1:reases with time due to the 
radiation and other' effects CcHJS i ng hardening -

Depending on the typE: of b I tum£~n usP.d and the radiation dose 
absorbed the softening poir1t of BWPs may be in the range of 
60°C - 160°C. CalculAtlor1s have shown that the sedimentation 
rates of 30 µ particles in bitumens (of softening points of 
around l00°C) at temperatures up to 40°C are, 5 x 10-3 
mm/year; i.e. the par1:icles settle not more than 1 mm in 200 
years /283/. 

c) Conclusions 

Homogeneous bi tumerH,,1a 1,:te uroc1ucts shou·i cJ be stored at tempera
tures below 60"C {)r a.t ·ie:.isr ?O"c below their softening point 
in order to avoid ~ettlirq tht incorporated solids and 
therewith signif:rJn+ i~i0s withifi the product. 

In view of the 1ong-t2rm s rage of large volumes of BWPs the 
knowledge about tneir infidffMia.brlity ,rnd expfoidveiess is 
required. 

Especially the s£1Fet~1 cq;r•cts 0f producing ,ind storing BWPs 
containing high concert1·3~i0ns of ,1itrate must be carefully 
assessed. 

Therefore, relevant nvest1gations were carried out in various 
countries part of wh eh are summarized hereafter. 
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a) Sovjet Union: test r~s~l 
~-~-=-,~.-~-· -•-•-·=-·--- ·~----•, 

In the Sovji:~t Unfon teste ,·JPn' made on the exp ¼siveness of 
bitumen-sodium nitrate mixtur@5 using , 15, 20, and 30 
wt.-% bitumen ( typA :iN:'.<~ arvl :lN-3) ;:: 3/. 

The aim of the tests was to establish the limit of the bitumen 
content at which the mfxture becomes incapable of detonating. 

The results show0d that ,nixtures containing 15 wt.-% or less 
bitumen are capable of detonRting whereas mixtures containing 
more than 15 wt.-% h!tum~n do not de~nnate, 

This required ratio does not c~ange when the mixture is heated 
to 60 - 80"C (to tak~ in1.:o acc,xmt thf: possH,le heating by the 
decay of the radionuclidPs). 

The consistency of t:n, •nLi:L;r.c~a; h,Vi :1 suhsti'lntial influence on 
their detonabn ity, The potrntla"l Jy most irnwerfu'I mixtures of 
stoichiometric or near-stoict'.1ometric comoosition (15% bitumen} 
which constitute dense viscous pastes wer~ shown to be either 
at the deto"ation limit nr incapable of netonating. At the same 
time, a mixture of 7 ~~-t. bitumen and 93 \-Jt,-% :;odium nitrate 
was considerably weake:- in respect of energy index but, having 
a powdery rnn,,ist,~ncy, detonated more easf!y, 

This depenrlence of dctonabllHy on consistency is evidently 
characteristic of m1xtur~s ~ith various aggregate states of 
fuel and oxidant. 

In additfon the explosivene::,~ of nrixtutes of n'itrates of 
sodium, potassium, and (alci0r1 with other organic substances 
such as TBP, kerosen0, toluene, nRphthalene were studied. The 
results shovied that 'i i wsr:emc; ~,re chrd'dCtt~Y'i zed by narrow 
1 imits of detonabi: i ty'. :rom '.\-7 to -15 1r1t. .. % content of 
organic substances. fhe :0wer 1 lmit of d~tonation is evidently 
restricted by ener-9y hctor!'.; {specific content of 1 a tent energy 
in the system) and the ur_1pP1· ·1 imi't., by the con:dstency of the 
systi::m 1_..,;hich hfr:{(:1'''. ;:,i,:,, ga+·1cn of i:hf; detonatfon wave. It 
may, therefor~. be exp~ct~d ~t variat{ons in the character of 
the organic b-I.r:dE~t', .::tn;J t:·1:~': •3::~:·:t U'.~·,;·t~i'on of n·ftrate ~\1astes 
do not si~1nific2nt·: 1 ➔ Js: ·i i 1r.1,: ,')f d1.-!tonabi"Jity. 

Furthermore the ::c1rnt1sstfoi·; iiy n'' blturi,en (RMl<-2) - waste mix-
tures con ta; rii n9 ,:.CJ iSO -,.,.-c, sun' um nitrate or 40 and 60 
wt.-% of a mixture simulating a reactor waste has been deter
mined. It was found for all thes~ mixtures that the fiash point 
and the bund 119 cerr1p1:rature Stf, close to the corresponding 
values for the pure bitumen {t93°C and 345°C resoectively), and 
that the self-ignitio~ temperatur~ was higher than 500aC. 

It has been concluded from these in1estigations that the incor
poration of fillers (111aste r·esidues) into the bitumen does not 
increase its fire hazard and that thf? i:n·obabfl ity of f-1 re and 
explosion is smal if :j;:.tr1b'!isheci ,;onditions for the safe 
preparation and s 0r0ge re chs~rved, 
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c) United States: test ,'I':' u; .,:: 

Tests performi~d ln thf' USA ()Y Lhe f:lur~}au of Explos·ives (New 
York City) on bitum2n ptoducts contJining 60 wL-% sol ids 
(includfr1g 35 wt.-t nit:rate) indicati?d Vrnt the material did 
not fall within any of the cL,s:;es of' d.wciercus goods as 
defined by InterstatE• Commf:'rCt: Coirnwiss1on rf'91/l.:1tions /24, 
35/. 

products contairdn9 f5U j/t.<t s"11ts hf,ated ·In air to 550"C did 
not ignite. Even witn hn "lgrntor 1trin:: Uw product could not be 
ignited in the presence of nitrogen uµ to 5J5°C. 

The burning tests on the product hdv~ shown that it does burn 
vigorously but does not exp1ode or show a burning rate signi
ficantly higher than that for pure bitumen. 

The investigations 1Here performed mainly with BWP containing 60 
wt.-% nitrates of various metals and other additives that were 
expected to be potential constituents of evaporator concen
trates. Genr:ra11y, the !grdtion temp2raturf:S of the products 
were found to be above 400°C; only some samples with an increa
sed fraction of calcium nitrdte and transition metal nitrates 
showed ignition temperature:: hrt~,een 360 - 380"C. 

In a red hot steel par, (700°C) BWPs ignited in a shorter time 
than Pur" b-''··11""-n fr,,, 10 t,,.,,----- .c--.,•-1-,.,ri .,,"·'ever t"'e burn1·ng c l Lt 1;t ,, .._..,u. ... 1JLt}:.) i O.; .,c; ) j 11\..J'n . 1 ll . 

periods were of the same orde~ of magnitude. 

Pure bitumen burns 3moothly with the formation of black smokes 
and a relatively large re~idue of coke whilst the BWPs burn 
partly vigorously generating only a sma11 residue. 

Rapid heating in a closed syst~m showed that there is no hazard 
of explosion to be feared, ir•: B~~Ps 1;1en~ not sensitive to 
mechanical or detonat1un impacts. The products could not be 
ignited by exphd!n:J h_ydt'Jg,~r. H i1iixtu.rP";, 

The total cnmbust t)r; ·c.1111,' M :Lt kg[; co:npo-;ed of 57% bitumen 
and 43% sodium nlttat,:, pL.1c(,u jn a DS ·! drum 'l'Jas 85 minutes; 
about 27% of ~.r12 sojit!iT: rdtnte i•;a:; carried 0.v·dY with the 
fumes. 

Carbon dioxide was der:1on,:;rr21t'. ;::, hi" the most ,,uitah1 e 
extinguishing material. 

The burning points of 50 wt.-% bitumen and LWR-wastes fspent 
mixed-bed ion exchange ,·es i ,1s, 1"idporator concentrates with a 
high content o~ detrrgents at ho~ic acid) we~e well above 
400°C. 

BWPs from reactor statio~~ 
are absent) and comparable to 

rn ,'::mooth·iy {as 
rE: bitumerL 

us1rn'! !y nitrates 



116 

The investig;:itfons de1r1nnstt,r1:(?d cL,1:,rly tha,t the B~Jf's t,:,~ted do 
not belong to the c~ 1~eg:l()' of r:xploslve or (~asi"iy inflammab·le 
substances. Fire tes , in which 175 l ~rums with BWPs were 
placed in concrete containers of ?O cm wall thickness dnd then 
put for 50 minutes in a \rigorously hurninr1 oil fire, shoi,1ed 
that a concrete shielding conta1nAr reprFsents an efficient 
protection against exterior fir0~. 

e) France: test results /1/ / 
~--- ---·- '< ···--- ·---· 

All BWPs show a norm:,1·1 cornbt:stlbinty and nre not exp·losive and 
do not detonate. 

The spontaneous i nfl ,:imm;1 ti im te)mper,JtUi"f: of the majm·i ty of 
BWPs is higher than J50°~, 

The risks of exothermic r~:iictlons betwe,~n oxidizing components 
of the waste conc~ntr•a<r'•:" and bitumen \'/i,1:re studled by means of 
differential therma·i drW1Ji:ii'5 (OTA); it has been found that: 

- in the absence of d1m1Vinium ions, the ternpf'.:rature at which the 
decomposition of the m;.,jorlty of the BWP~:; starts is 290"C; 
this temperature remains unchanged if the following weight 
percentages of the various salts-related to the total amount 
of the dry, incorp0rated t,::'sidues -, are not exceeded: 

25% ammonium nitrate. 

37.5% potassium chromate, 

37.5% potassium chlorate, 

45% potassium dichromate. 

The presence of t~e fc11owing ~o~stituPnts does not influence 
the thermal stahil ity of thA bituminized waste concentrates: 
nitrite ions, sodium n i h·a tf1 , sndforn borate and ea le him borate, 

Note: Te•,ts u~"'·: 1<1 r~t,t ':pon 1':que•:;t of the Eut:Jchemic Company 
have shown that- e,qi1c,~;'rJ'.>1 :'<r, rear:Uons have been observed at 
70 - 130°C :a1h,:.~n ;nor,, Un E \1t ·1f each of ammon 1 um nitrate, 
sodium nittatE', 2:, · •.nd1 1,i•'! n·l> :tr' vit:re sirrn/ltaneous·ly present 
in the solid BWP ':,y,.,,,';A , sucn flri xt:.n'f~<S cannt~t be obtained 
under real ~races~ co0·litlo~s: it is mentioned only to avoid 
misinterpr;:1tatio:1 .rJ 1, 1,) rs,.c1i t:; obt,dned hi France, 

f) Conclusions 

Bitumen-waste µroducts rontaining up to 60 wt.-% residues from 
reactor and reproces~ing wa~tes do not explode or detonate 
during hand1 fog, to1, 1sµr;,,.t arid storage; they do al so not burn 
if they are not hr:2•::r-:d abo\Je 300"C and/or an ·ignition source is 
absent. 

Although a content of nitrate facilitates and accelerates 
combustion, it is nnt ~,:'f1cic1 ri~ to inetease trw rate of 
combustion siqnif 1 cnnt1J,, ~,121xi!1H1m vahies vr11·1 possibly be 
obtained on·iy witti in rvr-!n c->:y92n !i.:;1·; ance, i ,.e. a sodfom 



6.3.7 Mechanical Stabi1 'ity 

a) General 

The mechanical prnpert i es of b·1 tumr;;n Wd'.:.tt:i nri xture,; are of 
importance during handl·lng. l',dn::port anc! <:torage, 

After incorporation of the '#1:1s tr~ into bitumen at oi'!l evatei:1 
temperatures, the resulting hot mixture is poured lnto the 
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final product container, usually a 220 1 drum. The cooling rate 
of the BWP in th2 middle of a 220 1 drum from the temperature 
of the filled drum (ea i60-190°C} down to near cell temperature 
(ea 20-30°C) will h@ between l.3 - 3°C/h, or ab0ut 2°C/n on the 
average. 

As the softening point of S0/50 wt.-% BWPs i~ in the order of 
loo oC 't .~kn'-,, ··+, ,: ·- ,,1 d· - . o,.,-i -, r- ·o ',+ ·l • -1-i;·_ , 1 ~ La ,,S ,_,c)Ou, J,, 1 , d)'S U!1 L., c _,011.,11 C .,,e y so , t,1 

fied product is formed, After l,'•ss tr,an wut:::: coo'Hng at 
ambient temperature the thickness of the sol idifled outside 
1 ayer wi 11 norma 1 ly b,? 1 (tr~w enough ( > Jr; ,.:·,i) tll permit drum 
transfer operatf!ins without t·isking a flow1tg out of BWP in 
case the drum should tall. 

The mixing of the waste solids with bitumen effects an increase 
of the softening point and a decrease of the penetration and 
ductility of the bHumen, The reactions that occur during mix
ing, binding and adhe5ion are exceedingly complex, involving 
viscosity, plastidty iHEl the structure of the solids. 

The mechanic2d .stability of Bi,fPs can b;:, influenced \,Jithin a 
relatively widE ran~e by the choice of the bitumen type, nature 
of waste solids and additives, and the solids to bitumen 
(volume) ratio. 

b) Results 

The mechanical behavfou,· nos b1__~en investigated by storing BWPs 
under static pressur,?:s at 2~;, JO, and 40"C /54/: 'it was found 
that a·11 samplE-~'; wf!te rw)r,2 01' ·ie:;s deformed in dep2ndence of 
the softenin0 point of the various mixtures. Also mixtures of 
softE,r1in9 poin+s abovr uo-c srow0ic! fr'.l forrn-,,_;tabllHy during 
longer ptriods of storage under pressijre. 

The incorporation of ion 9X~hJnJe resfns strongly increase the 
viscosity ant the t,!rr'1 ss:;,,11-f°lHy ,:;r b1tu111et1s, P.-;prciarly of 
blown bitumen, ft h,3_:; been ui:iserved that the standard ''pene
tration11 and ''fdn0 ;1n<~ tH1I ;'' n1eth0ds, do not g·1vt? consisttnt 
results for bitumen-r·esin nrtxtures: therefore tests (the 
"cylinder bend·! nr; tri 0:t 11 and the "ho le migration test") were 
developed to rneasurn t11,;, for;n st~1bil ity of bHmi1enc•\,1aste 
products /187 /, 

The effects of ,:;m1tfou:.iz1 >?;,oo"dtA to - 40"C and of temperature 
cycles between - 40 and r 20"C on the mechanica1 properties and 
leachabinty trre ah11 lr:vrcstiqated /137/; so far no adverse 
effects of ttrl s tempt'tdi'. rr;, u2drnent cou1 d be observed, 
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In connection with tne sea disposal of conditioned LLW and the 
standardization of BWP oackaues (200 1) research work is 
carried out in Japan /R~32/ to produce v1aste packages of 
sufficient strength towards xarious impacts including hydraulic 
pressures of up to 700 kg/cm1 (equivalent of the hydraulic 
pressure at a sea depth of about 7 000 m). 

Using BWPs containing 50 - 70 wt.-% bitumen and the respective 
amount of waste solids contained in LWR wastes (20 wt.-% spent 
ion exchange resins. 10 wt.-% filter aids, rest consisting of 
20 - 50 wt.-% solid residues from evaporator concentrates) the 
following prelimina~, results were obtained: 

- ion exchange resins and filter aids have to be mixed with 
evaporator concentrates to reach the required specific 
density of at 1 east L 2; 

- the BWP packages a:-E: not destroyed by up to 700 kg/cm2 
hydrostatic pressu~e (provided that proper bitumen/solid 
ratios and manufacturing are applied); 

- free drops in air of BWPs from a height of 1.2 and 9.0 m have 
shown that BWPs are more v·escistant against drop impact (than 
cement-waste products) due to their plastic nature and will 
resist to the impact (at the water surface and the sea 
bottom) when the package is sea-disposed; 

- packages dropped from a height of 9 m were deformed. but no 
dispersion of waste could he found; 

- certain bitumen-waste mixtures would collapse and swell when 
sea-dumped; to avoid this the fraction of sodium sulfate, 
sodium borate, or sodium nitrate should not exceed 40 - 50 
wt.-%. 

c) Conclusions 

The mechanical propertfos of' R~/Ps depend on the volumetric 
composition oft~~ mixtu~e (i.e. solids-, bitumen-, and void 
content)~ t~e tyc, 1 of b-i tu men '. a :;pha l ten1'? r:on tent. an~ 
penetrat1J~), ~ne temper~turE, 211(! ~ome chartcter1st1cs of the 
incorporated so1i (e,;;. pa;·:: .::c, ;'?L!, porosityL 

Thus. the medwnical tabi1'ity c'.in be frifluenced vdtr1in a wide 
range by the ,.1rOpf,r chdce of the components and the conditions 
of mixing and storage. 
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a) General 

1.19 

There are three main ca11s,'.'!r; for thr➔ SVv\':> 1 ·: i ng ( vo"! ume increase) 
of stored BWPs: 

- formation of gases inside the product due to radio1ysis, 

- chemical reactions. and 

uptake of water from the surrounrd r:g by the product. 

