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HYDRAULIC CEMENT PRErARATION FROM LURG! ~PENT SHALE 

ABSTRACT 

P. K. Mehta 
University of California 

Berkeley, California 94720 

Low cost material i& needed for grouting aban­

doned retorts. Experimental work I>a" shown that a 

hYdraulic cement can be produced fr~m Lurgi spent 

shale by mixing it in a 1 :1 weight ratio with lime­

stone and heating one hour a 10000C. With 5~ 

arlded gypsum, strengths up to 25.8 MPa are obtained. 

This cemen t could make an economical addition up to 

about 10\ to spent shale gIOUt mixes, or be used in 
ordinary cement applications. 

INTP.OUUCTION 

In vertical modified in-situ (VMIS) oil shale 

re orting, the resource is processed in the ground. 

Large chambers of rubblized oil shale are formed by 

mining out about 20 to 40~ of the in-place shdle 

and blasting the balance ihtO the created void. 

The mined-out material is brought to the surface 

and oil is recovered from it by surface retorting. 

The i n-place material is pyrolyzed to recover oil, 

1 eaving large n:lmbers of abandoned retort chambers 
under:;round. 

This type of oil shale proceSSing may result 

in a number of environmen tRI problems inc lud ing in­

situ leaching of the abandoned retorts, low resource 

recovery , large pillars are required to support the 

overburden), and subsidence. These problems may be 

mitigated by filling abundonerl rb . ~rts with a grout 

prepared from spent shale produced during surface 

retortir.g of the mined shale . This would fill the 

void space created by mining, thus improving retort 

structural strength and stiffness, lind reduce retort 

permeabili ty to grouna"Bter flow. If sufficient 

strength could be ~eveloped, it may be possible to 

d~sign retorts so that the pilla~ could be re­

torted and resource recovery tm~ . ved . 

Retort Abandonment Er.vi ronmentdl Issues 

Figure J shows in simplified form the relative 
positions of the target oil shale layer, the 

M hogany Zone, fractured oil shale artesian aqui­

fers, and VMIS retorts r~d summarizes the resulting 
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Figure 1. Schematic of in-situ retorts and 
aquifers i n Piceance Creek Basin, 
showing potential for subsidence and 
spent shale leaching. 

environmental problems--contamination of surface 

and ground waters by leaching of in-situ spent 

shales and mixing of lower and upper aquifer wate~s, 

ove:-burden cracking and ground subsidence, and low 
resource recov~ry. 

The VMIS process requires a thick, continuous, 

vertical section of oil shale not interrupted by 

significant thicknesses of barren rock (Smith, 

1978). Based on commercial deSigns of i ndustrial 

developers, it is apparent thH t from 90 to 210 m 

I~OO to 700 ft) of continuous vertical oil sha le is 

requi red for the process to be economical. Most of 

the resources where necessary geologic onditions 

exist are in t~e Piceance Creek Basin of Colorado 

where confined aquifers penetrate the oil-bearing 

strata (Weeks et al., 1974). In most of this 

region, the Mahogany Zone, which is the target of 

VMIS retorting, is 30 to 60 m (100 to 200 ft) 

thick. Tn order to have a sufficiently long verti­

r l1 section of oil ghale, the installed reto.:s 

1,IUS t intersect the stratum immediately above anu/or 

below the Mahogany Zone where water-bearing zones 

exist. Th~.efore. it will be difficult to locate 

VM1S retorts ill compl etely dry zone and a geometry 

stmUar to that shown in Ftgl're I will resul t. 



Thi~ manner of locating retoTts will create 

the potential for water to flow vertically or 

hori zonta lly through the retorts. During develop­

ment and retorting. aquifers will be dewatered. 

foollowing abandonment. groundwater will re-invade 

the aquifers and fill the retorts. leaching spent 

shale. The leached material. whIch includes many 

organic and inorganic compoundS. can bl' transportell 

in the aquifrrs and ultimately discharged in 

streams and springs or withdrawn from wells. Local 

streams whirh receive groundloater inflow are tribu­

tary 0 the Colorado River system where salinity i s 

already of nationa~ and international concern. 

