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Three inches (7.6 cm) of differential heave has caused severe structural deformation of a
lightlv loaded building founded directly on drained black shale bedrock in Ottawa, Canada,
Portions of the building founded on shale below the water tuble have not heaved,

The heave is attributed to oxidation of disseminated iron sulfide in the shale by autotrophic
bacteria to produce secondary hydrous sulfates of greater volume. Autotrophic bacteria of the
Ferrobacillis and Thiobacilius ferrooxiian tvpes, which cause this type of osidation in warm
dra ned, humid environments, were confirmed by laboratorv cultures to exist in the rock waters,

The potential importance of heave and sulfule attack on fulure underground concrete
struetures in areas of Ottawa underlain by black shale is discussed.

Un soulevement différentiel de trois pouces (7.6 cm) a causé des déformations structurales
sévores &oun ddifice Iégérement charge et directement appuyé sur un lit de schiste argileux noir
drainé. Les parties de Pédifice reposant sur le schiste argileux au-dessous de 1a table d’eau n'ont

subi aucun soulevement,

Le soulevement est attribué & oxidavon du sulfure de fer disseminé dans le schiste argileux
par des buacteries autotrophigues produisant des sulfates secondaires hvdratés de plus grand
volume. [edisterice dans les caut de la roche sous le batiment de bactéries autotrophiques de
typ2s ferrob wille et thiobucille ferroosidunt. qui causent ce genre d'oxidation dans des environ-
nerients chauds, drainés et humides. a &€ confirmée par des cultures en lakorasoire.

Limportance potentielle du soulevement et de Pattaque au sulfate sur de futures stmcgures
souterraines en beron construites dans los régions d'Ottawa ou l'on trowne les schistes argileux

noi-s est discutée.

Introduction

Concera has de\'clopcd recently in the city
of Ottawe about 1eaving of structures founded
dircetly o1 black shate bedrock. Although his-
torically not 4 problem, two interesting cuses
of heave have recently come to the authors’
attention. In one case, in downtown Ottawa.
intertor. vertical. clectrical conduits have been
buckled «ud « Hoor slab founded on drained
black shile bedrock badly cracked by 4 in.
(10.2 em} of difterential heave. Only the floor
slab arcas have been affected, so there has been
no structaral damage to date. In the second
more case 1 southeast Ottawa. the
nterior ¢Hlumns of 2 lightly loaded structure
have hewved up 1o 3 in. (7.6 ¢cm) over a 20-v
period waile the exterior. load bearing walls
do not appear to have moved. As a result,
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sampling will be done below the heaved struc-
ture so that the hvpotheses in this paper can
be confirmed.

Site and Geology

The structure under discussion is the therapy
treatment building of the Rideau Health and
Occupation Centre which is located in south-
east Ottawa about three miles (4.8 km) from
the city center. The rock in this area is dark
gray shale of the Lorraine Formation according
to Canada Department of Mines and Resources
map 413A (Wilson 1964). The Lorraine shales
are somewhat lighter in color than the black-
brown shales of the underlving Billing's For-
mation which cxtends into the center of the
city. The rocks are of Ordovician age and are
relatively flat lying.

Description of Structure and Movements

The structure is a small, two-story building
in which therc arc basement arcas, an area
without basement and a deep swimming pool,
all founded on shale bedrock. Figure 1 shows
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und floor slab and uplift of second story floor.

a cross-section  through the building. The
affected area is the two-story portion without
basemen: founded directlv on intact rock. The
adjacent basement area and the deep swimming
pool show no signs of heave.