The degree of swe l ling is deterirri ned 1 n the first case by the 
specific activity, ,ind in thf'.: second and third ca::-;e by the 
chemical composition of the product and its extent of contact 
with water of the immediate surrounding, 

The rate of swerJ·/n9 caused by radiolys!s gases is lower than 
the generation rate of radiolys'l:s gasc:s, usually by a factor of 
1.~ to 7. The rate of swelling of BWPs is in the order of 0.2 
cm· • g-1 . 100 Mrd-1. It ha~; to be t~mphasized that the 
volume increase cannot be used as a measure of the radiation 
stability of a BWP. 

Incorporated substances causing swelling of the BWPs are: 

o anhydrous salts capable of binding larger amounts of water 
(e.g. crystallization water} under volume increase; 

o detergents in larger amounts(> 6 wt.-%); 

o dry ion exchange resins exceeding 50 wt.-% in the product. 

It is possible that (some) swelling may occur due to chemical 
reactions leading to the evolution of gaseous reaction produts 
(e.g. acidic residual water reacting with incorporated carbo
nates). 

h) Results 

sampfos conta"irii(ig :~8 >!L-~0 :,octfom Ci::irbonate swelled to twice 
its original v0,,J~e ~fter lS days imn1ersion in water /66, p. 
111/; 

- samples containing 17 - 44 vt.-% sodium sulfate swelled in 
distilled water and ground water under formation of the 
decahydrate so much that compl,::te destruction occurred within 
one to two weeks /265/; 

- products containing 60 wt.-% salts {principally Na3P04) 
led to gradual swelling after 30 days and subsequent 
unacceptably high leach rates /R-38/; 

- even a product containing only 11 wt.-% salts (mainly sodium 
phosphate swel1ed aftt•r about 5 mo:it:hs immersion in water at 
25°C /R-38/; 



120 

samples containing 70 and 80 wt.-% dry ion exchange resins 
swelled even upon storage in the air /187/. 

samples containing 50 - 60 wt.-% dry ion exchange resins 
swelled to twice its original volume after 2 - 3 months 
immersion in distilled water /R-31/. 

the maximum swelling in water of ion exchange resins of a 
cross-linking of> 8% DVB is about 1,4 times higher for 
irradiated resins (cation and anion exchanger) than for non
irradiated resins /R-30/. 

c) Conclusions 

Dimensional changements of stored BWPs should be as low as 
possible. Among others, the following measures can reduce the 
risk of an excessive volume increase: 

- anions forming alkali salts of a high crystal water content 
should be converted into ~,ater-inso1ub1e salts of no or low 
water content, 

- the content of water-attracting (hygroscopic:) substances 
should be kept low, 

- a layer of inactive bitumen retards and reduces the penetra
tion of water, 

- blown bitumen could be use9 if the integral radiation dose 
will be higher than 5 x 10 rad. 

an extended contact time of ion exchange resins with bitumen 
at the incorporation temperature leads to partial thermal 
destruction and l!disso1ution° of the resins by bitumen 
resulting in a decreased swelling in water. 
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INTERIM STORAGE 

General 

A safe interim storage on-site or off-site of the conditioned 
waste has to be assured until final storage (disposal) Facilities 
accepted by regulatory au es are available and put into 
operation. The interim storage facilities are usually man-made 
structures which have to assure that 

- the stored waste products must remain easily retrievable for 
the further transport to the final storage place; 

dispersion of radionucl ides to the environment by air, water, 
or animals is prevented; 

- the accumulation of a hazardous amount of an explosive gas 
(radiolysis gas) mixture is excluded; 

sufficient shielding towards the accessible environment is 
provided; 

- the required safety is guaranteed during the actu 
storage pt:c-ri od. 

interim 

Bituminized LLW and ILW placed in 220 l drums require no forced 
cooling when stored in a properly designed interim storage 
facility. 

7.2 Storage Facilities 

The construction of the i m storage facil i has to be made 
according to the waste products to be stored, their amounts and 
the envisaged storage time. 

The ret evable storage structures bi nized waste include 
enginee storaqe iliti , - usually located on or near ground 
surface, and i iv< zd y d (concrete) casks which can be 
placed in a light hu 

Near surface s ge r 1 it i ,:>::~ require sp,~ci al t;afety consi dera-
ti ons against damage from ho le acts of man and nature. 

The stora9e facility must capab"ilit_y to receive, to tran-
sport, and to position at the forseen place the product package; 
it should be possible to monitor, to inspect, and to repack the 
waste products, if required 

Interim storage facilH·le:: varying capacity ex·lst on a.11 sites 
where intermediate-level radioactive wastes are bituminized, e.g. 
in Marcoule (France), at the Nuclear search Centre in Karlsruhe 
(FRG), at Barseb~ck (see Fig 6 a) and Forsmark (Sweden), and at 
Eurochemic in M::i'i (se·lgium). 
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Eurochemic 1 s interim storage facflity for solid and solidified 
i ntermedi ate-1 evel wastes from fuel reprocessing, named Euro
storage, appears to be at present the largest and most elaborated 
engineered surface storage of its kind. 

The Eurostorage facility; shown in Fig. 12 with two bunkers only, 
is built adjacent to Eurochemic 1 s bituminization plant'. it 
consists essentially of: 

- a series of concrete storage bunkers, each 64 m long, 12 m wide 
and 8 m high, capable of storing up to about 5000 drums of 220 1; 

- a corridor connecting the bituminfzation plant and the storage 
bunkers; 

- a cell for each two bunkers housing the bunker veritil ation 
equipment; 

- a transfer station for solid and solidified ILW arriving by 
truck transport and coming from other conditioning installa
tions than the bituminization plant; 

- a control station housing the control room and rooms for 
auxiliaries {fans, filters, heating, electrical switch boards, 
etc .. ) . 

The control room is situated on the first floor above the 
junction corridor permitting a direct visual control through lead
galass windows of the remote operations in the corridor and the 
transfer station. 

The storage bunkers are constructed in reinforced and partly in 
prostressed concrete. The wall, floor and roof thickness is dimen
sioned according to the required structural strength or radiation 
shielding: special care is being taken to ensure tightness of the 
bunkers against rain and ground water. 

The majority of the products to be stored consist of bituminized 
ILW solutions from cal adding process and concen-
treted waste solu ons from the Purex process and decontamination 
operations. The product are fi l h:d to 80% of their capacity 
and are made of llch zed s " ( see chapter 5 .4 and Fig 2). 

The waste-bitumen mi res contain< 45 wt.-% salts or other 
waste solids,> 55 wt.-% blown bitumen (Mexphalt R 8~/40),, 0.5 
wt.-% water; they have a density of 1, 30 - 1. 40 g/cm anrl a 
specific activity of maximum 1 Ci /1, The radiation exposure rate 
at the drum surface is about 220 R/h, while the total decay heat 
produced in one storage bunker, containing 5000 RWP drums, amounts 
tomaximum 2,7 kW. 
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The BWP drums are transnorted 1n electrically powered carriage 
(loading capacity of 12 druin•.,J ,','in! the bltuminization plant along 

the corridor to a predetermined pos~t~on in front of the storage 
bunker to be filled. The hunker crane, equirped with a telescopic 
hoisting system, picks up the drum on,, by one from the carriage 
in the corridor and tr-an{; f ,Jrs thr11i1 ir1to thP ,;tor;1q2 bunker to a 
preselected placE: \;,iith a pr·t1cls-1nn of+ :3 mm, The.drums are stored 
in a vertical position 1nd /n four :ayers ris can be seen in Fig 
13. 

All movements of the transport carriage and the bunker crane are 
automatically controlled and can b2 ll0wed visually 0ither 
directly or on television screens. Manual control of the opera
tions is also possible. 

Safety devices and prou.:du,·eri rH'C forseen to COPf.: '»lit11 all 
foreseeable emergencies a11d n1~intenance requirr•nents avoiding 
radiation exposure to tne 11Prs0nnµl, 

The conditioning of the wastes stored -1n thE1 facility is such 

that any loose contamination, p-:n·ti cu·121r·1y a 1 rborne contamination. 
is extremely unl ike1.Y, Venti1 at ion ·/s on·ly required, therefore, 
for the evacuation of hydrogen ptoduc;:~11 by the radfo1ysf s of 
bitumen. Calculations based on con~-;.:,rvative ;c:issumotions have shown 

that the atmosphQrk rm1et11al rate tequfred to k2e1J the hydro9en 
concentration befow the 10\.'1er f~><p'Josi ve 1 imit can be ensured by 
natural air circulation if some openings are present. Because of 
the limited experience available with such storage conditions, 
however, a fow-flow forced ventnation sy!::tem with fTlters has 
been installed. 

The material of tile drums, properties of the products, and the 
conditions of storage at the fadl ity have been selected with the 
aim of maintaining conditions compatible vdth future retrieval 
operations. If the drums should exhibit severe corrosion prior to 
retrieval. however, handling of the BWPs for repackaging is 
feasible. 

As far as the rls:,_ 01 111J:a,1,;;ado1: 0• the s·(ored 8\i./Ps is 
concerned, emphasis has b22n pLlt an ff 0 0 prevention rather than on 
fire fi gntfoq .. Th:.E, ,,f,r,:_, ti.e bu:1• :,r'; (1r;-;, fi1 led and closed, 
everything ·i:,: remove,1 ich ::rJulc D.LJ'.>0 .•n ig'1it1or, of the 

products stored. 

Measures have been tajE11 ~0 ~nal:1e quick anc efficient fighting of 
a fire approachin9 t/11:: stJ"<Je .Cr1cil Hy from the outside. 

If once considered nece:; 0,ar'/ ot 1n times or vvarfare additional 
protection measures can be taken •;ur::h as covedng the drums by a 
suitable, non-burnabl.c:, 9ranular rn:,terial {e.9. sand), which, when 
it is required. can easf1y be removed. 

The Eurostorage facil Hy has D":en desi gM::d antl constructed to 1 ast 
for a period of at 1 east f; fty years. At present four bunkers have 
been built of which the first one nas already beAn loaded, without 
any difficu1tiPs, with a 4000 8 drums. 



125 

7.3 Conclusions 

Interim storage facilities and sufficient technical concepts are 
available showing that a safe interim (temporary, provisonal) 
storage of bituminized low- and intermediatE:-1eve1 radioactive 
wastes can be accomplished taking Into consideration the proper
ties of the stored products, focal conditionsD activity inventory, 
and storage time. 

Though interim storage of conditioned LLW and ILW will in most 
cases be a necessary step in an optimized waste management 
strategy (e.g. for operational or economic reasons or lack of 
availability of a final repository) its duration should not 
unnecessarily be prolonged in order to reach as early as possible 
the ultimate objective of waste management: to dispose of the 
waste in a safe manner, thus minirrrizing the need for continuing 
survei 11 a nee by future generations. 
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TRANSPORTATION 

General 

The transport of radioactive waste cannot be avoided since it is 
not always possible to arrange for storage and disposal facilities 
to be located on the same site as the plants (e.g. reprocessing 
plants and reactor stations) producing the waste. 

The general framework of regulations for the transport of radio
active materials is adequate for all categories of wastes. The 
model regulations published by IAEA /R-22, R0-23/, serving also as 
basis for national regulations, were developed to protect the 
public, transport workers and property from hazards due to radio
activity during the shipment of radioactive materials. Protection 
is achieved by a combination of: 

- limitations on the content of a package according to the 
quantity and type of radioactive material; 

- standards of package design; 

- simple handling. storage and stowage precautions to be taken 
during transport. 

In general, more reliance is placed on 11 design safety" than on 
"operational safety". 

Packages are divided into two classes, type 11 A11 and type "B 11 • 

Type "A" packages are designed to provide economical transport 
for the large number of small activity consignments, while 
simultaneously providing a high degree of safety. The quantity of 
radioactive material which may be transported in a type "A" 
package is limited so that there will be no serious radiation 
hazard, even if the package is completely destroyed. 

Type 11 8 11 packages (type B(U) and type B(M}) are used for tran
sporting greater amounts of acti vh:y, They are designed to reduce 
to a very low level the possibility of release of activity as the 
result of an accident during transport. Containment standards for 
type "B II packages are specified in terms of activity 1 oss after 
tests to simulate damage in normal and accident conditions. 

The regulations require certificates of approval for type "8 11 

package designs to be sent to national competent authorities 
before the first shipment. Although no upper limit is pres
cribed for the activity in an type 11 811 package, there are limits 
beyond whi eh the consignor must notify the competent authority of 
each country through which a package is to be transported. 
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In the IAEA. transport reg1.d atioi1s, there is nothing \'Jhkh 
prohibits the transport of "1.ny !'orm of radioactive materials as 
such. More hazardous cow;i9nment~; arr~ simply subject to more 
restrictions and the packaging t',.>qui,·•Emf'nts are more rigorous. 
Such "special arrangement<:,., hav<? ro be agre1:id by thi.:' competent 
national authorities of a11 the countries concerned. 

In general, radioactive waste conditioning and packaging repre
sent a compromise to meet varinus renuirements concerning 
handling. tran~portation, storage and disposal. 

For the transport ( as ~vell as for thr1 ,,torage) the quality of the 
barriers formed by the conditioning and packaging have to be 
evaluated with regard to the attacks to which it can be subjected 
and the consequen':':es that it can havP on !wmans and the environ
ment. 

The 11 attacking agents" to be eons1d:"n}d fn the safety of tran
sporting BWPs are irradiation, temperijtur0 fire, and water. 

As it is the main purprJ:;e of thi,:: papr:t to consider the impor
tance of the properties of bit,Jmen and bitumen-waste mixtures in 
the various waste m.t:uiag.-:men r. steps from a ~.afety point of view, no 
extensive treatment of all factors 1nv0lved in the transport of 
these materials can b~ given, but only those factors can be 
pointed out which are mo~t signif1ca~t f0r the present purpose. 

8.2 Definitions 

With regard to the IAEJ\ transport rf~qul at.ions df?finitions have 
been etablished of which some are given hereafter /R-22/. 

Competent authority 

Competent authorHy sha11 ffii.::an any national or international 
authority designated or otherwi SfJ recogni z,ed a.s such for any 
purpose in connection with these Regulations. 

Containment system 

Co nta i nme nt sy :,t ,-:rn :: ,·: ., : l rn,,., ·: 
specified hy the 11y1H~ r a: i nt r?r, 

material during transpo~t. 

Qe~ iJin_ 

on~nts of the packaging 
retain the radioactive 

Design sha'll medn th(l ,k>script·/,v1 ,;pec'.&1 fonn waterii:d, 
package, or packaging which enab1es such items to be fully identi
fied. The description rnay frlc1t1de specifications, engineering 
drawings reports demonstr;·:ting cornp"i 1ance with regu·latory 
requirements, and othet n:•·! evant documentation. 
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Fissile material 

Fissile materia'! shal 1 !Th:~an p1utonium,,238, p1utonium-239, 
plutonium-241, uranfum-233, uranium-235, or any material con
taining any of the foregoing. Uwirradla,ted natural and depleted 
uranium dn not come under this definition, 

Freight container 

Freight container shall mean an article of transport equipment 
designed to facil it.ate the carriage of goods by one or more modes 
of transport without intermediate reloading. Small freight 
containers are those v.1hich have either any overall outer dime~sion 
less than 1.5 m, or an internal volume of not more than 3.0 m. 

Multilateral_approval 

Multil atera1 approval sha 11 mean approva·i by both the relevant 
competent authority of the country of or I gin and of each country 
through or 'into which the consignment is to be transported. 

Non-fixed radioactive contamination 

Non-fixed radioact-lve contamination shal'l mf~.:rn contamination that 
can be removed from a surface by wiping with a dry smear. 

Package shall mean the pack agi nµ, together with its radioactive 
contents as presented for transport. 

