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Figlre 4.27 Slope profiles and contour map of S/F2
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depths and calculated volumés Neverthei&s 'these

badland matena 'moved by mass movements
l"' q rl"\'.r . -

Wlth,_ he farlures currently vrsxble 1t 1s apparenL that slxdes contnbu"te. me greatest . j?...‘

. volume of matenal. removed .hile complex f?,\lures flows i‘alls and topples contrlbuw' A

mcreasingly smhller ammm{s The role of each faxlure type m the Curneht rale ol‘ badland'

"'extensron car; also Ibe. ﬁssesscd \vrth respect to the badland penmeter (189 000 m) Assummg anf

N

) . average slope length of 120 m 4 percent of the 'Wcurrent penmeler 1s affected“ by mass '

: movements These observa,uons however do not take into account those fallures that have

.”

occurred but dxd not persrst Because many of Lhe smaller f arlures (f lows falls, and topples) .

.may no longer be evrdent therr contrlbuuon to badland denudauon may be groosly
underestrmated Also durmg badland evolutron the vanous f allure types may have 0ccurred at
srgnrfrcantly drfferent rates ‘than are apparent today Therefore analyses of thrs kmd are' '
necessanly restricted by the time factor where only those f arlures vrslble at a geologlc pomt in

3y

trme can be consrdered

o

‘ Table 4.3 - Volumetrrc analysrs of farlures occurrmg in the Dmosaur Badlands/C’ se Fallures

1 Failure ' . . Volume(m?) : . Order of magmtude‘
Scl. o - 59,000 4
©o8e2 S 374,000 5
Se3 . - 7,000 - - R - 3
-S4 - 285,000 5
25 S , 267,000 - 4.
Sd - . 54,000 L 3
-~ S/F1 N 44,000 30
.S/F2 - - 158,000 - - 3y
.P/F1 - . ' ©. 27,000 3 ‘

'3 Order of magnitude was determined by the. range m srze of each*arlure type thh 'l bemg the .
smallest in each farlure group - . . j ) :

The reacuvated slxde (Sr’) was momtored f or movemem Cuénulatwe movement, b%h
l

y verncal and honzontal 1s revealed by the vector: dxagram (Flgur}A 29) Because lhe survcy



~ Table 4.4 - Represcntétiye b-vol_'umes“ of . various ‘magnitude events.

[

Failure type_' ' '_Magn'._itude' - T'repre'sentzm'b\'/e' Frequency . Qf"_, TOtal :
| 'vol'ume(\'m’) - occurrence - volume(m®*) i-"_ =

Cosiides 1 - 180 41— c - T380
2+ 520 0 250 . 130,000
3 30.,%5 T 274,905
4 130% 100 1630900

6 > Less10 ' 1 © L6510
o ) o  Tot.6,072,500

flows .1 . 140 125 11,500
Tot.23.800

falls + topples 1 S s T s
L T 1) SR ISR | S
complex:failures .1 L6925 . 5 . 3465
o2 s 1 o 0550

Tot.284,315




‘ 4} R - - horizontal movement = t—

- o - . end point . ° - scale
N : ! . .- ' . ,-Om‘_ 3 .

‘ -~ + rise(m) Y

- ' - subsidence(m) -

.

9' ) ’ . T . . . A. . .
‘ Figuré’4.29 Véctor 'diagram‘,sho'wing movement since Julyl, 19,86_. when mcasursrpcnt began. -
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o _ ' toe bulges develo

897

pomts were not resected a true three dtmensxonal pattem has not been represented thure 4, 29
therefor}: only illustrates the cumulattve dtstance and elevauon changes The honzontal
N movement 1s generally ina westerly dtrectton and not comcrdent with the actual dtrectron of the
" slope whnch is towards thénorth The verttcal movement is somewhat less defmed. but does
.tend to drop in the head area and rise in-the foot area o - ' Lad | |
' When movement was mrtrally ‘suspected (J une 11 1986) the exposed scarp was o
approxtmately 0.07 m. By mxd July, 1986, the scarp hetght was 0. 63 m (Fxgure 4 30). This
dtsplacement at the head continued and by August 2, 1987 the v1srble scarp was 0.85 m (Figure
44.317. Movement f the toe area drd not keep pace with the dtsplacement along the scarp. Two‘,
p% one along the northern pertmeter in the center of the slide, and one along
~ the westem perlmeter The one m the center appeared on-July 1, 1986 (Frgure 4. 32) and had
“extended in Jength by July 6 and then by J uly 10 1986. The bulge along the western perrmeter
developed on August 3, 1986 (thure 4, 33) and had extended m both length and depth by“