A poured-concrete heating and service tun-
nel about S ft (1.5 m) wide and 7 ft (2.1 m)
high was constructed in a trench dug into rock
around the rectangular circumfcrence of the
building. The exterior brick walls. which show
no cracking, are founded on the exterior walls
of this service tunnel, The central mass of shale
hedrock was not excavated and forms a hor-
izontal olateau 6 to 7 ft (2.1 m) ubove the
hottom of the service tunnel (Fig. 1) The
interior columns of the building are founded
on this rock plateau and arc lightly loaded as
they support only the floor weight of the second
floor auditorium. The roof above the auditorium
15 apparently carried by an arch supported by the
exterior walls. The ground floor slab consists
of concrete, poured over about 18 in, (46 cm)
of granular material above bedrock. This floor
also forms the roof of the service tunnel.
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Fio. 2. Geologic section at borehole 1A, drilled
into pluz of shile bedrock shown in Fig 1.

Footing d-ains lecated along the uxtcrinr
walls of the service tmnel kee ep the water level
at a depth of about 9.5 ft (2.9 m) below
ground floor level s vhown in Fie. 1.

During the winter the service tunnels arc
very hoto In Februavy, 1968, hot uir issumng
trom one of the old borcholes drill ed through
the concrete floor irio the plug of rock was
atan estimated temperature of 85 7F (29,4 7C).
During the sammer when the heat is not on,
the rock s probably close to ambient rock
temperature.

'\cmrdmu to survevs carricd out by the
])LI tment of Publiz Works Toesting Labora-
tories between tuas and 1969, the concree
floor <lab has hu\c;i up to 3 . (7.6 ¢cm)
forming o lo 1e continuous crack more-or-less
;Hmu the edge of the unexcavated ;lu<Y of
rock. The floor slopes markedly from this crack
towar 1> the exterior wulls, The floor of the
seeond story wditortam s markedly upwarped
indicating thet the irerior columns have also
heaved, Sceondary cracks wnd  distortions in
the mterior valls and partitions are of course
very noticeab .

The rate o heave over the past 4 v is

averaging about 0.1 in. (2.5 mm)/y and 4
pears to be about constant. P

Shale Bedrock

The rock 15 medium-to-dark gray shake
which exhibits a distinet mica sheen on the
bedding plane cleavages. and thus might be
classified as a low vmde state. Although very
prone to cleaving, the rock is not rea lly fissila
like most black shales,

Borehole TA, drilled inside the buﬂdmg at
a 307 angle, as part of an earlier 1m€st1gat1on
WS lommd - detail. As shown in Fig, 2, the
upper foot of rock contains bands of oran ¢
oxidized silty shale and <oil like material ] lling
the bedding plane cleavages. Despite poor core
recovery from 3 to 35 {t (0.9-1.5 m) depth,
hecause of the jointed nature of the rock, soft
white gypsum crvstals were observed coating
the inclined joint surfaces as shown in Fig, 3.

The core bgt\ncn 5and 9 £t (1.5 and 2.7 m)
was  characterized by open, wavy, bedding
plane cleavages occasionally propped apart by
flat gypsum U\\hll\ about :.]-> in. (0.7 mm) in
thickness, Fi igure 4 s a p mto«'rdph showing a
close-up of these crvstals. Tt is probable that
more evpsum is present in the rock than shows
in the core. which has been subjected to torque,
crinding. and abundant wash water during the
drilti ing opcmtions.

Below 9 ft (2.7 m) the core was sound and
W svpsum was observed. Tt should be noted
again that the water fevel is also at a depth of
about 9 ft,

X-ray Diffraction, Chemical and Bacterial
Analyses
NX-rav diffraction traces were obtained 0B
~referred  orientation spechmens of the =2 #
Ir‘iclmn of the gray shale, obtained by disper-
SION Using an ultrisonic vibrator, The nhn was
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Powder patterns run on the shale showed
3. that quartz was also very abundant and sug-
. gested that a trace to 3 or 4% of carbonate is
also present in the shale. The ochre-like silt
and an orange silt from the upper foot of the
bedrock gave X-ray peaks for quartz and clay
minerals only. The iron oxides were apparently
amorphous to X-rays. The white crystals prop-

Ping open bedding planc cleavages at 7.5 (2.3

the shale

In both size an -
swnoin Figo 5 in- &
cering with a swell= %

: F.mo”.f?