I f a retort penetra les one aqui fer. there wi 11 

be a hydraulic gradient in tl.e hori zontal di rection 

across the retort causirg hori zontal flow through 

the retort wt.ich wi 11 transport leached material 

into the aquifer. If retort penetrates more than 

one aqui fer and the aquifers are :1 t di fferent h~ads. 

there will also be a vertical hydraulic gradient 

causing flow hrough the retort from one aquifer 

to the other. This condition cou ld be more serious 

as the ve rtl cal gradient r esul t ing from this con­

~ition could be greater than the horizontal grad­

ient; thus the r ate of flow through and l eachate 

tr nsport aw y f ... om the retort wou 1 d be greater. 

The problem of aquifer and eventual su rfa~e 

stream pollut ion by leachi ng of vertica l mor ified 

in-situ retorts in the Piceance Creek Basin ha s 

been quantified by Fox ( 1979). ThlS study con­

cluded that i cou ld take centuries before signif­

icant groundwater degradation would 0 cu .... due to 

the low flow velocities in many areas of the Basin . 

However. the repo ... t pointed out that the potential 

long-term effects coul d be serious due to the 

critical issue of salinity in the Colorado Ri ve r 

system and the slow self-purification p ... operties 

of groundwate7 aquifers. 

Resource recover in VMIS retorting is poor . 

Oil recovery is low and 25 to 50\ of the developed 

area must be left intact as pilla ... s between retorts 

to su~port the overbu ... den. If suffici~nt strength 

could be developed in abandoned reto ... t s. it might 

be possihle to design a retorting system so that 

pillars could be retorted and resource ... ecovery 

improved. 
Finally, consIderable conce ... n e~ists over the 

long-term sta ility of abandoned retorts . Computa­

tional technique are inadequate t r predict inc i­

dences of subsidence • .• nd there a~'e present ly no 

? 

field data avails Ie to assess this p ... ob 

(Field experiments have consisted of Single. small 

(c torts while commercial operations may use many 

hundred - of very large retorts.) 

Backfilling the bandoned retorts with a grout 

is a possible solution to these problems. The grout 

would improve the strength and i tiffness and reduce 

the permeabi lity 0 the abandoned retort. The 

increased strength and stiffnes would provide pro­

tection against subsidenc e. If adequate strength 

coul d b deve loped in the retort. i may even be 

f~asible ~ o ext ... act oil from the pillars between 

the retorts, thus improving ... esource recovery. 

The grout would also ... educe the permeability of the 

abandoned reto ... ~ by fi 11 ~ ng the voids. Thi s would 

minimize the flow of groundwater -hrough the r~­

torted a ... ea and thus minimize the leaching of 

rna er i als from the reto ... ed shale. 

The salient feature of the retort backfilling 

problem is th' volume of voids to be filled. 

Dependin:! on t Ie void ratio in the retorts. from 

0.2 to 0.37 ml ' 8 to 13 ft 3) must be filled per 

barre l of oil reco ered . This requires that a 

heap rna e ... ial be uSl1; b~c use of the large amount 

of material i nvo l ved . f ... eight cha ... ges make even 

imported waste material . such as Wyoming fly sh. 

too exppnsive to consder. This motivates one to 

consi der the use of ,rface ... etor ed spent shale 

as a grout mate ria l . 

R~~ldrements for he grollted retort a re perma­

nene" . 1 ow permeubH i ty and adequate s crengt h and 

stiffness to satisfy s ructura J requirement s. 

The se propeT"ties wou ld be enhanced if the grout 

used contained some cementitious mate ... ia l. There­

fore we investi ga ted the cementitious p ... ope ... ties 

of ' Irgi spent shale and developed a method to 

enhance them. 