August 2, 1987 (thures 4,34). Although sltght changes were evrdent after therr mrtral '

a4

- appearance in contrast to those of the scarp area, these changes were neghgtble Thrs 1s

_parttcularly true for the toe bulge in the center of the slide. -

The f our extensometers along the backscarp of Sr2 (Figure 4. 24) provxded mf ormatron .

m terms of movement of the mass. The cumulatlve change in length from J uly 8, 1986 to J une L S

19 1987 was as follows '
- ET,- +0.2Tm

- ET,-+0.12m - LT )
- ETy--0.02m LT 7
- FET,- 0.2m

. These values are sunply measurements of movement and do not separate the vertrcal and"

homontal components Af ter the 1n1t1al measurements, the drstance between the posts of the 4

o

. N o
first two extensometers mcreased while the dtstance of the. last tw decreased Thus the eastem R

e

: portxon of the shde is movmg away from the scarp whlle the western portton is rotatmg back S

_ mto lt Tlus suggests that gex}eral movement is to the west confummg the observatton made

_ earlier.

e
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Figure 432 Centre toe bulge Quly 1, 1986) of s:1 7,_1ooking_,s‘6uth. For actual
locauon see Fxgurc 415 (H3) : B SN e
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Figure 4.33 Western 1oe bulge (August 3, 1986) of Sr* - looking northeast. For actual focatzon
 sec'Figure .15 (KS). . |

Sy

L S T E
Figure 434 Western tos bulge (August 2, 1987) of 'St - Lookise® southesst.
;:," N ‘A‘,,-_v;  \.f\f:$ ::  fj: .ﬁi¢ﬁ\L. | 7'j:'v .. ; o
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The ctack depths mcasured at each: of the extensometer locations also vaned through :

.‘f'{ﬁ_"‘trrﬂe Imttally. these dépths mcreased but as movement slowed blocks collapsed and mfxlhng-,,
* _occurred, crack depth decreased The f ollowmg values are the greatest depths attamed before
'_‘mhlIQg took place: . - . S |

: ET;, -%.50'm (JulyB 1986) B & °°

. - ET,-6.60m (July 8, 1986) S e
- ET;-5.25 m (August 21, 1986) ' : e
- ET.-0.44m (August 4, 1986) . : - .

Lateral dlsplacement was’ mrtrally greater on the- eastern portron of the shde However by

‘August 1986 vertxcal moveinent was more apparent on the westem snde The transfer of

movement f rom the eastem to the western part of the slrde also corresponds wrth the later '

development‘of the toe bulge»_along the western flank.

" 4.2.3 Geology .

Because of the thin regohth and lack of vegetatron bedrock is often exposed

~>

Undlsturbed bedrock sequences, deplcted in- Fxgures 4.35 and 4. 36, were obtarned from slopesl
- adjacent to the actual failure, Where possrble (if beddmg was evrdent) hthologrcal contacts
. 'were also 1dent1f1ed on' the displaced mass. The debrrs was designated as erther mtact or

.

dxsaggregated dependmg on the extent of def ormatlon
' The geologrcal profrles show that although all of the failures mvolved ull and a

. sequence ‘of shales and sandstones there isa wrde Tange in the depth and order of each umt and

' there appeared to be no preferentlal f ailure unit. However v1rtually all 'of the - mass movements' L

were topped w1th trll (and in places with other glacral sedrments) and were then unmedrately’
,followed by a shale layer With the excepuon of two fatlures (Scl and Sc3) sandstone was; | :
_’generally the umt at the base of the slope Qrtsrde these nine studres however, there were |
. several cases in whlch ‘the faxlure mterface was between the tlll umt and the underlymg bedrock |