_::r, 5 T 2

o plane cleavages,

QUIGLEY AND VOGAN: BLACK SHALE HEAVING 109

vage planes. 3 1o S (o 1.5 m) depth

5109 1.5 w 2.7 m) depth.

m) and &5 ft (2.6 m) were confirmed to be

SVPSUM.
Two shale samples from 6 11 (1.8 m) and
10t 12,0 m) depth were analvzed by a com-

their sulfur content
as pereent FeS, (pyrite). The lighter
color sumple from above the water table con-
tained 0.70% FeS. compared to 3.92¢% for
the unaltered. blacker, sample from just below
the water table at 10 fu depth.

Water samples werc tuken from onc of the
old  boreholes T:. mro::g_ analyses  cven
though it was known that the water was prob-
ably highiy contamimated by fresh water used
for the core drilli ng. About 170 p-p.m. ot

merciud test faboratory for

CXPTONSC d
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calcium, [2 p.p.m. of magnesium, and 340
p.p.m.oof sulfate as SO, were present in the
water. The camples were ncutral, having pH
values of 7.

Lixtracts o the wazer samples were incubuted
m a ferrous sulfate medium at pH 2.6 for two
weeks onoa rotury shaker. Microscopic ex-
amination stowed the presence of abundant
autotrophic bacteria of the Thivbacillus ferro-
oxidans and Ferrobacillus fervooxidans types.

Discussion

There scera to be two possible heave mech-
anisms at the site: 1) hydration and expansion
of swelling clay complexes observed in the
X-ray studies, and 2) geochemical alteration

of sulfides to produce secondary sulfates and
heave resulting from pressures of crystalliza-
tion.

Because the adjacent, lightly loaded base-
ment floors founded directly on submerged
shale have not heaved and because the plug
of shale in question is above the water table.
heave because of hvdration seems very im-
probable. Nevertheless, o swell test was run on
an air-dry piece of shale core from 9 ft (2.7 m)
depth as shown in Fig. 6. Initial hydration
with distilled  water  produced  about 0.9%
swelling followed by an additional 0.3%% swell-
ing as the load was reduced from 2000 10
100 b, /ft* (1.0 to 0.05 kg 'em?), Assuming
1% heave by hvdration over the rock plug
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Fic. 6. Swell test on Lorraine shale from 9 ft

(2.7 m) depth.

thickness of 8 ft (2.4 m) vyields a calculated
heave of only 1 in. (2.5 cm) compared to the
311 (7.6 cm) present. At the present time.
it is believed that heave by clay mineral hydra-
tior is negligible. More work is proposed
however. on the effects of hot—cold cvcling of
the shale in a humid environment. Conceivably
varous types of fatigue and expansion might
occar from the annual winter-heating—summer-
cooling cycle.

The important heave mechanism at the site
18 belicved to be geochemical alteration of
sulfides in the rock to produce secondary sul-
fates having a much greater volume. Expansion
of the black, bituminous shales in Oslo, Nor-
way has been attributed to sulfide oxidation by
Bastianscn et al. (1957). Pyrrhotite in the Oslo
shales is the reactive component, oxidizing so
rapidly on exposure to air that its presence was
difficult to establish. In addition to the effects

of i's own oxidation, the pyrrhotite apparently
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catalyzes the oxidation of normally, non-rcac-
tive pyrite.

Severe black shale expzmsion problems also
occur along the south shore of Lake Eric and
are typified by conditions in Cleveland, Ohio.
In a general editorial in the Engineering News
Record (1960). heaves of up to I ft were
described. Again. oxidation of iron sulfide to
hvdrous iron sulfates of much greater volume
18 the cause.

At the Ottawa site under discussion, the
amount of secondary gypsum which props
apart the bedding plane cleavages in thc core
is believed to correspond roughly to the amount
of heave, which is about 3 in. (7.6 cm). The
reasons for the growth of this secondary gvp-
sum involve some complex chemical alterations
which seern to be controlled by the environ-
mental condition of the shale plug.