EXPERHIENTAL 

electlon and Eva lUati on of Raw Matelial 

Lurgi spenl shale was selected for evaluation 

because this process is under active consid~ratit'n 

for application at both tracts C-a and C-b. It is 

also finely g ... ound and contain s little ... esidu~l 0"'­
ganic carbon whi,h could interfe ... e with cementing . 

samp l e of IMrgi spent shal e from experimental 

run 9 ( 1976) was obtained through the courtesy of 

Amoco Oi 1 Co (Yo rk. 197 ) . In thi s nn. Co lorado 

oil _.,ale was retor cd at 5300 C and subsequentl y 

burned a 7000 C. The sample we s tudied wa ' 

col lec t ed from the electros at ic preclpi t ator, so 
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it represents the finest site fraction (about 33\) 

of spent shale from thi s proce ~s. 

Mineralogical analysis by X-ray diffraction 

(XRD) showed that the . i nerals present in the 

original shale remain~J ~s sentially unchanged dur­

ing the retorting operation . Properties of Lurg! 

spent shalo i ncluding the mineralogical analysis, 

particle site distribution, and ele.~ntal analysis 

by soft X-ray fluorescen("e are s:,own in Table 1. 

Cementing characteristics of the shale and the 

hydraulic cements prepared from it were evaluated 

by ASTM Method C 109. According to the st~ndard 

procedure, a cement-sand-water mortar in weight 

r atio 1:2.75: 0.5 is prep red , 5-cm mortar cubes are 

cured i n 100\ humidity at room temperature, and the 

compressive strength of the cubes is measured . A 

slightly modified test procedure had to be used in 

that a water-cement ratio of 0.625 was needed to 

obtain workable mortars from ~ixtures of Lurgi 

spent shale cements and ASTM C 109 standard sand. 

The Lurg i spent sha le as received had too 

li ttle cement i ng stren.tJ. to measure by thi s 

method--the cubes broke upon demolding. When 

samples of Lurgi spent sha le were heated for one 

hour at 800, 900, and 10000C, and tes ted, none of 

the samples had any cementing s ~rength . X-ray 

diffraction showed tha t no cem~ntitious calcium 

compounds were present in any sample , but that 

large a,nount s of akermanite, Ca2MgS; 2°7' a non­

cementing silicate, had been formed . 

A1dition of Limestone to Raw Mix 

From the above, it was obvious that some 

cha nges had to be mad e i n the composition of the 

spent sha le if hydraulic cement of adequat e 

3 
strength was to be developed froll Lurgi spent sha le . 

A comparison between chemical analyses of Lurg i 

spent shale and a typical portland cement raw mix 

Showed that for the formation of hydraulic cal­

careous compounds, the spent shale has excess Si02 
and MgO and was defi cient in CaO. Therefore an 

experillental program was planned i n which CaC03 was 

adde~ to Lurgi spent shale and the mixture heated. 

Details of the procedure are presented in Mehta anu 

Persoff (1980) . 

Determillat ion of Optimum Calcining Tellperature 

The f irs t experiment was to determine the 

mi ni mum tempe. ature needed to produce hydraulic 

compounds i n a ~ixture of lImes tone and Lurgi ~pent 

shale. A 1;1 by weight mixture was heated at 900, 

950, 1000, and 11000C . The resulting clinkers were 

ground to a powder, analyzed by XRD for minerals, 

and tested by ASTM C 109 for cementing stre;,gth. 

The results of these tests are shown in Tabl e 2. 

These data show that wi th the added CaC03 (rGising 

the CaO-Si02 ratio) no akermanite was formed, and 

a-c 2s*, an active compound of portland cement, wa: 

formed . Maximum strength was developed at 10000C 

even thoul h some undecomposed CaC03 was still 

present. This can be attributed to partial l~s s of 

reactivity of t l,e cement i t ious compound, a-c2s, due 

to cry t al growth at the higher temF,rature of heat 

treatment . Further ex~eriments were conducted at 

lOOOoC . 
Determ~nation of Opt imum Raw Mix Ratio 

The noxt experiment was conducted to provide 

i nformation on the optimum ratio of CaC03 to spent 

* Abbreviated formulae used by cement chemists are : 
C • CaO, S • Si02, A • A120" F • Fe203. 
Thus, for example, C4AF • 4CaO·Al7.03·Pe203. 