- (Flgure 4, 37) In these cases the underlymg bedrock unit remamed mtact whrle the overlymg

- ’ trll slumped over 1t
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:Vegetatton type and dtstnbutxon dld not vary srgmfrcar{tly between the mne faxlures Grasses» L
dommated the vegetation cover but most-have some. shrubs and sagebrush although only two
(Sc4- and &j) had trees present In both of these cases the trees were “coticentrated in
: depressxons generally at the head of the failure. These depressxons are hkely to be wetter and
,possrbly held ponded water T ' o
Speclf ic hydrologlcal detatls vaned fi rom fatlure to farlure The larger and more g "
: noteworthy of these have been mcluded on the contour maps (Flgures 4.21 to 4 29) ln general
'ef fects of surf ace flow were evrdent on all of the farlures On the reactrvated shde (Sr‘) af ter
- one parttcularly severe storm Jn July, transported ﬂebns (grass and twrgs) was in some placesv
3 trapped 2 jcm above the ground surf ace, provxdmg some mdrcatton of the depth of. runoff .
: Seeps (or sprmgs) were evident in two of the nme farlures The seep of S/Fl was“'
located about 15 m, north: of the actual fatlure (F:gure 4, 38) at the base of the slope. w1th no-
' evnde:ce of its source The second seepage area v';as along the south toe of S/F2 (thure 4 39)
agam no source area was tdentlf 1ed Piping ¢ channels were noted above the wet area but d1d not
: appear to be connected wrth the seep | ‘
Wet ground was noted at the toe of Scl and Stl A pond at the base of Scl (thure :
- 4.12) had no apparent tnflow or outflow ThlS pond was not in exrstence before the fatlure and '

.was theref or¢ probably created by the dammtng of 1rr1ganon water. As early as 1949 tmgatron :> '

* water was. channeled mto the valley, immediately .to the west of the shde Standmg water Was '

B

: also evident at the base of Stl. No channel was evxdent SO the presence of thrs water is lrkely a o

} result of a seep or sprmg From the aenal photographs an mterestmg confrguratton of the -
vegetatton above the scarp became app%rent (Frgure% 40) In 1949 there appeared to be a "
seepage area (denser vegetatton) 1mmedrate1y above the scarp face The: vegetatron nng that;‘

. was evident then 1s also currently vrsrble There isa drstmct change in vegetatmn wrthxn the rmg ;

e

o itself Whlch lS dommated by dense prame hchen mstead of the pratne grass evrdent msnge and _ n

’ outsrde the ring. 'l'here is a subtle depressxon wrthm the ring (the rmg margm was somewhat ,

N elevated) The centre of the depressxon seemed to be broadly channehzed and onented m the

.‘A ' 4‘-_\'
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Figure 4.38 Secpage area north of S/F1 ‘D3 ). outlined by 15¢'dch§cr vegelation. '

cd c : » | _ -

EI I

k)

4

. ‘Figur,e'v4.39 Seepage area at»sbu._th toe of S/FZ (D7). For location, see Figure 4.18 (E4) .‘
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o 'Figum 4.40 Visible ring above St (H-J, 4-7). The vegetation inside and outside the Ting is .
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direction of the mid-scarp dip (Figute 4.17). It is possible that before 1949 the area wa®'a -

In the nine case studies, watempears to have had a maJor role, and a recent f anlurc :
\

(November 1987) was clearly influenced by water. A poruon of a much larger and older

failure was reactrvated producmg the small debns shde (thure 4 41). The presence of ice on
-the sheared surf:ce in ﬁ'ovember and ponded water (1ce) w1thm the debris indicates that water -

o was a key factor in thrs failure (Frgure 4 42) Well above the actual f allure a dry depressron '

was evident, possrbly representmg thé@;ource area for the water

f

P

‘ Beddmg is generally horizontal. A rarsed_ "rim s, however, apparent along the prairic.

perimeter (Figure 4.43) possibly showing valley rebound (Matheson, and Thomson, 1973). The o

raised valley rim did not appear to be associated withi the n"me’vmass movements - which

q

~ Scl

" inco

generally occurred along coulee walls The ralsed Tim rs most pronounced along thc 'prame-
perimeter where extensive badland development has occurred | .