The following argument is presented as the
most plausible explanation at the present time:

1) Secondary gypsum occurs only above the
water table in a zone which is probabl\ par-
tially saturated by capillary rise. The environ-
ment s a warm, humid onc. especmll\ during
the winter when the service tunnel is hot from
heating operations. Such an ecnvironment is
ideal for the growth of aerobic, oxidizing bac-
teria which were confirmed to exist from the
cultures grown in the laboratory.

2) The dark shales around Ottawa normally
contain pyrite (FeS;) in thin laminae, pdtche‘.
and in disseminated very fine-grained form. In
fact, p\xm normally c«)nmbum along with
organic matter, to the black color of the shales.
The presence of sulfur disseminated in the
black shale (probably as pyrite) was con-
firmed by chemical analyses as mentioned.

3) Autotrophic bacteria of the Thiobacillus
and Ferrobacillus ferrooxidan types, which were
found in the groundwater at the site, derive
their cnergy from oxidizing pyrite or ferrous
sulfate (dec 1969). It is hwothesvnd there-
fore, that these bacteria have oxidized or cata-
lyzed the oxidation of pyrite in the shale pro-
duung sulfuric acid. This sulfuric acid has
slmxlx dissolved calcite disseminated in the
shale and in the rock cleavages. altering it to
gvpsum. The gypsum has migrated in solution,
eventually precipitating out as the flat crystals
obscrved in the horizontal and inclined cleav age
openings. For this mechanism to cause heavmg
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it is necessary for the gypsum to have crvstal-
lization pressures couivalent to the weight of
about 10 ft (3 m) of rock or about 1500

Ib/ft? (0.75 cg/em®?.

It is to,&:.._m that other water soluble sultates
may bhe conributing to the heave at the site
but were washed ovt by the diamond drilling
operations. Such sulfates are discussed in de-
tail by Mourn and Rosengvist (1959) for the
Norwedian b ack shal

At the present stage of the black shale

expansion studies. it appears as though oxidiz-
ing conditions are neessary to activate heaving,
If entry of oxvgen can be prevented then the
probuability of oxidation. even by bacteria, is
greatly reduced. It the ground water level at
a site 1s high, one way of excluding oxveen s
to Keep the rock submerged by careful design
of foundation draingpee systems. In Oslo, Nor-
wayv and o Zleveland. Ohio. newly excavatad
shale is immnediately coated with either un
sphaltic or cement costing to prevent entry
of air and oxygen Tn,,:j: water. These tech-
niques appedr to be reasonuably successful.

moﬁ:;o there 7 ;::;:, no long-term his-
tory of heave mn th e Ottawa arca. it secms that
the recent cuses are related to different en-
vironmental conditions created under a few
new building.. The two significant heave prob-
lems mentior ed. and several other minor
which huve not been investigated. are Al
focated on bluck sh cither the Billines or
Lorraine Foomatons. These rocks form the
bedrock surfice in the east and southeast areas
of the city and cxtend into the center of the
city ina very she H::( syneline

Cnes

e of

or basin. The

cnvironment: | conditions which catalyze the
heaving reacions in these shales can 3:7 he
established 1 b a continuing study of new heave

problems in tie city,
A potentic v more widespread and serious

problem than the rock heaving described above
s sulfate attack on future ::ao_@:::g con-
crete structures. bhese include sewers. heating
and other service turmels, and future :::,/?,T

tution m./iczz, Downward pereolation of oxy-
ven  bhearing eroundwater will - oxidize t

r shualcs _:;,i:::% soluble sulfates which
on percolation through cte could
rapid ¢ F?::?: on. Expericnces  with
types of prob.ems in Oslo are deseribed in some
detall by Moum and Rosengvist (1959).
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parcently subsurface waters :n some sections of

Oslo are so aggressive that ::gﬁ@a&sg con-
crete structures have had to be abandoned after
just @ few months. Highly mincralized fault

zones tvpical of Ottawa may prove to be quite
troublesome. Accurate surface and subsurface
location of these faults by taking advantage of
present and future civil engineeriny ?,w,\rﬂ
might prove to bhe an extremely worthwhile
urban geology project,

o

Summary

founded on
city of Ottawa has been
Long term oxidation of
iron sulfides in the shale bedrock to produc
vdrous sulfates of much greater volume s
elicved to have caused the movements. Ox-
wdizing bacteria have probably catalvzed the
cactions which have occurred in plug of
dramed rock which 1s Kept warm by a circum-
terential heating tunnel.