Packaging sha 11 mean the assembly of components necessary to 
ensure compliance with the packaging requirements of the IAEA 
Regulations, It rna_y, in parUcular, consist of one or more 
receptacles. absorDent materials, spacing structures, radiation 
shielding and devices for cooling, for absorbing mechanical 
shocks and for thermal insu'lat-lon, These devices may include the 
vehicle with tie-aown Syitem when these are intended to form an 
integral part of the packaging. 

Type A packaging sha-1 i n1s0dn a p,3::Kag!ng that is desf gned to with
stand the norma·i cond·ltlor.s of transport as demonstrated by the 
retention of the fntegrity of cont,1-!mnent and shielding, to the 
extent required by the IAI}!. Regulations, after the tests specified 
in Section VII of Reference /R-22/ 1 as appropriate. 

Type B packaging shall mean a packaging that fa df.:signed to with
stand the damaging effects of a transport accident as demonstrated 
by the retention of the integrity of containment and shie1 ding, to 
the extent required by the Ift,EA Regulations, after the tests 
specified in Section VII of Reference /R-22/, as appropriate. 



130 

8.3 

Radiat'ion level 

The radiation l ev2·1 sha ·: ·1 mean the corresponding radiation doseequi va1 ent rate expresst?d in mirlirem per hour. 

Radioactive contents 

Radioactive contents st1£·il 1 mean the radioactive rnateri al together with any contaminated solids, liquids and gases within the package. 

Radioactive material 

Radioactive material shal'l mean any material having a specific activity greater than 0.002 µCi/g. 

Speci f-lc _activity. 

The specific activity of a rM1ionucl'ltle shall mean the activity of the radionucl lrfri p,~r unit nm::;s of that nuclide, The specific acitivity of a :natf?riz:i'I in which the radfonuc'lides are essentially uniformly distdhuted is the activity per unit mass of the materia1. 

Transport srial1 be deemed to lnc'lude any operation incidental to the whole course of carriage, such as loading, unloading and storage fo transH. Tf1i: term incfodes both normal transport and that under accider11: conditions. 

Vehicle 

Vehicle shall mean a nJad vehic1e (incfodfog an articulated 
vehicle, i.e. a tractor and semi-trailer combination) or railroad car or railway wagon. A trailer shall be considered as a separate vehicle. 

In the trans;p::irt of ,',::! i OiF.~ti 'ff', :qa-r,:;r·i c:,·: ::. , any hazardous characteristics of these (nJte,'ia'l ~ s1.!ch as expfosivene:;s, inflamma-
bility, chemi ea 1 toxic·/ , and corrosi vene:;s must be taken into account in such a manner as to ~e in compliance with the relevant transport regulations for dangerous goods of each of the countries through or into which the materials will be transported as well as in compliance with the IAEA regulations for the safe transport of radioactive materials /R-22/. 

The transport regulations apply to the transport by 1 and, water or air. The major-lty of bHumin'izf:>d ·11qufd and ~vet reactor wastes (evaporation concentrates, filtration sludges and spent ion 
exchange resins) can be classified according to the IAEA regulations as "lot-v~level so'lid rc1d!oactive mater·ial", 
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Though not ahv:Jys requP\?d, it is c1 11visable to use freight con
tainers for the transport of this type of waste to ensure suffi
cient resistancr to impact and fire, If necessary fr,2ight 
containers can t)r~ dt•;·igm~d tQ mef1t the requirements for type "B" 
packages. 

Bituminized waste of tiH: 1ntermi!d·/.1te-level category have to be 
placed in transport shells or in large shielding freight 
containers for the accommodation of a large number of product 
drums. 

Transport of BWP drums in properly designed individual concrete 
casks or 1ar9e fn.dght containers ensures adequate radiatfon 
shielding and protection against impact, temperoture and fire; 
the LJw leachabi1·fty of thr:: product itself provides the required 
protection against the attack of water. 

The bitumen-waste mixtures are normally contained in metal drums 
of U)O - 600 ! capacity {mostly 200 + 30 l). When so·lidified, 
thesf.: mixtures can be handl!:d ,rnd transported by any mei:l.i'1S (e.g. 
Cran° nr~b-+c·1°1 rnnvav0~. ·1~i·f+ tr11ck c~rr1·~0e• wac.Jno" ~~1n' ~;- 5 ,j -. Cl ~• \) , 'i =' i.. f I . ~-;- J ~JI i' t~ . 9 ·"" U . \,.,:) :, ~ U .J l ! 9 J Y. < f"" j 

under normr1l cfrcumstanc2s fo ct cornp1ete·!y s;af,'? rn:HH!f?t, provided 
that two c~rnditions an, fulfilled: 

- presence of a sufficient radiation shielding, and 

- absence of a hazardous amount of an explosive mixture of 
radiolysis gases (hydrogen) and air. 

Consideration of the risks involved in transport accidents will 
lead in most cases to the requirement to use for the transport of 
BWPs an additional transport container of suitable design and 
materials to cope with the dCCident criteria in the IAEA transport 
regulations. 

Taking into account the hazardcus charactH'ist1c; and physico-· 
chemical properties of the BWPs and furthermore the protection 
aims to be reached by the biturn'lnization H:seH 'Hid the applica
tion of an additional transport contai er one comes to the conclu
sion that essentially only one risk needs to be considered: the 
fire risk. 

Due to the relatively high flash point of BWPs it is impossible 
that a spontaneous fire occurs inn transport accident ff an 
external fire source is absent. 

The only realistic scenerio for getth1g 8WPs i 9nited :, ,J burned 
is an external fire of a longer duration as a constquence of one 
or several of the following accidental tGnditions: 

- collision with vehicles (or sh1us, w1~r2 applicuble) loaded 
with inflammable or expioslvi:~ material:;; 

- burning of the kerosene or gasoline of the transport vehicle 
itself (less like·!y); 
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8.4 

- collision with airplanes; 

- collision with containers and other equipment containing 
inflammables or explosives. 

In Sweden it is forseen to transport solidified reactor wastes in 
special containers by means of a ship and special land-vehicles to 
the vicinity of the final repository for low- and intermediate
level wastes ("ALMA!i, see Fig. 14); it can be assumed that solidi
fied, intermediate-level wastes deriving from the reprocessing of 
Swedish fuel in a foreign country will be shipped in the same way 
to the Swedish repository. 

A safety analysis of the sea transportation of solidified reactor 
wastes (including bituminized wastes) has recently been edited 
/279/. 

Experiences and Experimental Results 

A great deal of experience has been accumulated to date in the 
transport of radioactive materials. Standards are well established 
and the safety record is excellent. 

In the Federal Republic of Germany approximately 2000 drums of 
175 1 each containing BWPs of an average ~alt content of 50 
wt.-% and a specific activity of 100 Ci/m were transported from 
Karlsruhe to the ASSE II salt mine packed individually in socalled 
lost concrete containers (ea 20 cm wall thickness), or in a 
shielded transport container, or in a specia'i cask with a capacity 
of seven drums by means of railway and vehicles without experi
encing any incident or accident during handling and transport. 

In the following some experimental results (in addition to those 
already given in chapter 6.3.6) are compii~j which are relevant to 
the risk assessment of transport accidents. 

- Drop tests carried out (in the ASSE II salt mine, FRG) with 
fourteen 175 1 drums containing 50 wt.-% bitumen and 50 wt.-% 
sodium nitrate showed that a free fall of 86 m onto a heap of 
coarse salt and onto already fallen drums caused cracks in 
the metal drum, sometimes dispersion of product pieces until 
a maximum di stance of 2 m and a s1 i ght temperature increase, 
however, no formation of sparks, explosion, fire or dust; the 
speed on the bound was calculated to be 38 m/sec and the 
kinetic energy 1.47 x 10 kprn. 

- In full scale tests 200 1 drums filled with pure bitumen only 
were subjected to impact and puncture forces /288/. The 
dropping tests of the bitumen drums were performed as corner 
drops from 20 m height. A similar deformation was caused to 
drums containing either BIT-45 or BIP-85/40; the deformation 
was about 80 mm, but the steel drum remained intact. In 
puncture tests the drums were dropped axially and radially on 
the top of a standard steel cylinder (0 150 mm). In 1.2 m 
drops the damage was very small. The 9 m drops resulted in 
small failures in the steel cover. The case of reinforced 



0 133 

0 602 
~ .cl 

0 
C) 

4 0 d 
6 C) 

4 
4 0 

0 " ,6 

4 0 
Cl 

a A 

0 4 
c:, 0 c::l 
N .4 ,.... e, Lr'l 

0 0 0 r---
<:l co 

.d a C) 

Cl 6 0 
0 

0 
,A , 

0 ,:j A 

0 

.1 t!J 
0 0 

~. 
<I 

<) ' ., 
4 ~ 

<I .. 
"' A 

-6 4 d ., 
-6 a .. 

L ~ 1200 l " ,i 

0 597 l 
" 

concrete container metal drum 

LUF-vehicle 

Ro-ro ship 

container 

container 

double 

Fig.14 - THE "ALMA" WASTE PACKAGES AND TRANSPORT SYSTEM (R-28) 



134 

concrete containers was simulated by removing the steel cover 
from two concrete drums whi eh were reinforced by iron net In 
9 and 20 m drops the inside part of concrete remained intact. 

From the tests performed it was concluded that reactor waste 
solidified by incorporation into bitumen and packaged into 
steel drums has a very high mechanical impact resistance. It is 
almost impossible to imagine an accident situation where a con
siderable part of the contents could be released in dispersable 
form as a result of mechanical damage. 

Auxiliary transport containers increase the mechanical resi
stance substantially. In the case of fire and water immersion 
the release of activity depends to a high degree on the 
mechanical damage on the containers and drums. The worst acci
dent was evaluated to be a mechanical failure of transport con
tainer and simultaneous long-lasting fire, which could cause a 
release of nearly all the activity contents of a bitumen drum. 

By using sufficiently strong transport containers, and by 
solidifying the waste into steel drums or reinforced concrete 
containers, the probabflity of significant activit.Y releases 
can be made very low. 

- Using mixtures of 40 wt.-% bitumen/60 wt.-% alkali-, alkaline 
earths-, heavy metal nitrates, organic acids, and rare earths 
(in practise the nitrate content will be much lower) it was 
shown /69/ that: 

- the BWPs can be handled and transported in a safe manner, 

- the BWPs are not able to detonate, 

- the presence of nitrate enhances the burning rate, however, 
does not lead to explosion-like reactions, 

- a free fall of 40 m of a drum containing 300 kg BWP does not 
lead to a detonation. 

Heating of drums containing a bitumen/salt mixture of 40/60 
wt.-% in a fire causes bursting of the drums {due to the genera
tion of gases) and subsequently the ignition of the contents 
which burns with an enhanced rate compared to pure bitumen. 

A slow heating-up can segregate the mixture by sedimentation, 
or the sodium nitrate can melt and settle-down. 

The ignition and burn-up of the mixture show the characteristics 
of a difficultly inflammable substance and at higher tempera
tures the characteristics of a substance burning well in the 
precense of air. 

There is no danger that the reactions of the violently burning 
BWPs enhance to a deflagrating burn-up or even a detonation. 
There exists no explosion risk during the transport of BWPs 
originating from reactor stations and reprocessing plants. 
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In fire tests involving a bitumen/ion exchange resin product a 
considerable velum~ increase occurred causing lifting-off of the 
lid and an overflow of the product /255/. 

- Recently some experiments on the effect of fire on pure bitumen 
(ea 160 1 BIT-15 in a 200 1 drum) were carried out /287/ showing 
that: 

- bitumen started burning after 15 - 20 min, 

- the temperature rise inside the drum was very rapid from 
room temperature to about 400°C which corresponds 
approximately to the distillation temperature of bitumen 
BIT-15, 

- the max.temperature observed outside the drum was about 
1200°C which can be considered as the max.temperature of 
a bitumen fire, 

- irradiated bitumen speeds up the response to fire, 

- most of the bitumen burned in a period of 10 min, the 
maximum burning rate being 0.25 kg/s. 

- BWPs in 175 1 drums and surrounded by a 20 cm thick layer of 
normal concrete were placed for 50 min in a vigorously burning 
oil fire. After 4 - 5 hours temperatures of max 73°C were mea
sured in the inner part of the concrete shielding; after 24 
hours these temperatures had decreased to the ambient tempera
ture. 

The experiments demonstrated the efficient protection of BWPs 
against external fires by placing the product drums into a con
crete container of an adequate thickness /283/. 

8.5 Conclusions 

Attention to safety in the transportation of nuclear waste is of 
special importance when bituminized waste is involved. 

This concern for safety is centered around the burnability of 
bitumen-waste products. 

When transport takes place at very low temperatures, also the 
brittleness of the products deserves consideration in the 
possible dispersion of radionuclides as a consequence of an acci
dent. 

An inadvertent release of radionuclides will not occur during 
normal operation nor in most serious accidents if the BWPs are 
transported in appropriately designed shipping containers. While 
complete assurance is impossible, it has been demonstrated that it 
is highly unlikely that a significant release can occur under any 
credible accident environment. 
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The safety assessment devoted to the potential environmental 
impacts from the sea transportation of BWPs from Swedish nuclear 
power plants to the final storage facility (ALMA) /279/ showed 
that: 

- no release of radioactive materials will occur to the atmosphere 
or to the sea under normal conditions; 

the frequency for the 11ALMA-ship 11 to be involved in a serious 
accident whi1e carrying radioactive cargo at sea is estimated 
to about 10- per year; 

a collosion causing a fire in BWP-drums transported in concrete 
containers is deemed to be inconceivable; 

- even an assumed occurrence of a fire would not lead to severe 
radiation doses to members of the public. 

It has been concluded that in view of the low probabilities for 
accidents causing release of radioactive material and the limited 
consequenses, the sea transportation system analysed can be deemed 
to meet very high safety standards. 
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FINAL STORAGE 

General 

All radioactive wastes have to be stored or to be disposed of in 
such a way that the appearance of radionuclides from these wastes 
in hazardous concentrations in the biosphere is excluded. 

The term 11 storage" is commonly used to denote the emplacement of 
waste with the intention of retrieving it at a later time /R-13/. 
Storage is a temporary measure which requires continuing surveil
lance. 

The term 11 disposal 11 means the release or emplacement of waste 
without the intention of retrieval /R-13/. Disposal can be 
totally irreversible, as for example in the case of environmental 
release of effluents. Retrieval may be possible, as in some 
geologic disposal schemes for solid waste, but it is the absence 
of the intention to retrieve which implies disposal. Disposal 
concepts do not require continued surveillance. However, in 
particular cases, surveillance over limited time periods may be 
desirable. 

To avoid the impression that (geologic) disposal of solid and 
solidified waste would principally mean the technical impossi-
bility to retrieve the waste the terms 11 final 11 , 11 ultimate 11 , 

11 permanent 11 , or "terminal II storage are used herein synonymously 
with the term i 1disposal Ii. 

As far as the final storage of conditioned high-level waste and 
transuranic wastes are concerned there is generally agreement 
that their placement in a suitable deep geologic formation can 
guarantee the required long-term protection of man and his bio
logical environment against hazardous radiation doses originating 
from these types of waste. 

Also the geological storage (at a reasonable depth) of properly 
conditioned low- and intermediate-level wastes appears to be the 
safest way to provide the required long-term isolation of the con
tained radionuclides from the biosphere and to protect them 
against attacks of man and nature. 

Existing regulations in some countries allow the disposal of LLW 
and certain ILW by either land burial (near the surface) or sea 
dumping. 

Studies on problems connected to the geological disposal of the 
different categories of waste and assessments concerning the 
suitability of various geo'logical formations for repositories are 
carried out in all countries having a significant nuclear power 
programme. 



138 

9.2 

The three most relevant geological formations are: 

- bedrock (granite) 

- salt deposits, and 

- argillaceous sediments (especially some clays and shales). 

Options in Various Countries 

The investigations on the geological disposal of radioactive 
wastes in the various countries are primarily directed to the 
disposal of high-level waste (solid and solidified HLW from fuel 
reprocessing or spent fuels); the large volumes of LLW and ILW can 
often be disposed of in a safe manner at much lower costs by using 
other disposal techniques and environments than are required for 
HLW. 

a) In the USA the current means of disposing of LLW and ILW from 
nuclear power plants and interim fuel storage facilities is 
through shallow-land burial. Intermediate-level wastes from 
reprocessing were also disposed of by shallow-land burial 
initially. Due to the relatively high content of alpha-emitting 
transuranics (> 10 nCi/g) of these wastes, most are now being 
placed in interim storage pending selection of an acceptable 
alternative disposal method. Improved shallow-land burial and 
intermediate-depth burial are being examined primarily for 
non-transuranic low-level wastes while disposal in deep 
geologic structures is being considered for transuranic 
wastes. 