- The mass structure of the slope farlures varred wrth the type of failure, and' was .
revealed mostly through the test plts In general the failed debrrs is classif’ red as elther intact or-

dlsaggregated or m some cases as a combmauon of the two Il' the. materlal l'alled as a_

e relattvely mtact unit or units, 1t is classxfred as intact debris. This is the case thh at least a part

of all the farlures wrth the exceptron ot‘ P/Fl whrch 1s completely drsaggregat . The two -

I

shd_e/flow combmauons havel both' mt_act _and drsaggregated debrrs. as _do. Stl and Scl.

|
[

Three prts were ex vated at Scl one along the toe (A), one through the blrsc of a

" recent dry flow-(B), and ne along the base of the scarp ©) (Frgure 4. 20) Pll A was dug to

depth of 1 65 m. The ﬂu 1al sands and gravels at the base of the’ pxt were overlain by a“thin

burred soil- and vegeta ion layer (Frgure 444) mdxcatrve of enther channel cessauon or
y

.
ted. These rlp up structures ‘are soil and vegetauon from the underlymg layer that

!

o mxgrat n. Overlymg e burled soil layer 1s ‘the farlure debns wrth vrsxble np up structures :
. i /

w .
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' Figure 4.41 Debris slide (14)(Nov., 1987) along Little Sandhill Coulee. Nm%e}v?aer" and

- older failure beyond (D5). R e .

v Fi§9f°. 4.42 ‘Water (on sheared siirfaee’ and in debris) indicated large amount present duﬁng

failure. P Nielsen for scale (L9).

Lo
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_Figure _4.43 Raised prairie perimeter (E6) due to vélléy Tek

. 19m3) is most evidc'ntlw'hervc' extensive badland de\ielqﬁgnem has g

‘e
N



L1038
. _ ‘ 'g’, g
. N E ¥}
: have been dxslodged a,nd transported The debns at thls locatton is somewhat drsaggregated wrth
broken sandstone pleces in a matrix 'of sand and clay- srzed pamcles o ', SN y '
“The second plt excavated Pit B was 1.3m m depth Agam sorl; was evrdent‘above the
fluvial matertal and below the slide debns This 1s the area in whrch recent flowrng of ‘the slrde
;debns has burred the ongrnal farled mass The flow debrxs (sandstone andrshale) is completely
drsaggregated Suf! f’crent trme has elapsed between the two events to permrt the growth of grass.’

The buried vegetatxon mdtcates that ﬂowmg has occurred relatrvely recently, as some of the .

buned twrgs still have a green core. sse

¢ 3

The thrrd pit, Pit C, 1dentrf1ed the crack that extended downward from the exposed_
', -scarp ‘This crack contmued at depth and was inclined srmrlarly to that of the scarp

' Scl 1s an excellent example of a compound shde wrth a dommant rotatxonal component }

*as seen by the tilted blocks at the foot (Figure' 4 A45) and head of the farlure and by the

concelrc nature of the scarp and mass cracks. The translatlonal component is evrdent from
the graben structure at_the head of the failure (Figure 4._46). This farlure has a low-curvature
surface of rupture. Stepped blocks and remnant "pinnacles mark thegraben, a_rea.. The djstort_ion: .
of the debris at the toe (Figure_ 447) is poss_ibly indlcati’ve‘ of s- tr:ans'itorystagév- between slide
Se2 R

Three pits were excavated at Sc2 along the base of the slide (Figure 4.21). *Additional

secuons were exammed along the gully walls where erosron has cut into the farled mass. Prt A, o

in the centre of the shde was only excavated to 0.9 m. because of the nature of the debns a |

mass of mdurated sand' tone clay. and uonstone nodules The heterogeneous composmon '

mdrcates that durmg fallure thrs portion of the slrde was subJected to mternal turbulence Prt A .