Tabl e 1. Properties of Lurgi spent shale as recei ved. 

Minera l anal ysis8 Elemental a~alysis,\b Particle site analysis, t C 

Quaru present N3 20 2.3 > 30 . 3 \lm 0.6 

Calcite present MgO 7.5 17. 9- 30 .3 \l m 2. 1 

Dol o_.Ii te pre ' ent Al 203 7. 2 10 .0- 17.9 \Jm 4. 9 

Fe ldspar pres 'nt Si02 32.0 6.6 - 10 .0 \lm 9.0 

Free lime not Jetected CaO 21. ii 3. 94 -6 .6 \lm 25.7 

Fe203 2.7 > 3.94 \lm 57.7 

Ign i tion loss 20.0 
(mainly carbonate) 

a) by X-ray diffraction . 

b) by X-ray fluorescence--element s are expressed as oxices . 

c ; ana lysis suppli.!d by Lurgi. 



Te.ble 2. Miileraloglcal analysis and compressive 
strenith of cements made by one hour heat 
treatment of a mixture of equal par s by 
weight of CaC03 and spent shale. 

Minerals 
pl' ~,ent a 

Temperature of heat treatment 

900
0
C 9500C 10000C 11000C 

Akel1lar.ite N N N 
C3S N N N N 
B-C2S W W M M 
C3A W W W W 

CaC03 VS S W N 

28-day com- 6.4 9 . 7 18.8 14 .5 
pressive b 
strength. MPa 

a) by X-ray diffraction 

b) by modified ftSTIf C 109. 

N~none Wzweak M-medium S-strong VS-very s trong 

shale which would yield cements of good strengths 

when mixtures were h~ated at 10000C. Weight ratios 

ranging from 0. 5: 1 to 2: 1 were tested. 

The results of mineralngical analyses. free 

CaO detelmination. and compressive strength t es t s 

of the cement s of this series are shown in Table 3. 

The XRD data Are also illu~trated in Figure 2 for 

some of the mixtures . The compressive strength da ta 

indicated that for the 10000C heat treatment, the 

4 
1: I mixtul'e represents the optimum composition. 

Under moist curing conditions at ambient temperature 

the cement made from this composition continued to 

develop strength up to the test age of 90 days which 

shows the long-term stability of the products of 

th is cement in moist envir~ments. 

Figure 2 shows that the 1:1 mixture produced 

the greatest amounts of desired compounds. B-C
2
S 

and C3A. upon heating. while more CaCU
3 

resulted 

i n the presence of excess uncombined CaO. This 

extra C~O 7esults in un,oundness cf the cement. 

caused by delayed hydration and expansion whi~h 

disrupts setting. This is reflected in lower 

s trengths shown in Table 3. Therefore the 1:1 

mixture at 10000C produces the best cement. 

Furthe7 experiments were performed using this ratio 
and temperature. 

Effect of Water Reduction and Gypsum Addition 

As mentioned above. in order to obtain mo~tars 

with desired fl ow characteristics. it was necessary 

to use u higher water -cement ratio than specified by 

ASn.f C 109. It was however possi ble to use 11 water­

cement ratio which was almost equal to the one in the 

standard procedure wh~n the standard STM C 109 sand 

was replaced by a coarser sand. Thus. a change in 

the water-cement ra~io from 0.625 to 0.52 in the mor­

tar containing the 1: 1 cement composit i on resulted in 

a conespondl ng gain i n compressive strenpth which 

i ncreased from 17.9 tn 21.7 MPa . 

Table 3. Mineralogical analysis. free lime. and compressive st rength of cements 
made by heat treat~ent of various proportions of CaC0

3 
and Ll lrgi spent 

shale. 1 hr @ 1000 C. 