The long term ramifications of sulfate attack
en underground structures is given considera-
Lon.

Differential heave of a structure
black shale within th
deseribed i detail.
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The authors (Quigley and Vogan, this issue)
have presented a very interesting case which
couldd be indexed under kt\\\mdq such as:
foundation problems, \\Latmrmﬂ sulfate attack.
and bacterial leaching. This list of keywords
indicates the complexity of the problem. I
would like to discuss especially two factors
mentioned by the authors: the cffects of bac-
teria and of the temperature gradient in the
soil.

The Effects of Bacteria on Pyrite

Bucteria are used experimentally in ore
dressing to recuperate metais from very low
gradt‘, sulfide ores, especially from the more
stablz minerals like ¢ lalwpnm and sphalerite.
In the cuse of unstable mincrals like pyrite and
pyrr hotite the bacterial action is not necessary
to produce rapid oxidation: pyrite dust in u
well ventilated mining drift can oxidize fast
enough to catch fire. Given the right oxidation
potcmml which is normally obtained in soils
above the water table, these two sulfides will
transform into Jower free cnergy minerals. Tt
is probable that the bacteria accelerate the
reactions. but destroving them by the use of
fungcides would not stop the oxidation of iron
sulfides.

The Lifiects of a Temperature Gradient

It 15 the author's opinion that the critical
facter causing pyrite oxidution is the temper-
ature gr adient, especially in winter when a 30 °F
to 4) °F temperature differential can be ob-
tained. This temperature gradicnt is responsible
for upwurd migration of wuter and dissolved
oxygen which in turn cause the oxidation of the
pyrite and the resulting sulfatation of the calcite.

The author would like to illustrate the im-
portence of the temperature gradient by pre-
senting a case which has certain points in com-
mon with the one described by Quigley and
Vogan. A concrete floor slih. where exposed to

Canad:an Geotechnical Journal, 7,113 01970)

radiant heat from above. was completely disin-
tegrated after one vear whercas unheated por-
tions of the same slab. a few feet away, do not
show detericration. The coarse concrete agare-
gate is composed of limestone and granular
dolomite, the latter containing very *md\ dis-
seminated pyrite. The heated and dnmtcm ated
concrete contains a very rusty dolomite which
crumbles readily when pressed between  the
fincers. whereas the same dolomite remains
pale gray and very sound in the ncarby concrete
Aoor.

It scems that the temperature gradient 15
responsible for the upward movement of water
and oxveen which migrate through the conerete
to oxidize the pyrite. Pyrite oxidation produces
sulfate 1ons which are then available to form
ctiringite. . Limonite.  calcite, aragonite, and
portlandite arc some of the minerals which
were detected in the numerous fractures of the
altered dolomite.

This example is somewhat similar to that of
the black shales and it scems to indicate a
highly accelerated rare of reaction due 10 a
temperature differential. A laboratorv experi-
ment was performed o test this hypothesis.
A core of the unaltered concrete. the sides of
which were scaled  with EPOXV. was PlLlCCd
upright with its Tower md in a <hallow water
hath, The upper end of the core was heated
with an in'r wed lamp. After three months the
cviinder was broken open and e preexisting
fractures nHmmd coated  with l' ¢ and
aragonite. This shows  that higll,\‘ soluble
mincrals ke gvpsum can be deposited in frac-
tures above the water table provided a per-
manent capiflary rise is induced by a thermal
gradient,