A pilot plant repository for defense wastes may be established 
in salt in New Mexico by the mid 1980s, and repositories for 
commercial wastes may be operative in the 1990 time frame. 

Retrievability of all wastes will be maintained until neces
sary confirmatory data concerning safety are obtained. 

Regulations presently under consideration by the Nuclear 
Regulatory Commission (NRC) will define waste according to the 
type of disposal required and will identify the quantity of 
each radionuclide that will be disposed of in a 

- sanitary landfill, 

- shallow-land burial site, 

- intermediate-depth burial site, and 

- deep geologic structure. 
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b) In Canada exists interest to find suitable geologic formation 
for both secure retrievable storage and terminal storage. An 
expert group commissioned in 1977 by Canada's Department of 
Energy, Mines and Resources, considered underground disposal in 
igneous rock as the most promising Canadian option for the 
disposal of spent fuels and radioactive wastes. 

c) In Japan, the land burial of radioactive wastes is presently 
not permitted. A survey of Japan for potential disposal sites 
(for HLW) mainly) showed that geological bodies of granite and 
zeolite rock are attractive possibilities; under further 
consideration are formations of limestone, diatomite and 
shale. 

The Japanese are interested in sea-bed as well as island 
disposal concepts. As Japan does not possess terminal storage 
capability, low-level waste is currently conditioned by 
cementation and hituminization and stored in drums in ware
houses and underground concrete trenches. 

Several European countries have ongoing programmes (sometimes 
in the framework of international cooperation) to evaluate con
cepts of terminal isolation of radioactive wastes in geological 
formations. 

d) In the United Kingdom it seems likely that there are two 
options: granite and clay formations. Furthermore, studies 
are carried out on the deep sea disposal (on-the-bed deposi
tion) of ILW. 

e) In France the planned disposal method for wastes containing 
alpha-emitters is emplacement in deep geological formations. 
For fission products, either geologic disposal or long-term 
storage in engineered facilities are considered as possible 
solutions. 

The Infratome Company carried out final storage operations 
by placing LLW contained in concrete blocks and drums 
encased in concrete directly into the ground and LLW in 
ordinary metal drums were placed in the ground in trenches. 
The permanent storage centre for waste is situated in the 
Department of Manche, near the La Hague centre, on a plot of 
land belonging to the CEA. 

Infratome classified/low-level waste 11 as waste whose speci
fic activity in Ci/m is less than 1000 times the MPC/water 
(maximum permissible concentration in drinking water) of the 
radionuclides contained. 

For geologic disposal granite and rock salt formations are 
presently studied, however, a significantly greater effort 
will be devoted to granite formations. 
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f) In Belgium (and in Italy) the investigations on the disposal of ILW and HLW in deep, stable geologic formations are focused on the use of argil !aceous sediments (clays}. Like France, Italy. Switzerland, The Netherlands and the UK, Belgium disposes of part of the low-level waste (after conditioning by cementation or bi tumi ni zati on) by seadumping under the London Dumping Convention rules and within the consul ati on/survei 11 a nee mechanism of the Nuclear Energy Agency {NEA} of the OECD. 

g) In The Netherlands exist salt domes in the east of the country, and it can be assumed that one of these wi 11 be used for the constructfon of a waste repository, 
h} In the Fed era 1 Republic of Germany the former salt mine ASSE II at WolfenbLlttel near Braunschweig has been operated since 1965 by the Gesellschaft fur Strahlen- und Umweltforschung mbH (GSF) as a national research and development centre for the final storage of radioactive wastes. 

In this mine, consisting of about 130 large chambers on 10 different levels. low- and intermediate-level wastes incorporated in bitumen, concrete and plastics have been stored. Approximately 125 000 packages (200 l and 400 1 drums and 15 000 concrete containers) containing low-level wastes have been placed in seven chambers at a depth of 725 m and 750 m from April 1967 until 1978. 

In August 1972 test disposal of intermediate-level waste commenced, using a technique specially developed for this purpose. In the following six years of operation, about 1300 ILW packages (200 1 drums) have been deposited at the 490/511 m level. 

The experiences made up to now have been very satisfactory in spite of the small capacity of the transport facility and the impractical transport roads in the mine itself as it was originally designed for the mining of rock salt and carnalite, and not as a test repository. 

i) In Sweden, the studies related to the geological disposal of high-level wastes, which are carried out within the KBS-project (Karn-Bransle-Sakerhet meaning 
Nuclear-Fuel-Safety), are described fn numerous KBS-Technical Reports. 

The main findings together with relevant considerations were published in two main parts under the title "The Fue·1 Cycle's Final Step 11 : 

Part I (5 volumes) entitled uVitrified Waste from Reprocessing" was published in November 1977 /R-26/, 

Part II (2 volumes) entitled "Handling and Final Storage of Unreprocessed Spent Nuclear Fue1 11 was published in June 1978 /R-27/. 
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Major efforts have been concentrated on bedrock investigations 
in the closed-down Stripa iron ore mine. 

The first disposal of HLW will not take place prior to the year 
2020. 

The plans on the final storage of low- and intermediate-level 
wastes in Sweden are outlined in a separate chapter hereafter. 

j) In some other European countries also studies on the geologic 
disposal of radioactive wastes are carried out among these 
countries are Switzerland, Denmark, Austria, German Democratic 
Republic Spain, and Finland. 

Repository for Low- and Intermediate-Level Wastes in Sweden 
(ALMA) 

Conceptual_design and costs 

Recently a study on the construction of a central repository in 
bedrock for LLW and ILW ("ALMA") has been carried out /R-28/. 

The study is based on earlier investigations within the ALMA
project /R-1/ and the following assumptions· 

- the final storage facility shall have a capacity sufficient to 
take up the LLW and MLW generated during 30 years• operation of 
Swedish nuclear power stations with a total power of 10 000 
MWe; 

- the waste to be stored are packaged mainly in drums or concre5e 
containers and have a t~tal volume of approximately 124 000 rn, 
of which about 80 000 m are intermediate-level wastes; 

- the transport of the waste will be in 25 rn3 containers first by 
ship and then from the harbour to the repository by hydraulic 
1 ift-cars. 

In the study three different structures of the storage rooms in 
bedrock have been considered: 

- horizontal ~aults (mountain halls) of a cross-sectional area of 
600 - 700 m , (schematically shown in Fig. 15): 

- vertical (standing) circular rooms (silos) of ea 30 m diameter 
and ea 60 m height; 

- a series of parallel tunnels of a cross-sectional area of ea 
100 m2 • 
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Fig. 15 A DESIGN PROPOSAL FOR A GEOI.DGIC _f{EPOS!TORr FO.R LIM Alm ILW 

(A.IMA) fR-28J 
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To aid in the isolation of radionuclides from the biosphere the 
following additional barriers between the waste and the rock have 
been evaluated: 

- a barrier of concrete; 

- a barrier of a moraine/bentonite mixture, and 

- a barrier of both concrete and moraine/bentonite mixture. 

Cost and construction time estimates were made for various 
storage room/barrier combinations and the influence of the depth 
(in the range 50-300 m) and the mode of access to the storage 
place (shaft or tunnel) have been evaluated. 

For the three different forms of the storage room, all provided 
with a concrete and a moraine/bentonite barrier, the following 
costs in Swedish Crowns (1979-value and price level) have been 
calculated; 

Alternative 

Hall 

Silo 

Tunnel 

Level: - 50 m 

275 x 106 Skr 

300 x 106 Skr 

364 x 106 Skr 

Level: - 300 m 

378 x 106 Skr 

406 x 106 Skr 

477 x 106 Skr 

These costs correspond to 2400 - 4000 Skr/m3 waste and to 0.015 
- 0.025 ore/kWh. (1 US$~ 4.20 Skr). 

If it is not required to apply the additional man-made barriers 
the costs (given in the table) diminish for all three cases by 
130 - 145 million Skr for the level minus 50 m and by 200 - 215 
million Skr for the level minus 300 m. 

The construction time has been estimated to be 5 - 6 years for 
the level - 50 m and 2 - 3 years more for the level - 300 m. 

The final choice among the different construction possibilities 
of the repository (possibly even one not yet considered in the 
study) will depend on the results of a safety analysis still to 
be performed. 

Considering the different characteristics of the waste products 
to be stored it could well be that a combination of the various 
structural features will be the most adequate solution. 
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9.3.2 Waste ..e_roducts and amounts_ 

For the preliminary repository studies only the following waste 
packages normally generated at Swedish reactor stations. are 
considered: 

- concrete blocks of 1.2 x 1.2 x 1.2 m = 1.7 m3 
and 4 t weight 

- concrete tanks of 3.3 x 1.3 x 2.2 m = 9.4 m3 
and 15 t weight 

- BWP drums of 0 60 cm and 87 cm height 

- metal boxes of 600 1 and 600 kg 

- drums of 0 60 cm and 87 cm height containing ash or 
non-burnable solids. 

The contents of radionuclides, which is important for release, 
migration and dose calculations, is different in the various 
packages as already described previously. 

The estimated amounts of waste packages from Swedish reactors of 
a total power of 10 000 MWe during a 30 years' period are given in 
Table XXVII /R-29/. 

TABLE XXVII 

ESTIMATED AMOUNTS OF REACTOR WASTE FROM SWEDISH REACTORS 
(10 000 MWe) ACCUMULATED DURING A PERIOO OF 30 YEARS 

Type of Package NQ of Packages Total Storage Vol. 

Concrete blocks 36 000 63 000 

Concrete tanks 1 300 12 000 

Drums cont. BWPs 66 000 20 000 

Drums cont. non-
burn. solids 19 000 6 000 

Others (mainly 
drums) 70 000 23 000 

Total 192 300 124 000 

(m3) 



9.3.3 Transp◊rt system 

The preliminary concept foresees transport of the final waste 
products in transport containers. The transport system consist 
of: 

- a ship provided with a socalled roll on/roll off-system; 

- 50 transport containers, and 

- 6 socalled LUF-vehicles (of which two are stationed at the 
repository). 
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One transport container of 25 m3 ;nner volume can take up 12 cubi
cal concrete blocks or 72 standard drums (ea 220 1). 

Shielding containers are made of concrete and non-shielding 
containers are made of steel. Depending of the contents and the 
shielding thickness the loaded containers will weigh between 25 
and 95 t. 

Fig. 14 shows the main components of the proposed transport 
system /R-28/. 

9.4 Conclusions 

All waste disposal concepts are aimed at isolating the waste from 
the biosphere for a period sufficient to ensure that any 
subsequent return of radionuclides to the environment would not 
lead to unacceptable levels of exposure of man or other biological 
species. This objective can be attained either by providing 
containment with an adequate degree of reliability for the 
requisite period, or by ensuring an adequate delay mechanism and 
the availability of a dispersal medium to dilute to acceptable 
levels any radionuclides returning to the biosphere. 

The experience up to now gained on the experimental geologic 
disposal of low- and intermediate-level wastes (in rock salt) is 
excellent. In Sweden, it is presently foreseen to place the condi
tioned (by cementation or bituminization) low- and intermediate
level reactor and reprocessing wastes for their safe final storage 
in a geologic repository situated in a stable hard rock forma
tion. 

There exists great experience in Sweden in the excavation of both 
small and large cavities in bedrock so that the storage rooms can 
be built with presently available technology. 

The structural design features and the depth (distance from the 
surface) of the repository for the various waste products as well 
as the eventual need to provide additional barriers will have to 
be based on the results of quantitative risk estimates. 
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10. THE LONG-TERM BEHAVIOUR OF BITUMEN-WASTE PRODUCTS 

10.1 General 

The long-term behaviour of bitumen-waste products (and of other 
long-lived wastes too) is of importance for the safety assess
ment of the final storage (or disposal) system. 

This system is considered safe if it protects man and his bios
phere from hazards originating from the stored waste. 

Considering disposal of solid and solidified wastes in a stable 
geological formation the required protection (mainly radio
protection) is achieved by using manmade barriers in addition to 
natural barriers against the spreading of radionuclides (and 
possibly other hazardous substances) originally irrmobilized in the 
waste product. 

As barriers are usually considered: 

- the waste product itself (the fixation compound or the 
embedding material or both); 

- the container of the waste product; 

- the eventually applied overpack(s) of the waste product 
container; 

- the backfilling materials; 

- the engineered structure of the repository; 

- the geological formations (geosphere) betweE.~n repository and 
biosphere. 

The required nature, quality, dimensioni, sequence, and number of 
barriers to achieve the protection aim depends on their effective
ness to retain water or the hazardous wr1ste components. 

The main function of the barriers, seen from the biosphere 
towards the waste product, is the hindrance of water to reach the 
waste product; if contact of the waste product with water cannot 
be prevented the main function of the barriers is the retention of 
the leached radionuclides to such an extent, that, if at all, only 
insignificant concentrations of radionuclides can appear in the 
biosphere not affecting public health and saf . Thus, the 
barriers of the product package and the engineered and natural 
barriers of the geologic repository should effect the required 
long-term isolation of the radionuclides from the biosphere; 
certain deficiencies of the barrier system cai, outweighed by 
choosing a larger distance (time) to be travened by the 
radionuclides until the biosphere. 
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10.2 

The radiotoxicity of the contained radionuclides is the basic 
factor determining the hazard of the waste and consequently its 
treatment, storage and disposal. 

When radioactive wastes have been bituminized and the resulting 
bitumen-waste products are placed in a final repository a number 
of changements occur or can occur in the course of time by 
product-internal and - external phenomena capable of influencing 
the retention or liberation of the encapsulated radionuclides. 

These phenomena can be of a chemical, physical and biological 
nature and depend as much on the properties of the BWPs as on the 
characteristics of the repository and its environment. 

It is therefore necessa~y from the radiation protection point of 
view to forecast with a reasonable safety margin the behaviourof 
BWPs of known starting characteristics in a given environment 
during its hazardous lifetime to enable in the framework of a 
safety analysis the determination of the radiation which can reach 
man. 

The safety analysis of the entire waste disposal system appears 
to be the only reasonable approach of demonstrating its adequacy 
as finally the effectiveness of all components of the system 
cannot be verified experimentally in the time span of concern. 

Scope 

This chapter on the long-term behaviour of bitumen-waste products 
is confined to the stability or possible changements with time of 
those properties which are esteemed to be of decisive importance 
for their safe disposal in a bedrock repository (ALMA). 

The principal factors deserving consideration in this respect are 
all those affecting directly or indirectly the leachability 
{release rate) of radionuclides from the waste package and/or the 
stability of the repository and its environment due to the 
instability of the stored products. 

The long-term behaviour of bitumen and the physico-chemical stabi
lity of BWPs, in particular the various factors influencing their 
leach resistance, have already been described in former chapters 
of this report (Chapt. 3 and 6). 

Much of the findings reported there relate to the long-term stabi
lity of BWPs in general. 

In the following sub-chapters it has been tried to present as far 
as possible only additional results, new aspects and preciser 
statements on the safety-relevant long-term behaviour of BWPs 
under the envisaged normal repository conditions. 
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Only those factors are considered which are directly related to 
both the BWPs themselves and the ultimate aim of radioactive 
waste management: the radiological protection of man and his bios
phere. 

Though the product container, - which provides a contamination 
free surface, additional mechanical strength and containment 
during handling, transport and storage, - is an integral part of 
the waste package its barrier effect and long-term behaviour under 
repository conditions will not be treated here in depth as this 
will be subject of another report Beyond the scope of the present 
chapter is furthermore the consideration of the properties and 
long-term behaviour of engineered and natural barriers and their 
effectiveness against the spreading of radioactive material to the 
environment. 

It is obvious that the long-term behaviour of waste products 
cannot be strictly verified experimentally. and that therefore 
some uncertainty will remain on their behaviour over very long 
periods of time. 

The predi et ions and judgements made on the future behaviour of 
the BWPs are based on the knowledge of the properties after their 
production, their short-term behaviour, accelerated testing, and 
the results of appropriate experiments and their evaluation. 

For the reliability of some predictions the confirmation of 
certain results or the availability of more precise data would 
have been desirable; such identified shortcomings have been 
subject of proposals for an R + D programme. 

Waste Products and Final Storage Time 

The final waste product constitutes one part of the total waste 
disposal system. Its primary role within this system is to 
provide the initial barrier against the release of the contained 
radionuclides. The composition and the main characteristics of the 
BWPs, to be considered here, have already been described (see 
Chapt. 6.2). 