~fineral s present a 

2: I 

CaC03 VS 
Akermani te N 
C3S 

B-C2S W 

C3A W 
CaO S 

" Free CaOb 
12 .2 

28-day compressive 5. 
strengt!t. MPac 

a) by X- ray diffracti on . 
b) by ASTM C 114 . 
c) by mod i fi ed ASn.f C 109. 

CaC03 : spant shale ratie by weight 
1. 75: I 

VS 

N 

W 

W 

S 

9.0 

8 . 3 

1. 5: 1 1.25: I 1 : 1 0.75:1 

W W 

N 

N N 

M ~I 

~f M 

S S 

7.9 6 . 0 

8.3 6. I 

-none 
Sastrong 

N N 

N N 

N 

M ~I 

M M 

'~ N 

3.1 1.5 

17.9 A 

W= .... eak ~. ~medium 

VS-very strong 

0. 5: I 

N 

W 

W 

CJ.64 

poor 

0: 1 

N 

VS 

N 

N 

N 

0 

nil 
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Figure 2. X-ray diffraction patterns of cement s 
produced by heating limestone and Lurgi 
spent shale at JOOOoC for 1 hr. Lime­
stone- spent shale rat i o ~ range from 
0.75 : 1 to 1.5 : 1. 

Since the presen::e of gypsum in portland cement 

is known to accelerate early strengths, the 28-day 

strength of the 1:1 cement was also measured after 

addition of 5 percent gypsum. Using the coarse sand 

and a water -cement ratio of 0.52. this cement had a 

28-da v strength of 25.8 MPa, compa red to 21. 7 wi thout 

gypsum. 

PPACTICAL H1PLICATIONS FOR RETORT AS OON~lEN7 AND 

OTHER APPLICATIO S 

The hydraulic cement des ribed here could be 

used for pluggi ng abandoned i n-si tu retorts, for 

5 

on-site construction (buildings , tr~atment facil­

ities, headframe, etc.) or sold outside of the 0il 

shale region . ('his would minimize the amount of 

spent sha l e for disposal and lower the capital 

costs of an in ··si tu plant by pro~ iding a cheap con­

s truc tion material . 

The Lurgi cement is projected to cost about 

$22 per Mg of cement or about a factor of three 

less than portland cement. The lower cost is due 

to the consumption of less energy and the use of 

smaller quantities of raw materials in the process. 

Less r.aC03 goes into a ton of Lurgi ~pent shale 

cement than into a tOil of portland cemer.t, so less 

t hermochemical energy is needed to decompose CaC03 
and produce CaO. The lower temperature of cal­

cining (IOOOoC rather than 1400-15 OOC) also saves 

energy. Less energy is used grinding raw materials 

since less limestone is needed and the spent shale 

is already a pOwder. Th~ clinker produced is 

softer than portland cement clinker , and equires 

less energy for final grinding. And finally, the 

Lurgi ~pent shale i. a waste material which may be 

diffi cult or p. ~p~nsive to dispose of. 

Even ~ h~Lr~ the cost of Lurgi spent shale is 

lower than portland ~ pment, it is still too high to 

fill 100\ of the voids in an abandoned i n-situ 

retort . About 220 to 350 kg of grout are needed 

per barrel of oil recovered to fill all of the 

voids. At $2 2 per Mg, this would cos t $4 . 84 to 

$7.70 per barrel of oi l for the material alone. 

However, such a grout COll ld be used to form a plug 

in the retort, filling some fraction of the voids, 

or it could be used as an admixture i n a slurry of 

spent shale or other lower cost grout . For example, 

repla ci ng 10\ of the grout material (untreated Lurgi 

spent shale) by Lurgi spent sha le cement would i n­

c rea se the cost of the grouting operation by $0 . 48 

to SO .77 per barre l . Thi s l evel of addit i on appears 

reasonable and may be nec essary to me~ t the perme . 

ability, permanence, and s tructura l r~quirement s f e r 

grouted retorts . 
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