As the authors have pomnted out, there are
various ways to prevent oxidation. A water-
tizht coating, like asphalt. spraved immediately

after excuvition seems to he 4 good solution
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because it would pr(\em the upward cscape of
water from tie material underlying the founda-
tion and thus prevent the Ldpll ary rise of this
water across the concrete. On the other hand.
a gunnite or conercte coating. if not thermally
insulated, might not be eflicient, especially

there is a thermal gradient which would cause
w capillary risc,

Quictry, R. M. and Vocan, R, W. 1970, Black
shale heaving at Otawa, Canada. Can. Geotech,
J.7, pp. 106-112,
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Many troublesome features of soil and rock
behavior can be attributed to the development
of gypsum in sirw and Quigley and Vogan
(this issue) have made a valuable contribution
by their exposition of a fascinating ex Anq
Much of their explanation is entirely u)mmung
and it is now of interest to know what measures
they favor to avoid this tvpe of problem in
heated basements in -he future.

In my gencral report to the Oslo Geotech-
nical Confercnce (Morgenstern 1968), I drew
attention to the role of diagenesis of sccondary
gvpsum in progressive failure and 1 would like
to take this oppor tunity to discuss this further.
The process is related directly to the example
of heave just described by the authors. Pyrue
(FLS“) IS a /Cry common constituent n many
stiff ciays ard mudstones. For example, it is
found in the Londor Clay, the Bearpaw Shale,
the Pierre Saule. and many other Cretaccous
and Tertiary deposits of geotechnical signifi-
cance. Its reaction with oxygen bearing wuter
in the zone of weathering is well-known (e.¢.
Fairbridge 1967) and is as follows: '
2FeS, - 2.0+ 70O, — 2 FeSO, ~ H.SO,
Ferrous sulfate and sulfuric acid are formed.
The ferrous sulfate may often combine further
with water to vield limonite and more sulfuric
acid. The characteristic greenish-yellow stain
of limonite is common in the face of fissures
toward the bottom of the weathered zone. The
dehydration of limonite to hematite accounts
for the more commonly found reddish stain on

Canadian Geotechnical Jourmil, 7, 114 (1970)

fissures. The reaction which gencrates the
limonite is:

FeSO, +~ 2 H.O — Fe(OH), + H.SO,

Calcium  carbonate is generally available in
manv materials in the form of foraminifera or
dispersed lime salts. Lime combines with sul-
furic acid 1o produce gypsum which crvstallizes
out. The reaction is:

H.SO, ~ CaCO,; - 2 H, O —
Ca SO, 2 H.O + H.CO,4

The formation of gvpsum in place creates a
local volume increase which disrupts the clay.
This leads to @ mechanical weakening and en-
hanced  swelling  characteristics.  Differential
strains  associated with non-uniform swelling
increase the propensity for prowrmm fdllurc

The presence of gvpsum may also be signifi-
cant in explaining the heave of subgrade in
road-cuts. Hepworth (1965) described in de-
tail three sections in the Upper Cretaceous
Mancos Shale where heave of the ground suf-
face occurred at the base of cuttings. In each
case gypsum was present, A plausible relation
ship here is that both the chemical and
mechanical  weathering  effects which result
from the formation of gypsum wedken the
mudstone and increase its capacity to swell
during slaking.

Another tvpe of problem  associated with
gvpsum occurs when anhydrite is h\dratud to
form gypsum. This is Accompamcd by a sub-
stantial increase in volume and a considerable
pressure if confined. Brune (1965) has de-
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has de-

cribed several dramatic  examples  of  this
shenorienen. For example, a loud boom was
heard one night in the town of Paint Rock,
Texas and 1t was discovered that a rock uplift
pad accurred on a ncar-by ranch. The uplift
extendad for 1000 ft (304 m) along a stream
channet whose bed had been raised by as much
as 1011 (3.0 m). Water had stood in the chan-
nel pre\‘iously. Nearlv all the cases cited by
grunc occurred beneath pools of  standing
water. The implications for the impounding
of rescrvoirs are obvious.
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