The long-term behaviour of these BWPs are of interest as long as 
the radionuclides immobilized in them have not decayed to 
innocuous levels. The time span of concern will thus primarily 
depend on the amount. half-life and the radiotoxicity of the 
contained radionuclides. 

This time span is for most BWPs from power stations {which are 
almost free from actinides) in the order of 500 years after which 
the specific activity has reached the value of ( 2 nCi/g. 

Considering the total amount of waste packages (bituminized and 
cemented wastes) in ALMA generated by 13 power stations ( corre
sponding to 10 000 MWe) during a period of 30 years. it has been 
estimated that the risk index of all radionuclides (except Ni-63) 
is, after a period of 500 years, far beyond the risk index of a 
corresponding amount of arable soil having the natural radium 
content /R-28/. 
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The time span of concern for BWPs from reprocessing plants is 
more difficult to define as here several approaches can be con
sidered; due to the much higher content of actinides (particularly 
uranium, plutonium and their daughter products) the behaviour over 
a longer period than 500 years has to be taken into considera
tion. 

After about 500 years almost all fission products, including 
Cs-137 and Sr-90, have decayed to non-hazardous levels. 

Based on the actual content of actinides and the risk index 
envisaged, further time has to pass to allow for further decay of 
the very long-lived radionuclides. 

One solution to formally assess the remaining long-term risk and 
possible environmental impacts of the stored wastes is a compari
son of the amounts and radiotoxici~ of the radionuclides in the 
waste with those of naturally occurring radioactive substances 
existing everywhere in the earth crust in dispersed form, and at 
many specific locations in more concentrated form. 

In any case, for the long-term behaviour of the BWPs, -
forseeable or uncertain-, it remains important to determine 
either the retention quality of the BWP itself or to evaluate the 
required quality of additional barriers to achieve the protection 
aim of the disposal system. 

The effects of radiation on living organisms are now understood 
sufficiently well to permit quantification of their impact on 
human health within the limits of accuracy needed for the protec
tion of man. 

After decay of nearly all radioactive fission and activation 
nuclides, all properties affecting the leaching of actinides from 
BWPs and especially their migration through the environmental 
media become the dominant factors of concern. 

In estimating the size of the problem related to the long-term 
behaviour of all reactor waste products to be stored in ALMA in 
view of their potential long-term radiation risk one should keep 
in mind that the total inventory of radi~nuclides in ALMA is about 
130 000 Ci (contained in about 120 000 m waste} of which 0.5 Ci 
are due to Pu-239. 

Thus, the total activity in the repository for low- and inter
mediate-level waste from 30 years' operation of the presently 
existing and planned Swedish reactors (or about 10 000 MWe 
installed nuclear power} will be lower than the activity of one 
single high-level waste product package to be returned from 
France to Sweden. 

After g cooling time of 30 years one glass block {150 1) contains 
2 x 10 Ci {corresponding to 9 wt,-% fission products or the 
HLW generated by the reprocessing of 1 ton uranium) producing a 
heat of 525 W. 
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It is obvious that the long-term behaviour of BWPs from repro
cessing plants are of concern for a longer period of time than 
that of products from reactor stations. The time span to be taken 
into account has to be evaluated on a case by case basis, however, 
in all cases the result will be that the radionuclides present or 
originally present in a repository for bitumen-waste products do 
not fonn a problem lasting a mill ion of years. 

10.4 Physi co-Chemi ea 1 Long-Term Stabi 1 i ty of Bitumen-Waste Products 
(BWPs) 

10.4.1 

It is difficult to predi et all effects and mechanisms by whi eh 
radioactive material can be destructed and transported to the 
biosphere. 

However, it is generally recognized that changements of physico
chemical properties of BWPs by internal and external effects may 
ease the availability of the waste radionuclides to leaching by 
aqueous solutions (ground water or 11 modified 11 ground water). Once 
mobilized (leached) by the action of the ground water stream the 
most likely mechanisms for further spreading into the surrounding 
is transport by the flowing ground water or diffusion in the 
ground water medium. 

Consequently all changements of the BWPs not affecting directly 
or indirectly the spreading of radionuclides by environmental 
liquids are finally of no or secondary importance for the quality 
of the "product barrier 11 and its radiological safety-relevant 
long-term behaviour. 

This chapter assesses the influence of internal and external 
effects on the long-term stability of container-less BWPs and the 
consequences on the leachability of hazardous nuclides and the 
stability of the repository (engineered and geologic environ
ment). 

B_a~i~t_i_o_.!! effects and stability 

Radiation from the embedded radionuclides effects: 

- generation of radiolysis gases {and other radiolysis 
products), 

- change (normally increase) of product volume, 

- hardening of the bitumen, and 

- heating of the bitumen-waste mixture. 

The generation of radio1ysis gases can cause inside the product 
an increase of the porosity and thus swelling of the product 
(pressurization of the container), and outside the product an 
accumulation of explosive gas mixtures and an increased gas 
pressure, if the gas cannot escape from the repository or react 
with media of the environment. 
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The decay heat may effect the consistency of products of higher specific activity. 

The extent of the various radiation effects depends on the 
bitumen-waste ratio the incorporated radionuclides and their concentration within the product. 

Theoretically, all the changements of the product properties caused by radiation can have an influence on the leachability, mechanical strength, physical form and dispersibility. 

Based on the latest results of investigations on the radiolysis of BWPs /220, 289, 230 a 230 b/ relatively reliable predictions on the longterm changements caused by radiation can be made. 

For assessment of the 'long-term behaviour of BWPs in the repository the following results and data appear to be important: 

- The amount of gases generated is proportional to the applied dose, their main component is hydrogen. 

- The spe§ific rate of hydrogen generation is approximately 
0.01 cm /Mrad.g bitumen. (In Ref. 220 a value of 0.003 -
0.0065 cm3/Mrad.g BWP is given and in Ref. 230 a a value of 0.0055 cm3/Mrad.g BWP); it is almost independent of the dose rate, type of bitumen, the composition of the salt mixtures (NaN03, NaCl, Na2S04, sodium borate), the gas 
phase above the products, and the temperature {20 - 95°C). 

- Besides hydrogen other radiolysis gases are formed in minor quantities, namely C1 - C3 hydrocarbons, NO and CO 
(if anion exchange resins are present also methyl amine and trimethyl amine are generated); the amounts formed are also 
proportional to the exposure dose Methane constitutes the 
main fraction of the light hydrocarbons generated. 

- The following dependence of the mode of exposure has been evaluated /220/: 

a) 

b) 

external y-irradiation (Co-60) -

for H2: 0.003 cm3/Mrad.g 

for CH4: 0.0004 cm3/Mrad.g 

internal a-and B-irradiation 
Cs-137) -

for H2: 0.0065 cm3;Mrad.g 

for CH4: 0.0001 cm3/Mrad.g 

(Po-210 and Sr-90/Y-90, 



- For most safety considerations with respect to long-term 
storage or disposal other gases than hydrogen are of 
secondary importance. 
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- The H2-sorption capacity of 50% bitumen/50% salt 
mixtures (sodium nitrate) is low; it amounts to 3.2 x 
10-3 cmJ/g. The rate of H2-permeation in these BWPs 
is high (compared with its rate of generation): it amounts to 
2 3 10-9 J -1 -2 . x cm • s .cm . 

The influence of the dose rate is insignificant. 

- Assuming the mechanism of radiation induced hydrogen genera
tion to be independent of the applied gamma-dose, the 
sorption capacity of bitumen is comparable with the amount of 
hygrogen generated in the case of gamma-doses lower than 
10 rad. It can be assumed that only a minor fraction of 
the hydrogen gas induced by irradiation remains in the 
bitumen matrix of BWPs of higher specific activities 
/230 b/. 

The rate of hydrogen generation from 1 cm3 BWP for incorporated 
radionuclides oi an average half life of 30 years and an inte
gral dose of 10 rad is smaller than the hydrogen permea-
tion through an area of only 1 cm2, even in the first few years 
of storage /230 b/. 

In order to assess the effect of radiation on the long-term 
behaviour (as well as on other safety aspects during the 
storage) of BWPs, the cumulative radiation dose until 
11 compl ete" decay of the contained radionucl ides has to be cal -
culated first; based on the doses absorbed (of B- and y-radiation 
in the case of bituminized reactor wastes and of a-B-y-radiation 
in the case of reprocessing wastes) and the weight fraction of 
bitumen within the homogeneous BWP, the total amount of radiolysis 
gases and the portion of hydrogen (75 - 95% of the total gas 
evolution) to be generated can be calculated and the influence on 
other safety relevant factors predicted. 

In /R-24/ cumulative radiation exposure doses are given as a 
function of time for waste products of 0.00035 to 3.5 Ci/1 
based on the relative percentage of each radionuclide present 
in BWR and PWR solid wastes. 

- The cumulative dose absorbed at infinite time by a BWP con
taining 5 Ci Sr-90 and 5 Ci Cs-137 per litre product will be 
approximately 6 x 109 rad; products of such a high speci-
fic activity (10 Ci/1 product) were up to now not prepared on 
an industrial scale. 
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- As a guiding value one may assume that a BWP containing a two 
years 1 aged fission product mixture from fuel reprocessing of 
a specific activity of 1 Ci/1 BWP will 9bsorb during its 
entire life-time a dose of about 9 x 10 rad (which is 
accumulated almost completely after the first 200 years). Due 
to the shorter half-lives of many radionuclides in 
bituminized reactor wastes the total dose absorbed at 
infinite time of BWPs from reactor stations with an initial 
specific activity of 1 Ci/1 product will usually not exceed 
2 x 10 rad. The cumulative dose of 11 typical BWPs" from 
reactors with a specific activity of 0.1 Ci/1 amounts to 
about 107 rad over 100 years. 

Based on the experimental results on the radiation-chemical 
stability of BWPs (see also chapt. 6.3.3) one may predict 
that: 

- absorbed doses of ( 107 rad will cause only negligible 
gas evolution. swelling, hardening, heating, decrease in 
leach resistance, or other adverse effects on the physico
chemical properties; 

- absorbed doses of 107 to 2 x 108 r~d generate an 
amount of radiolysis gases{~ 1 cm /108 rad.g bitumen) to 
be considered in packaging the product (to avoid pressuriza
tion) and during the filling period of the repository; if the 
product container and the inmediate environment permits the 
radiolytically generated gases, mainly hydrogen, diffuse to a 
large extent out of the product and away in the surrounding; 
the generation of radiolysis gases cause an increase of the 
porosity {probably< 10%) and a certain swelling which can 
easily be accommodated by the voids within the container or 
between the products; 

There will furthermore be only insignificant changes in the 
leachability, thermal and mechanical properties of the BWPs 
and in the chemical stabil;ty of incorporated waste solids 
except the degradation of organic ion exchange material 
(which is outlined below); 

- absorbed doses between 2 x 108 and 109 rad cause the 
generation of an increased amount of radiolysis gases (which 
can be estimated), an increase of BWP volume reaching from 
zero to over 100% (depending on the bitumen-type/solid mix
ture and dose rate), a hardening of the product, and most 
probably a slight increase in the leachability which, up to 
now, could not be confirmed experimentally. 

As mentioned above not only the bitumen matrix but also 
incorporated organic waste materials suffer from radiation 
induced chemical changements. 



Thus, the radiation induced degradation of cation exchange 
resins leads to the formation of "sulfuric acid" (or sulfates 
from the - S03H groups), hydrogen and carbon dioxide, while 
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anion exchange resins are degraded in decreasing amounts to 
trimethylamine > dimethylamine > methylamine > ammonia, and 
moreover to carbon monoxide, carbon dioxide and nitrogen /R-30/, 
Apart from an increased swelling of BWPs containing ion exchangers 
the solid, liquid and gaseous degradation products will not 
diminish the long-term physico-chemical stability of the BWPs and 
the repository structure to any significant extent. If the free 
sulfuric acid has not disappeared by neutralization reactions or 
reaction with bitumen components it could cause an enhanced corro
sion of the product container and certain concrete structures. 

The influence of complexing agents possibly formed by radiation 
(chemical or biological) reactions on leach- and migration rates 
remains to be investigated in more detail; however, one should 
keep in mind that the leach rates of BWPs containing considerable 
amounts of a wide variety of strong organic and inorganic complex
ing agents have already been determined, and that a purely 
diffusion-controlled leach mechanism will be little influenced by 
the (additionally formed) complexing agents and that the amount of 
all 8-y-emitting nuclides in BWPs of< 1 Ci/1 is less than 
10-3 wt.-%. 

As already mentioned, the influence of complexing agents on the 
migration or retardation of leached radionuclides in various 
environmental media is beyond the scope of this paper. 

In summary, based on the results of accelerated radiation tests 
and the evaluation of relevant complementary experiments the 
following conclusions and predictions appear to be justified: 

- The integral radiation doses absorbed by BWPs containing 
about 50 wt.-% waste solids and initially~ 1 Ci fission and 
activation products per li~re product (ea< 0.7 Ci/kg BWP) will 
normally not exceed 2 x 10 rad which, however, cause the 
generation of radiolysis gases (e.g.< 280 1 H2/200 l BWP), 
an increase in the porosity and hardness and eventually a 
swelling of the BWP. 

- Neglecting synergistic effects the radiation effects alone 
will not worsen the physical and chemical properties of the 
original product to such an extent that the individual leach 
rates of the radionuclides and the integral leach rate of the 
BWP is increased by more than a factor of 10 until 11 complete" 
decay of the beta- and gamma-emitting isotopes. 

For most products (i.e. products of lower specific activity) 
the change of the leachability will be negligibly small as 
the radiation induced enlargement of the 1eachable surface 
and porosity as well as the changes in consistency, homo
geneity and chemical composition are insignificant. 
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In a properly backfilled and sealed repository burning of bitumen
waste mixtures or explosions are highly unlikely due to the lack 
of an ignition source and/or oxygen or the presence of water. Even 
if an explosion of a gas mixture would take place no inflammation 
of BWPs or serious damages of the repository would occur. 

The entire activity of reactor wastes to be stored in ALMA has 
been estimated to be about 130 000 Ci generating a decay heat of 
about 600 W. 

BWPs stored in ALMA will attain the ambient repository tempera
ture (5 - 15°C); the temperature difference between centre and 
outside of a free-standing BWP block will be less than 0.5°C. 

The thermal effects from the embedded radionuclides and the 
prevailing temperature at the repository will neither endanger 
the long-tenn stability of the BWPs nor that of the repository. 

Q_i~e.!!_sj_o.!!_a_l ~nE_ ~e£h~nj_c~l_stabi_l ity 

The dimensional stability can be changed by the influence of 
temperature, radiation, water, pressure, chemical reactions and 
biological degradation. The dimensional changement of BWPs stored 
in a repository influences the surface/volume ratio of the indivi
dual product block as well as of a larger mass of bitumen-waste 
mixtures which could be formed under certain storage conditions 
(great depth} due to container damage and the thermoplasticity of 
bitumen. 

The BWPs show a considerably lower fluidity (kinematic viscosity) 
than the pure bitumen matrix at a given temperature. 

The dimensional instability of BWP-blocks is usually of greater 
importance during extended interim-storage periods (e.g. in case 
of perforated product containers as an easy retrievability is 
desirable) than during final storage. A container-less monolithic 
BWP-block will creep, due to the plasticity of the bitumen matrix, 
in the course of time and adapt a shape imposed by the 
surrounding. 

The creeping rate diminishes with time due to the various harde
ning effects (radiation, oxidizing agents, etc) and can increase 
by the temperature prevailing in the repository and the decay heat 
of the incorporated radionuclides. 

If disposal of BWPs of specific activities of greater than about 
1 Ci longlived radionuclides per litre are considered in large 
repositories (caverns) with a diameter to height ratio of about 
unity the fluidity of BWPs can pose a heat removal problem due to 
their low heat conductivity. 
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The fluidity of i3WP s CMJ have a ,,eq;H 1 ve or a positive effect 
on the leachabrl lty M l"ddionuc1ides at the Y'epository· 
depending on whether cr1;epiwJ of the bitumen matrix 
enlarges the su exposed to the leachant or whether the 
leachable surfan: ctnij tne access of w.'lter (by tightening 
cracks and pore::) art~ dt>C:ff?.dSf:tl, 

In the proposed ALMA-concepts /R-28/ it is forseen to orderly 
emp1 ace the BWP-·drums frt the repos 1 tory in several 1 ayers and 
to cast concrete ( 01· ,1nothi~r rm1 al) of a thickness of 
about 10 cm between the Individual drums and each layer of 
drums; in this way a high dfmensiona1 stability is guaran-
teed. Proper choice the concrete composition and execution 
of the casting ensures not only thf} form stabi"l Hy of the 
BWPs for more than 500 years but also a protection against 
container corrosion, water penetration and radionuclides 1 

spread fog. 

Thus, the measures seen 
the low storage temperature 
negl i gi b 1 e 1 eve I the 
BWPs. 

in ALMA (or equivalent ones) and 
eliminate or reduce to a 

COl'lS€qUf!(lCi2S fluidity of 

Radiolytic gas formation and uptake of water by ·incorporated 
ion exchange resins and certain dehydrated salts (Na2S04, 
Na2HP04, Na2C03 etc) enlarge the product volume by 
swelling phenomena and eventua l'!y the "l eachab 1 e surface by 
formation of fissures. The positive effect of the radiation 
and chemical induced swe11fog "is the contribution in 
minimizing the interstitfal volumes between solid materials in 
the repository in order to reduce ground water movements by 
convection, and in supporting the mechanical stabil it_y of the 
repository. The negative effect of the swelling by water 
uptake, which is the more significant one, consists in a 
decrease of the leach resistance of the BWP. This negative 
effect can be avoided or reduced by a suitable pretreatment of 
the waste material to be embedded into bitumen. 

The maximum swelling in water of ion exchange res-1 ns of a 
cross-linking of~ 8% DVB has been reported fn /R-30/ to be 
about 1.4 times higher for irradiated resins (cation and 
anion exchanger) than for non-irradiated resins. The actual 
increase in "water-swell ingli of resins embedded in bitumen, 
due to radiation degradation will be lower. 

The force and swe1 ·1 i ng pressure exerted by ion exchange 
resins has recently been reported /R-30/. 

Long-term storage in air and/or water of the BWPs containing 
inorganic salts (especially oxidizing agent~ and hardening 
accelerators such as unhydrolyzed F2 II) will principally 
result in hardening whi 1s the higher the 
storage temperature (up to c~rtain 1 1mit}. 

Thus. the mechanica1 stability of BWPs will normally "increase 
with time without loosfr1g the ability to deform plastically, 
even at lower temperatures. 
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In summary, several internal and external effects 1 ead to dimen
sional changes of the original BWPs causing usually an increased 
leachability of embedded waste solids and, if swelling is 
involved, a decrease of larger vo·id spaces between solid matters 
in the repository. Dimensional changes do not endanger the overall 
stability of a bed-rock repository. Long-term storage in air or 
water causes a hardening of the matrix material. 

The mechanical properties of BWPs can be considered to be highly 
satisfactory under the conditions of the final geological 
storage. 

Long-term sedimentation and homogeneity 

Theoretical and experimental studies permit to estimate the long
term settling of solids within the BWP under final storage condi
tions. The results obtained show that the settling of incorporated 
particles is slow if the temperature of the BWP in the repository 
is at least 20°C below its softening point. 

The softening point of BWPs containing 40 - 50 wt.-% ion exchange 
resins. or salts, or a mixture of resins and salts which arg 
either unirradiated or irradiated up to a dose of 5 x 10 
rad have normally a softening point rangning from 80 - 130°C, a 
break point (measured according to Fraass) ranging from -10 to 
+15°C and a penetration of about O - 20 /R-31/. 

If the BWP is stored at temperatures below 40°C, which normally 
means much more than 20°C below its softening point, and if the 
BWP remains a monolithic block, the settling rate of salt 
particles (up to 30 µ) and of ion exchange resin particles will 
be less than 5 mm per 1000 years. 

As in a storage period of 1000 years all long-lived fission and 
activation products have decayed to non-hazardous levels, and as 
the leach rate of eventually present actinides is very low, the 
influence of the settling of waste particles in BWPs stored in 
ALMA (at temperatures below 15°C) on the homogeneity of the 
products and the release of radionuclides is insignificant. 

fh~mj_c~l_stability 

Radioactive waste/bitumen mixtures constitute principally 
chemical instable systems. However, the chemical changements are 
usually small and slow and little destructive, provided that the 
attack of water is excluded and the temperature is relatively low. 
Nature itself has proved the very long-term stability (millions of 
years) of bitumens and the materials embedded in them. 

The incorporation of adequately pretreated wastes from reactor 
and reprocessing plants into a suitable type of bitumen results in 
mixtures which appear to be chemical stable for the required long
term storage considering that: 
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the changement of cherni ea l species into others by the decay 
of contained radionuclides hns no influence on the chemical 
long-term stability of BWPs as the weight fractions of 
radionuclides in LLW and ILW is very low. 

- the bitumen matrix is resistant against the embedded waste 
constituents at the storage temperature prevailing at 
intermediate depth (see chapter 2.5), · 

- the ageing of the bitumen matrix, the oxidation reactions 
at the surface, and the "sol id state 11 reactions within the 
product are a11 slow proces:H~s and will not necessarily be 
detrimental for the ·1ong-term stabil Hy of the BWP as a 
whole. 

A socalled 11 compatibil ity testu {gas generation in vacuum at 
l00°C) on BWPs containing 40% bitumen and 60% nitrate salts 
showed a good compatibility of bitumen and embedded substances 
also at elevated temperatures /69/, 

It should be noticed that many authors define the chemical 
stability of a waste product as its leach resistance against 
various liquids. 

If the leach rate of the radionuclides and inactive waste compo
nents are known under the actual conditions of tempera- ture, 
pressure, leachant composition and velocity existing in the 
repository the "chemical stability 11 can be determined, i.e. leach
test data can be extrapolated to long periods of time to predict 
the loss of the various waste constituents from the BWP in the 
repository environment. 

Unfortunately, those leach-test data are presently not available. 
However, there is experimental evidence that the leach rates 
determined at room temperature andatmospherfc pressure using 
distilled water are quite pessimistic compared to the actual 
1 each-rates to be expected in a reposHory of the fot'eseen ALMA 
type. 

In the Soviet Union burial tests in 2 m deep trenches of clay 
were carried out to select optimal conditions for the final 
storage of BWPs using blocks of 1 - 2 tons containing various 
bitumens, 27 - 60 wt.-% sa 1 ts, and an activity concentration of 
0.09 mCi/kg BWP. 

From the results obtained it has been concluded that large BWPs 
with a specific ~ctivity of up to l Ci/kg(having a leach rate of 
10-4 - 10-5 g/cm . day) and up to 10 Ci/kg (having a 
leach rate of 10-6 g/cm2 " day} can be stored direct1y in the 
ground. 

In France a BWP block was burried in the soil and leached by a 
permanently recycled amount of water for 1015 days; the activity 
found in the leachant was negligible: 2 x 108 of the initial 
activity /78/, 

Assuming that the integrity of the BWPs is ensured and that the 
coefficient of diffusion remains unchanged the quantity of the 
radionuclides leached after about 100 years will be insigni
ficant. 
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Interaction with surrounding storage media_ 

The stored product form determines not only how soluble by 
aqueous media it will be but also how reactive it will be with 
other environmental media. 
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The waste product package or the container-less BWPs can, in the 
long-term. come in contact within the repository with concrete, 
backfilling materials (sand-bentonite mixture), the host rock, 
mineralized ground water, air, and possibly hydrogen, methane, 
carbon dioxide, and smaller amounts of other gases. 

Interactions of the stored solid BWPs with the surrounding solid 
or gaseous substances will not result in any physical, chemical, 
or thermal alterations which would worsen the ability of the repo
sitory to isolate the wastes. The interaction between BWPs and the 
ground water medium is discussed in other sub-chapters. 

The adverse effects imaginable on the integrity of the reposi
tory would be related to gases generated and to the interaction 
of the BWPs with the ground water. 

The ground water composition (Table XXV) will change after having 
been in contact with the engineered barrier materials (see e.g. 
Table XXVI) and the BWPs. 

Though not experimentally verified it can be assumed that the 
modified ground water solution will not endanger to any signi
ficant extent the function of the surrounding materials as 
physical barriers against the spreading of the leached radio
nuclides. 

In how far the efficiency of the repository materials and the 
surrounding rock as a physico-chemical barrier is influenced is 
an important aspect, however, its discussion is beyond the scope 
of the considerations of this report. 

It is obvious that the design and construction of the engineered 
structures and barriers of the bed-rock facility have to match the 
function of the artificial barriers with the properties and the 
long-term changements of the BWPs; in this respect the synergistic 
effects of ground water modification, swelling phenomena and gas 
generation on the retention function of the various barriers and 
on the leachability of the BWPs are of primary importance. 

Gas generation and effects 

In the assessment of the post-closure safety of the BWP-storage 
in a geologic repository all the potential events that might 
effect product stability or disrupt the integrity of the reposi
tory and provide or favour pathways for radionuclides to reach the 
biosphere (primarily through groundwater transport) have to be 
evaluated. 
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In the framework of the present report only those phenomena wi 11 
be outlined which are directly related to the properties and the 
long-term behaviour of the BWPs themselves. 

In this respect also the generation of gases from the degrada
tion of BWPs deserves consideration. 

The potential consequenses of gas generation from waste products 
degradation on the overall repository integrity and safety will 
not be treated in depth as it goes beyond the scope of this 
report. 

The short-term concern over gas generation is the potential risk 
associated with the accumulation of fla1m1able, explosive, and 
toxic gases which effect the design and operation of the reposi
tory. 

The long-term consequenses of gas generation - i.e. after the 
repository is filled, decommissioned, and finally sealed - can 
be breaching of the containment integrity and pressurization of 
the repository /R-33/. 

Gases can be generated from BWPs by: 

- radiolysis, 

- alpha decay (helium), 

- heat, 

- chemical corrosion and reactions, 

- microbial degradation. 

The primary gases which can be formed are: 

hydrogen, carbon dioxide, carbon monoxide, methane, water, 
oxygen, nitrous oxides, helium, nitrogen, and - from the degrada
tion of anion exchange resins - trimethylamine, dimethylamine, 
methylamine, and ammonia. 

The time after which the lower explosion limit of a radiolyti
cally generated hydrogen-air mixture (4 vol.-% H2) will be 
reached in a gastight enclosure can be calculated according to 
the formula given in /92/; 

from results obtained it has been concluded that BWPs of a speci
fic activity exceeding 1 Ci/kg should not he stored in gas-tight 
enclosures because a considerable overpressure on hydrogen would 
develop and the lower explosion limit would be exceeded in a 
relatively short time. The combustibility of BWPs presents no 
hazard any more in a properly refilled and sealed repository, 
however, the generated gases may concentrate and pressurize the 
still remaining interstitial space if the gases cannot diffuse 
away sufficiently fast. 
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The amount and nature of gases generated by radiolysis can be cal
culated relatively exact. 

Gas generation from thermal BWP decomposition at temperatures 
below 20°C and helium formation from emitted alpha particles are 
negligibly small. 

Gases can be produced by bacterial decomposition, by the metabolic 
process of anaerobic or aerobic respiration fermentation, 
denitrification, sulfate reduction, methanogenesis, etc ... 

Studies carried out on the gas generation from transuranic waste 
(mixtures of organic material contaminated by plutonium-239) indi
cated that bacterial degradation of this type of waste yielding 
gas generation is quite significant and must be taken into account 
/R-33/; a preliminary gas generation rate from the bacterial 
degradation at 25°C of 150 kg bitumen in a 210 1 drum of 1.3 moles 
C02/year/drum (aerobic) and 0.3 moles C02/year/drum 
(anaerobic) were estimated from small laboratory tests under 
conditions not directly comparable to a bedrock repository for 
BWPs. 

The only long-term chemical degradation mechanism of importance 
generating gaseous reaction products is the corrosion of the BWP
drums usually made of mild (carbon} steels. 

Mild steels are susceptible to atmospheric, aqueous, and soil 
environment corrosion. 

The mechanism and rate of corrosion depend on the oxygen availa
bility, redox conditions, humidity, pH soluble salt content, 
presence of certain types of bacteria, temperature, and several 
other factors. 

During storage in a dry air atmosphere the steel corrosion would 
consume oxygen and not generate hydrogen, i.e. no gaseous corro
sion products would be generated. 

The emplacement of BWPs in a bedrock repository as foreseen in 
ALMA, will finally cause an electrochemical corrosion of the mild 
steel containers. 

The anodic reaction is the oxidation of the metal material and 
dissolution of the formed ions in the electrolyte: 

a) M + M+ + e-

Fe + Fe+2 + 2 e-

Simultaneously the cathodic reaction in neutral and basic solu
tions is the reduction of dissolved oxygen which has diffused to 
the steel surface: 
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If oxygen (air) is abse~t or kept from the metal surface, then 
the cathodic reaction is the reduction of water or of hydrogen 
ions depending on the pH of the e'I ectro'lyte; these cathodic reduc
tions lead to the formation of hydrogen: 

c) 

d) 

2H20 + 2 e- + H? + 20H- (in neutral sol.) 
L 

In the presence of oxygen the rl'?action (b) always takes place pre
ferentially over reaction (c) and is up to 100 times faster 
/R-33/; in the absence of oxygen the aqueous corrosion rate of 
mild steel at 25"C wou'ld be about 0.00~ mm/year, with this rate 
doubling with each increase of l0°C. 

From the studies referred to in /R-33/ the fol 1 owing maximum gas 
generation/consumption rates were estimated fo2 a 210 l drum of a 
total surface area (ins·ide and outside) of 4 m , immersed in a 
saturated rock salt brine at 25°C: 

aerated - 22 moles oxygen (02) per year and drum 
consumed, 

deareated - 2 moles hydrogen (H2) per year and drum 
produced. 

If in a sealed repository the available oxygen is consumed 
cathodic reduction of water will commence generating hydrogen at 
a maximum credible rate of 2 moles Hz/year/drum. 

If oxygen is depleted and water is present, a total of about 670 
moles of hydrogen (H2) can theoretically be produced from the 
complete corrosion of a 210 1 (55 ga11on) drum. 

Any oxygen present will substantially reduce the generation of 
hydrogen. Hydrogen will not be produced if moisture does not con
tact the steel drum (e.g. at the inside surface protected by the 
bitumen matrix) 0 In a dry air environment the only reaction would 
be the extremely slow oxidation of the mild steel. 

It appears that the radiolytically generated gases wi11 form the 
main contribution to the total gas amount produced from the degra
dation of BWPs stored under the conditions foreseen in ALMA. 

Adverse effects from the generated gases on the BWPs and the repo
sitory can in any case be prevented by an appropriate repository 
design and backfilling technique; the host rock itself presents 
most probably not a gas-tight enclosure. 

Though site- and product-specific calculations and studies remain 
still to be carried out one may confidently predict that the 
rates, amounts. and the kind of gases formed from the degradation 
of the stored BWP-packages wi 11 neither endanger the integrity of 
a bedrock repository nor enhance the release of radionuclides from 
the BWPs to any significant extent. 
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Effects on the leach resistance 

The various factors influencing the leachability of radionuclides 
from BWPs have already been discussed in several preceding sub
chapters. In addition to those factors it remains to point out 
that the composition of the ground water /R-34/ is of special 
importance for the leach rate of the waste constituents and 
furthermore also for the corrosion rate of structural materials of 
the repository and the container material, the changements of the 
backfill material. and the maximum solubility of chemical com
pounds and elements. 

Prior to its contact with the 11 artificial II barrier materials the 
ground water has a low-mineral and salt content and is either 
slightly acidic or slightly alkaline (e.g. the ground water found 
in the Stripa mine - which obviously is disturbed by the drainage 
system applied - has a pH of about 8.5 /R-26, Part I, Vol. II, 
p. 68/. 

Contact of ground water with repository materials increases most 
probably the salt load and the pH. Both effects would have a 
favourable overall influence on the integral leach rate (and the 
migration rate of actinides), i.e the overall retention of radio
nucl ides wi 11 not be worsened by the "modified" ground water com
position. 

In principal, almost neutral ground water of a reducing nature, 
lacking strong complexing agents has the least destructive effect 
on most waste products. 
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10.5 Microbia'I Stability 

The possible microbial degradation of waste-bitumen products is 
an important factor to be considered in the selection of the 
proper mode of their terminal isolation, which could include 
placement in more or less deep geologic formations and near
surface trenches. 

ZoBe11 and Molecke /275/ have pointed out that the bacterial 
degradation of bitumen used for the embedding of radioactive 
wastes has up to now received negligible study. 

This might be due to the opinion of some investigators /25 86/ 
who consider bitumen as being sufficiently resistant towards bac
terial degradation 

However, within the framework of radwaste bituminization, only 
some French reports have heen published /4 177, 212/ in which 
studies on the microbial attack of bitumen/salt mixtures are des
cribed. 

It seems that presently no results are available from experiments 
on the microbial attack of radioactive waste-bitumen products and 
waste-bitumen products containing ion exchange resins. 

ZoBell and Molecke /275/ compiled among others the following 
observations and suggestions on the title subject (complementing 
those cited in chapter 3.4)· 

"Many mi croorgani sms have the ability to produce alcohols, 
esters, ketones and other fermentation products in which 
bitumens are soluble. Such solubilization may be of negligible 
significance during a period of several years. but could result 
in the perforation or part"ial matrix solubil ization of bitumen 
encapsulants or coating within decades or centuries In an 
environment where water and organic matter are present, along 
with elements essential for microbial growth, some solubilization 
of bitumen by fermentation products can be expected. 

The microbial activities of greatest concern for nuclear waste 
disposal are those involving metal metabolism, particularly meta
bolism of the heavy metals (actinides). 

Bitumen-oxidizing bacteria have caused deterioration of bitumen
paved streets and bitumen coatings on buried pipelines and other 
steel structures. This let suggest that under certain conditions 
of storage where microorganisms, minerals essential for their 
growth, and a little moisture are present, bituminous coatings 
might be breached by bacteria within a few decades. 

One should be aware that waste-bitumen products (- which are free 
from bacteria and fungi just after their generation-) may become 
contaminated by bacteria: 

- prior to burial in the final waste repository, 



present in other {organic) wastes buried in the same 
repository, 
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- introduced into the repository during excavation and emplace-
ment operations", 

Colombo and Neilson, Jr. report /278/ that microbial degradation 
by microorganisms can result from surface attached growth on the 
solid BWPs or growth supported by (solubilized) organic nutrients 
leached from the BWPs. 

They carried out an experiment to ascertain whether organic com
pounds are removed from Portlanrl type II cement, Borden Casco 
Resin 2 urea-formaldehyde, vinyl ester-styrene, and Pioneer 221 
bitumen specimens during leaching in distilled water no organic 
carbon was detected in the leachant from the cement specimen, and 
only a small amount in that of the bitumen (0.0010 g/300 ml water 
after 10 days from a sample of 103 g, vol./surface ratio= 0.75 
cm) and vinyl ester-styrene specimens (0 010 g/300 ml water after 
10 days from a sample of 198 g, vol./surface ratio= 1.1 cm), but 
the urea-formaldehyde specimen leachant had an organic carbon 
content of 2.85 g C/300 ml H2n. 

The form of the organic carbon present in the leachant and its 
ability to support microbial growth were not determined If micro
bial growth were possible, its extent would depend on the amount 
of organic carbon available. The above mentioned experiment con
cerned the potential biodegradability of the solidification matrix 
materials but did not consider the effect of the incorporated 
waste. 

The authors point out: 

- that the waste itself, such as cellulosic filter media or 
organic ion exchange resins, may he bfodegradable; 

- that synergistic interactions between the solidification matrix 
and the waste may either promote or impede biological degrada
tion of the waste form; 

- that biodegradation may promote dispersion and biological con
centration of contained radionuclides increased leachability, 
generation of gas (potentially explosive), and deterioration of 
mechanical properties 

In connection with the long-term stability of various BWPs 
towards microbial attack Brodersen /277/ recently carried out a 
critical review of the relevant literature of which the main 
findings and views are cited hereafter· 

The concern of the microbial attack of BWPs is based on the 
assumption that it may lead to an increased leachability of the 
embedded radionuclides. 

Some general conditions must be fulfilled to enable the growth 
of microorganisms on the BWPs or nearby them. These are: 
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- the presence of germs of bacteria or fungi which can use the 
hydrocarbons in the bi~umen as source of carhon· 

- excess i bi ·1 i ty to an exposecJ surface of the BWP: 

- the presence of water and sufficient amounts of nutrients 
(N, P, etc) needed. 

Low temperatures (e.g. zero to minus lO~C), extreme pH values 
(e g water having been in contact with concrete), and the 
presence of toxic metal ions (e.q, Hg and Cu) or other substances 
(e.g. aliphatic amines, dihydro:,y-hE-:xachl oro-·dipheny1 methane) 

will hamper or prevent the 0row o microorganisms. 

Studies on the bfodegradation of plastics have shown that many 
organisms seem to be unable to attack hydrocarbons having a side 
chain. Usually polyethy1 E,ne is not attacked, Polystyrene and copo
lymers of styrene seem not to be attacked by mi croorgani srns, 
however, a very sman biodegradbtion of UV-irradiated material 
could be detected using the C-] method (it can be assumed that 
gamma-radiation has tht:• sam1: f:·••·, ect <l~; at:i on)" 

The growth of bacteria in ic,n exchange resins is a well-known 
phenomenon but the growth med um is most probably not the resin 
material itself but organic ma .€:rial introduced from the outside 
by the aqueous phases in contc t with ttH: resins: amine groups can 
possibly also play a role. Thr literature review has shown that 
microorganisms can degrade bit, ,i:'n under conditions favourable for 
their growth, however, the de· ., ation of th-lck bitumen layers 
will proceed slowly. 

Based on the present knowledge on the microbial degradation of 
bitumen-waste mixtures it can0ut be excluded that the microbial 
attack of bitumen effects an i~creased leach rate of radio
nuclides present in BWPs. If nne needs more assured and detailed 
information on the microbial ~2grad3tion of BWPs further experi
ments have to be carried out. 

Current R and D programmes on 11uc1ear waste management in Europe 
and the United States /275/ include studies on the biodegrada
bility of different types of waste forms under various storage 
conditions. 

The microbial resistance of some typical BWPs is already being 
. t· t d . F 1 · •9,3 /?1?/· 1 nves 1 ga e 1 n ranee s , nee t , _ . " : 

- An experiment in which BWP-samples of evaporator concentrates 
embedded in three different types of bitumen (M 40/50, H 80/90, 
and R 90/40) were buried in the ground was begun in Cadarache in 
1973 and lasted 31 months. The samples were buried at a depth of 
50 cm in two different soils; one soil was a meadow with natural 
drainage, the other was a marshy area permanently damp and 
flooded for five months of the year. The microbial examinations 
of the samples buried for 31 months revealed no attack by the 
microorganisms existing in the two types of soil (i.e. total 
germes, pseudomonas, nitrate- and sulfate reducing bacteria). 
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- A 100 l BWP-block composed of evaporator concentrate residues 
(from Cadarache) and bitumen M 40/50 was buried in 1974 in the 
ground in a marshy zone'. the first examination after 18 months 
showed the same microbial stabi"lity of this block as that of the 
laboratory samples, 

- Small samples of the same nature as those mentioned above were 
placed in columns filled with sand under aerobic and anaerobic 
conditions for a period of 8 months; no particular prolifera
tion of germs was detected on the surface of the BWP-samples 
though an intense bacterial culture had been developed in the 
sand columns. 

In conclusion one may state that: 

- in the past the possible microbial attack of BWPs received 
insufficient attention; 

at present a tendency can be noticed to overemphasize the signi
ficance of the microbial attack of wastes and its possible nega
tive consequences, particulary in the United States /275, 278, 
R-33/; (the negative consequences of microbial degradation or 
metabolic action could be an enhanced leaching of radionuclides, 
gas evolution, enhanced migration of radionuclides due to 
bacterially produced chelating agents, solubilization of the 
bitumen matrix due to bacterially generated organic solvents, 
bioconcentration of fissionable radionuclides to a sufficient 
extent to result in a criticality incident /275, p. 10/; the 
consideration of a criticality occurrence by bioconcentration in 
a final repository containing adequately conditioned waste is 
one of the typical examples of little realistic scenarios which 
contribute in delaying the realization of safe waste management 
schemes); 

- microbial actions can enhance or significantly retard (by 
absorption or precipitation) the migration of radionuclides in 
an aqueous phase /275/; 

- the temperatures of up to 200°C used in the bituminization of 
radwastes are high enough to kill most bacteria and fungi con
tained in the original waste material' 

- hyperbaric oxygen. carbon dioxide, and certain other gases are 
bacteriostatic or bactericidal at pressures of only 5 - 10 bar; 

- the few species attacking bitumen are most abundant in soil or 
bottom sediments that have been in contact with crude oil or 
bitumen; 

- the conditions for microbial attack of bitumen must be perfect 
for a very long time to produce any noticeable damage, thus the 
speed at which mkrobes attack bitumen is very slow. 

With respect to the storage of BWPs in ALMA one has to take into 
account that - with the exception of the presence of water - the 
conditions most probably prevailing in the repository (high pH of 
the 11modified 11 ground water, low temperature, increased pressure, 
presence of hyperbaric oxygen and carbon dioxide) are not 
favourable for the growth of microorganisms. 
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10.6 

10.6.1 

If further studies and experimental results should convincingly 
prove that a microbial degradation of BWPs under the given storage 
conditions will take place and lead to a significant increase of 
the leachability or spreading of long-lived radionuc1ides, it will 
be relatively easy to design the final repository and to create 
conditions in such a way that the microbial degradation is 
prevented or at least reduced to a negligible level. 

Criticality risk_ 

It is required for all steps in nuclear waste management to insure 
that a nuclear criticality accident is possible only if at least 
two unlikely, independent and concurrent or sequential changes 
have occurred in the conditions essential to nuclear criticality 
safety. 

A system is said to be nuclearly critical when the fission rate in 
the system is constant in the absence of extraneous sources of 
neutrons. For a system to become critical, it must contain fissile 
material, e.g. U-233, U-235 or Pu-239, in such a composition and 
configuration that the production rate of neutrons as a result of 
fission is equal to the loss rate of these neutrons. The loss 
mechanisms for neutrons are capture (non-fission absorption) and 
leakage (escape) from the fissile system. 

The ratio between the number of neutrons available for fission in 
two successive generations is called the multiplication factor k; 
the condition necessary for the maintenance of the chain is 
obviously k = 1. If k > 1, the number of neutrons increases in 
each generation and the chain is said to be divergent, which 
implies the system runs the risk of becoming explosive. If k < 1, 
the chain is convergent, and reaction ceases after a limited 
number of generations. 

With increasing mass of fissile material, the loss of neutrons by 
escape, which is proportional to the surface area, is more than 
compensated for by the increase in the number of neutrons produced 
in the bulk, and for a given system, one reaches a critical mass 
for which the effective multiplication factor keff becomes 
equal to 1; 

keff = k (1 - P), 

where P is the probabi 1 i ty of escape from the surft'.1ce. 

The probability of escape, and hence the critical dimensions are 
reduced if the system is surrounded wHh a neutron reflector. Any 
material which acts as a moderator can equally well serve as a 
reflector (e.g., graphite, BeO, DzO), 



If keff > 1, the system is supercritical; alternatively for 
keff < 1, it is subcrith:al and the neutron density tends to 
decrease. 
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Criticality safety has be demonstrated under normal and acci-
dent conditions by calculating the effective multiplication factor 
(keff) which must be sufficiently below unity. 

Considering the critica1H.y risk during the long-term storage of 
BWPs containing wastes from the operation of LWRs and the repro
cessing of LWR-fuels the total amounts and concentrations of the 
fissile isotopes U-235 and Pu-239 have to be taken into account in 
the first instance. 

Knowing the amount of U·235 and Pu .. 239 (or the "isotopic mixture of 
U or Pu) the maximal possible amount of the fissile isotopes in 
the repository is given by its storage capacity, 

Th~ concentration, total amount, and the isotopic composition 
(enrichment) or uranium in the bituminized LLW and ILW from light 
water reactors and from the reprocessing of LWR fuels are such 
that a criticality accident cannot occur in a 9201ogic repository, 
also not in the ve~y long-term. 

As a very conservative est ,mate for the critical concentration of 
plutonium a limiting value of 1 g Pu-239/1 BWP can be assumed, 
i.e. approximately 200 g Pu•-239 per 200 1 package (drum): 

Considering the homogeneous Pu-239/water system the critical 
plutonium concentration is estimated to be about 7.2 g/1, the cri
tical infinite layer thickness i:i.5 cm (Pu-concentration 400 
g/1), and the critica'I mass at full water reflection is 510 g. 

The smallest theoretical possible critical mass in spherical form 
in a repository system of the ALMA type (flooded by ground water) 
can be calculated to be in the order of several kilogrammes 
Pu-239. 

It has been estimated /R-28/ that the total amount of Pu-239 in 
ALMA at the time of repository closure will be 0.3 Ci which corre
sponds to 4.86 g Pu-239. This amount is far below the critical 
mass of the fissile plutonium isotopes Pu-239 and Pu-241. 

The highest plutonium concentration will be found in BWPs from 
reprocessing plants; it is in the order of a few mi11igrammes per 
litre BWP, typically 5 mg Pu/1. This concentration is a factor of 
about 200 below the smallest critical concentration of 1 g 
Pu-239/1 BWP. 

There is no credible mechanism thinkable which could effect a 
local concentration inside or outside the BWPs to an amount of 
fissile plutonium causing an uncontr011ed chain reaction. 
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The following conditions are required to effect a significant 
reconcentration of plutonium which has originally been present in 
a homogeneous BWP: 

- Pu has to be mobilized (preferably in a soluble form), 

- the transport medium (ground water) must have a defined flow 
direction. 

- the Pu must be deposited (e.g. by sorption or precipitation at a 
well-defined place. 

Independent of whether a criticality incident will be possible or 
not the consequenses of an assumed excursion shall be outlined. 

It may be stated that any significant mechanical effect on BWPs, 
the repository, or the host rock can be excluded. as a stable 
local inclusion of fissile material would be required besides the 
formation of a rapid excess reactivity. A stable (fixed), local 
inclusion of fissile material cannot exist, if one has to assume 
an increase of the concentration of fissile nuclides. 

The reconcentration of fissile material by geochemical mechanisms 
would take place very slowly during geological periods of time so 
that the reactivity increase (i.e. the relative increase of 
keff) and the formation of a critical system will be 
approached very slowly. 

Even if a great excess reactivity of the fissile material assembly 
would be introduced within seconds which in reality is 
impossible, the mechanical effects or damages would be negligibly 
small. This conclusion can be drawn from experimental results and 
from criticality incidents which occured in the past /R-35, 
R-36/. 

When the fissile material system has become critical it heats up 
and the radiolysis and formation of vapour bubbles stop the power 
increase. The heating effects that the system becomes subcritical 
again. 

There are reconcentration mechanisms thinkable which would 
stabilize the system for a certain period of time until the loss 
of reactivity predominates due to fissile material consumption and 
accumulation of fission products. The occurrence of excursions in 
a sealed geologic repository for BWPs would cause a total energy 
release and radiation doses which do not endanger the stability of 
the repository or the health and safety of people. 

One may conclude that the nuclear critica·1 ity risk associated with 
the geologic storage of BWPs containing reactor wastes can be 
neglected. Reprocessing wastes of unnormally high plutonium 
concentrations or contents will not be conditioned by incorpora
tion into bitumen. 
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The concentration a amounts of fissile and fissionable actinide 
isotopes in Bi4Ps, containinq LLW and ILW from the reprocessing of 
irradiated LWR ls, are such that only uncredible conditions and 
reconcentration mechani:;m,; could 1 ead to a nucl early critical 
system. Even if an excuts ion would occur there would be no harmful 
consequences for prop 1 E! or the repository. 

Helium generation 

Helium generated as a result of the alpha-decay of actinide iso
topes remains either in the BWP or diffuses out and away in the 
surrounding. It should be recalled that the BWP-containers are 
normally not gas-tightly closed to avoid their pressurization by 
gases generated during storage. 

As the amount of alpha-emitting isotopes in BWPs is either negli
gibly low (BWPs from reactor stations) or re1 atively low (BWPs 
from reprocessing plants) the contribution of the helium generated 
{about 2 x 10-6 moles He/Ci/year) to the total gas inventory 
in the products or in the repository is exceedingly small and will 
not have any de·i eterfous i nfl uenct~ on the long-term stabi1 i ty of 
the various BWPs or the repository, 

Energy storage_ 

The stored energy (Wigner-energy) within BWPs will not lead to a 
dangerous temperature dse as this fraction of latent energy is 
small due to the relatively low radiation dose rate and dose and 
the nature of the waste products considered here. 

Any stored energy which might be accumulated in the repository 
media. surrounding the BWPs (e.g. moraine, bentonite, concrete, 
granite) - due to gamma radiation - will also not cause serious 
thermal excursions or other undesirable effects endangering safe 
operation or storage in the final repository. 

One can state that the amount of energy possibly stored in the 
BWPs and the surrounding materials and the conditions under which 
it could be released {annealed) are such that no safety hazards 
are involved. 

10.7 Conclusions 

It appears that properly prepared mixtures of low- and inter
mediate-level radioactive reactor or reprocessing wastes with 
bitumen form products which possess adequate properties and long
term stabi 1 ity for final geologic storage ensuring a satisfactory 
containment of radionuclides with a ~ufficient degree of relia
bility for the requisite storage period; their emplacement in a 
bedrock repo,;itory at a suitat}le site and sufficient depth will 
exl ude that any return of radionuc1 ides to the biosphere would 
lead to unacceptable levels or exposure to people or their 
environment. 
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PART II 

BIBLIOGRAPHY ON THE BITUMINIZATION OF RADIOACTIVE WASTES 

This part of the survey report presents a comprehensive biblio
graphy covering the relevant literature from 1960 (the year of 
the first application of bitumen for the conditioning of radio
active waste) until 1978. As far as known and available the papers 
published in 1979 were included. 

All titles of publications are given in English. 

If the publication has not been written in English the original 
language is indicated in brackets at the end of the reference. Due 
to space limitations abstracts of the papers have been omitted. 

The references are given in a year by year sequence; within the 
year of publication the papers are listed according to the alpha
betical order of the authors' name or the first name (senior 
author), if more than one author is given. 

Identical texts published in different papers have sometimes been 
listed two times (under a different reference number) to ease the 
availability of the publication for the reader. 

Literature on the bituminization of radioactive wastes referred 
to in Part I by a number only is contained in this biblio
graphical part, whilst references to other literature, indicated 
by the letter 11 R11 (Reference) and a number, are listed at the end 
of the text of Part I under the heading "References". 

References compiled after the typing of the bibliography was 
terminated are given in a 11 Supplement 11 ; they are indicated by a 
number and a letter (mostly "a"). 

The table hereafter gives the number of publications per respec
tive year. 

Year 60 61 62 63 64 65 66 67 68 69 

Number of 
publications 2 1 0 1 6 8 3 5 24 15 

Year 70 71 72 73 74 75 76 77 78 79 

Number of 
publications 20 15 33 21 12 25 47 30 19 17 
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ANNEX I 

QUALITY CONTROL METHODS FOR BITUMENS 

- Genera 1 Description*)· -

A. PENETRATION 

B. SOFTENING POINT 

c. PENETRATION INDEX {P. I) 

D. DUCTILITY 

E. BRITTLENESS 

F. FLASH POINT 

G. SOLUBILITY IN PETROLEUM NAPHTHA 

AI.1 

----------------·--

*) Note: For the execution of the "Standard Test Methods" the 
procedures described in detail in the respective national or 
international normes have to be followed. 
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A. PENETRATION 

The penetration is an empirical measure of consistency; it is 
measured by means of a penetrometer. The method is very simple. 

A standardized needle is allowed to penetrate under standardized 
conditions of time, temperature and load in a bitumen sample 
placed in a container; the depth of the needle penetration is 
measured in 1/10 ll1TI. 

Usually, the following conditions are applied: 

- time: 5.0 + 0.2 sec 

- temperature: 25 ~ 0.1°c 

- load: 100 ~ 1 g. 

There is a close relationship between the penetration and the 
viscosity (and elasticity). For all bitumens the relation between 
the logarithm of the penetration and the logarithm of the time (t) 
remains linear; thus: 

log penetr. = B log t + C 

For purely viscous bitumens B = 0.5, for elastic bitumens B = 
< 0.5. 

B being the slope of the log penetration - log time line, can be 
considered as a measure of the elasticity and consequently of the 
type of bitumen. 

Penetration Test Methods have been standardized e.g. by 

- ASTM (D 5 - 52) 

- IP (49 - 56) 

- NF (T 66 - 004) 

B. SOFTEN I NG POINT 

Bitumens have no real melting point. When heated they gradually 
become softer changing from brittle or exceedingly thick and slow
flowing materials to softer and less viscous liquids. Any deter
mination of a softening point is therefore quite arbitrary. 
Normally, the softening point is determined either: 

a) according to the Ring and Ball (R + B) method, or 

b) according to Kramer and Sarnow *). 

*) Kramer, G., and Sarnow, C., Chem. Ind., (Berlin) 26 (1903) 
55. 
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a) Ring and _Ba 11_ Method 

A brass ring of given dimensions is filled with molten bitumen 
and cooled to room temperature. The bitumen is loaded with a 
steel ball (weight 3.50 +0.05 g, diameter 9.5 mm) and the whole 
is heated in a water bath at the rate of S°C/min. 

The temperature at which the disk of the bitumen sample within 
the horizontal ring is forced downward a distance of 25.4 nm (1 
inch) under the weight of the steel ball is reported as the 
Ring and Ball softening point. 

For bitumens having R + B softening points above 80°C glycerin 
is used as heating liquid instead of water. 

The Softening Point Determination has been standardized e.g. 
by ASTM (D-36-26): DIN 1995/U 4. 

b) Softening Point According to Kramer in~ Ia..!:_n_Qw_ 

The softening point according to Kramer and Sarnow is the 
temperature at which under standardized conditions a bitumen 
layer is penetrated by mercury. 

The test is carried out as follows: 

A small ring is filled with bitumen and fastened to a tube. An 
amount of 5 g of mercury is deposited on it. 

The tube is immersed in a water bath (or at temperatures above 
80°C in glycerin) and heated at a uniform rate till the mercury 
drops through the bitumen and reaches the bottom of the bath. 
The temperature at which this takes place is recorded as the 
softening point. 

There are several variants of this method in existence, 
producing discrepant results. 

Determination procedures have been standardized, e.g. by DIN 
(1995) and KVBB-N 1013 (Netherlands). 

No direct conversion is possible from the R + B softening 
point to the softening point according to Kramer and Sarnow 
{- the latter one is found to be about 10 - 20°C lower-). 

The viscosity of bitumens at their R + B softening point is on 
an average 12 000 poises and the penetration at the R + B 
temperature is 800 +200. 
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C. PENETRATION INDEX (P,I.)* 

This is not a test method, but an index figure, introduced by 
Pfeiffer and Van Ooormaal** to indicate the temperature 
susceptibility of the penetration of a bitumen. 

If the logarithm of the penetration is plotted against the 
temperature (T), an almost straight line is obtained, and this 
suggests that the slope of this line might be used as a 
susceptibility index. This would require two penetration tests 
to be carried out at two temperatures for each bitumen. If, 
however, the straight line is extrapolated to the temperature 
of the ring-and-ball softening point, the corresponding 
penetration proves to be approximately 800. Therefore the P.I. can 
be calculated from one penetration and the ring-and-ball softening 
point, the slope of the penetration line being given by 

log 800 - log penetration 
TR+B - T 

where T refers to the temperature in °Cat which the penetration 
test is carried out. 

The P.I. of bitumens varies from - 2.6 to+ 8. The lower the 
P.I., the higher the temperature susceptibility. 

A close relationship exists between the P.I. and the rheological 
type of bitumen, and this is the real importance of this index 
figure. 

D. DUCTILITY 

The ductility is determined according to Dow /R-7/, accepted as 
ASTM Standard Test (D 113-35) in 1935. 

The method consists in stretching a bitumen briquette narrowed 
in the middle to a cross section of 1 cm2, in a water bath of 
25°C at the rate of 5 cm/min. 

Various modified procedures have been suggested, or inserted in 
the specifications. 

The modifications concern mainly the temperature and the rate 
of elongation. 

*) van der Poel. C. 
A General System Describing the Visco-Elastic Properties 
of Bitumens and its Relation to Routine Test Data. 
Shell Bitumen Reprint - No. 9. 

**) Pfeiffer, J. Ph., and Van Doormaal, P.M. 
J. Inst. Petrol., 22 (1936) 414. 



E. BRITTLENESS 

The brittleness can be determined according to the method of 
Fraass /R-8/ 

AI.5 

A thin layer (0.5 mm) of asphaltic bitumen is spread on a steel 
plaque. This plaque is bent under standardized conditions at 
decreasing temperature. The temperature at which the bitumen 
film breaks is recorded as the Fraass breaking point. It 
indicates the temperature at which a given slight elongation 
causes breakage. 

The rate of deformation is slow. 

F. FLASH POINT 

The flash point of a substance is the lowest temperature at which 
application of a test flame causes the vapours above a sample of 
the substance to ignite. 

A number of flash point testers are in use, including the Pensky
Martens (ASTM D93-61), Cleveland Open Cup (ASTM D92-57), and the 
Tag types {ASTM D1310-59T). 

For the determination of the flash and fire points of all petro
leum products (except fuel oils and those having an open-cup flash 
below 80°C) usually the Cleveland Open Cup Method is used. 

In this method the test cup is filled to a specified level with 
sample. The temperature of the sample is increased fairly rapidly 
at first and then at a slow constant rate as the flash point is 
approached. At specified intervals a small test flame is passed 
across the cup. The lowest temperature at which application of the 
test flame causes the vapours above the surface of the liquid to 
ignite is taken as the flash point. 

To determine the fire point, the test is continued until the 
application of the test flame causes the product to ignite and 
burn for at least 5 seconds. 

The Cleveland Open Cup Tester consists of the test cup, heating 
plate, test flame applicator, heater (flame-type or electric), and 
various supports. 

Note: The "ignition point 11 (self-ignition temperature) is the 
temperature at which a sample of the product ign tes by itself in 
contact with air. 
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G. SOLUBILITY IN PETROLEUM NAPHTHA 

This solubility test is employed mainly for purposes of identi
fication. It is also used to a certain extent for determining the 
adaptability of bituminous substances for a given use, for gauging 
the uniformity of supply, and for purposes of factory control. As 
a general principle, the harder the bituminous product, the 
smaller will be the percentage that dissolves in petroleum 
naphtha. Asphaltites are relatively insoluble in this solvent. 
Mineral waxes, peat-, lignite- and shale-tars or pitches are 
largely soluble. The solubility of native and petroleum bitumens 
varies, depending largely upon their hardness, and also in the 
case of petroleum bitumens upon the extent to which the distilla
tion has been carried. Coal-tar pitches are relatively insoluble 
in 88° Baume petroleum naphtha. 

The portion soluble in petroleum naphtha has been termed 11 petro
lenes11 by some, and 11 malthenes 11 by others. whereas the non-mineral 
constituents insoluble in naphtha are generally referred to as 
11 asphaltenes'1 • It is important that the petroleum naphtha should 
be derived from petroleum composed entirely of open-chain hydro
carbons, and test exactly 88° Baume, equivalent to a specific 
gravity of 0.638 at 60°F./60°F. 

The method has been standardized by the American Association of 
State Highway Officials under the designation of AASHO T46-35. It 
is not an ASTM Standard Method. 
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ANNEX II 

CHARACTERISTICS OF "SHELL II BITUMENS 

TYPE Speci fie Ring and Penetration Ductil i - Solu- Flash poin 
density Ball at 25°C - ty at bil ity "Cleveland 
at 25°G softening 5 sec 100 g. 25°C in CS2 open cup 

REFINED point Needle No 2 
BITUMEMS kg/1 oc 0.1 mm cm wt.-% oc 

Spramex 280/320 0. 99-1.04 33- 38 280-320 > 100 > 99 > 200 

Spramex 180/200 1.00-1.05 37- 43 180-200 > 100 > 99 > 200 

Mexphalt 80/100 1.01-1.05 45- 52 80-100 > 100 > 99 > 225 

Mexphalt 60/70 1.01-1.06 48- 56 60- 70 > 100 > 99 > 250 

Mexphalt 50/60 1.01-1.06 50- 58 50- 60 > 100 > 99 > 250 

Me xp halt 40 /50 1.01-1.06 52- 60 40- 50 > 100 > 99 > 250 

Mexphalt 20/30 1.02-1.07 59- 69 20- 30 > 30 > 99 > 250 

Mexphalt 10/20 1.02-1.07 65- 75 10- 20 > 5 > 99 > 250 

BTOWN 
BITUMENS 

Mexphalt R. 75/30 1.01-1.06 70- 80 25- 35 > 4 > 99 > 200 

Mexphalt R. 85/25 1.01-1.06 80- 90 20- 30 > 3 > 99 > 200 

Mexphalt R. 85/40 1.01-1.05 80- 90 35- 45 > 3 > 99 > 200 

Mexphalt R. 95/15 1.01-1.06 90-100 10- 20 > 3 > 99 > 200 

Mexphalt R. 110/30 1.01-1.06 105-115 25- 35 > 2 > 99 > 200 

Mexphalt R. 115/15 1.01-1.06 110-120 10- 20 2 > 99 > 200 

HARD 
BITUMENS 

Mexphalt H. 80/90 1.03-1.08 80- 90 6- 12 - > 99 > 320 

Mexphalt H 110/120 1.04-1.09 110-120 3- 7 - > 99 ~ 320 

Mexphal t 135/10 1.02-1.07 130-140 7- 12 > 1 > 99 > 200 

Mexphalt 155/7 1.02-1.07 150-160 5- 10 - > 99 > 200 

Source: Belgian SHELL N.V., Cantersteen 47, 1000 Brussels. 
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ANNEX III 

COMPOSITION OF NATURAL WATERS /R-34/ 

Analysis Units Rain- Surface- Bedrock- Ocean-
water water water water 

Depth m 0 "50 .;;; 500 "' surface 

Age years 0 10 100 0 

pH 4-0 6-7 7-10 7.9 

Eh volts 0.9 0-0.3 -0.05 0.8 

02 mg/1 or ppm "'10 < 0.1 .. 9 

CODMn 02, or ppm "'0 10-20 5-10 1.2-3 

Conductivity µS/cm 120-150 400-600 

ca2+ mg/1, or ppm .. 1 ,;;; 20 20-60 400 

Mg2+ II "0.5 .. 8 15-30 1272 

Na+ II 0.3-3 .. 5 10-100 10561 

K+ II 0.1-0.5 .. 2 1-5 380 

Fetot II industrial 
contami n. 

0.1-0.3 5-30 < 0.02 

Fe2+ II 1-30** 

co2 (Pco2) II o. 6 ( 3 10-4) 5-10 0-25 28(4.10-4) 

Hco-3 II .. 1 50-60 50-400 

c1- II .. 5 5-20 > 20* 18980 

soi- II "20(2) 10-20 1-15 2650 

N03- II .. 2 0.5-2 < 1 < 0.7 

P043- II ,;;; 0 .1 " 0.1 .;;; 0.1 

F- II " 0.1 0.5-2 1.4 

Si02 II < 1 3-15 5-30 0.01-7 

Hs- II "'0 < 1 

NH3 II .;;; 0.5 < 0.1 < 0.5 < 0.05 

* For relict water, the value may be ** 5 ppm will be selected as a typical 
500-3000 ppm. and recommendable value ( se main text 

in /R-34/. 



ANNEX IV 

TYPICAL COMPOSITION OF GRANITIC ROCK /R-34/ 

-------
Chemical composition (%) (* Mineral constituents 

Si02 67-75 Quartz, Si02 

Ti02 0.2-1.0 Orthoclase, KA1Si 30a 

Al 203 13-16 Albite, NaAlSi30a 

Fe203 0.5-2.0 Anorthite, CaA1 2Si20a 

FeO 0.5-4.0 MgSi03 

MnO 0.05-0.15 FeSi03 

MgO 0.2-1.3 Magnetite Fe204 

cao 0.1-4 Ilmenite, FeTi03 

Na20 2.5-4 Apatite, Ca5(P04) 3 ( F, OH, Cl ) 

K20 3-5 (F, OH, Cl ) 

H20 0.5 

P205 0-0.2 

C02 0.01-0.1 

s 0-0.04 

U ppm 15-5 

*) Range of values for Western U.S (D. Isherwood) and Sweden (KBS). 

**) According to D. Isherwood. 

AIV 

(% )(** 

22-29 

18-32 

26-33 

6-16 

1.3-3.9 

1. 7-2.9 

1.4-1.9 

0.8-1.1 

0.1-0.5 
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