@

. - showed the sltde debris ‘was overlain by 0. 61 m of fluvral sands Thns observatlon was confrrrned

‘by a eutbank sect;on (Sectxon 1) exposed Just east of the pit. Here the slide erns is overlaln by |

| ) 0 65 m of ﬂuvxal deposnts (thure 4. 48) 'l'he debns extends downward for 1 0. m and overlres
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bt bt

Figure 4.44 P'itnA at Scl - 0.71.m of siid'e débris chrlying the blii'i¢d soil and vegetation layer -

(at knife - D9). Kyla at base for scal_e.. ) '

Figure 4.45 Tilted blocks at the west foot area of Scl.
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 Figure 4.46 Graben at the head of ‘Scl and associated remnant blocks and pinnacles.



. | )
- -
-Fxgure 4.47 Dmtomon o!‘ debris  at’ the toe of: Scl Note also Lhe watcr in the
. _ ].foreground P Nlelscn at. Plt A for scale (K3)
.& ’ -

et
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other fluvial deposrts At a cutbank further north however (Section 2), there was no-f luv:al ‘

T

, deposmon evxdent on the sllde debrlbalnstead “there .was a. buned soxl and vegetatton layer :

(Frgure 4 49) The absence of a second fluvial unit and the development ol]a soil prof ile below" ’

s

the shde debns mdtcate that the north part of this f arlure occurred ata later date than dld thc

southern part The absence of the overlymg fluvral deposrts is confirmed by the test pits B and , |

C, which are also located f urther north A separatton layer ata depth of 0.36 rn and rur:h\

. parallel to the surface shows the possrble creepmg ‘of the surf 1c1al weathered matertal over thc»

L debns mass (thure 4.50) .-

Sc3 .

‘ Two test“pits Were excavate.d;at Sc3 (Figure 4, 22) The, sandstone part of the failure

debris. has remained as a coherent mass, whrle the large shale umt at the base of the slope’ has -

become dlsaggregated BecauSe of the depth of thlS dtsaggregatton (greater than 0 85 m) it is

o,

et

hkely that the material largely became dxstorted dunng fatlure From the ttlted bedding at the - |

toe of the failure (Frgure 4. 13) the rotattonal component lS ev1dent -The dtstmct lrthologtcal

units beyond the slrde and thhm the fatled mass clearly show the amount of dtsplacement

Sc4

' Three pits were excavated at Scd, two along'the -toe'of the 'slide (A and B to determine’ v

~the extent of the fatlure) and one within the shde mass along a gully (C) (thure 4 23) At sxte

A the shde mass termmated at the upper plt locauon (a) while at site. B the debns extended B

into the lower ptt locatlon (b) The debns exposed in both ptts A and B was sandstqne blocksf

a (gravel to boulder srze) ina dxstorted matrtx -of fragmented shale and sands A 0 17 m thtck sorl

has developed on the fatled debrrs at site A Pit C, excavated wnthm t,he shde mass showed that : , ;

the till and overlying materlals were intact, mdtcatmg that thlS portton moved as a umt In this

‘lrea soil is forrnmg on'a 0.2 m layer of loess_ which burt_ed.the ongtnal sorl. Th_ts buried pro_f ile

is underlain by till. Because of the more distorted nature of the debris at the foot of the f ailure

S : : : N
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,}'Figurc 4.50 Pit C at Sc2 - evidence of creep of ‘weathered debris as seen'by separation 1ay_ér,
+ (C10-F10) runni@g parallel to the surface at a depth of 0.36 m. 'infe at debris/fluvial contact
- (Es).
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_the dtstmct loess layer lS not evrdent Consequentl) the sorl development at ptts A and B has

: taken place smce fatlure whrch occurred subsequent 10 the aeoltan deposmonal pertod whrch is

' “belleved to'bec. s, 40BP. (Bryan e al 1987)

At ‘the reactrvw slide (Sr’) three prts were excavated one along the current toc (A),

one through thie toe bulge. (B) and one. thought to be along the former toe © (thurc 4, 24)

:Prt A revealed a possrble j‘arlure zone (Frgure 4 .51). At a depth of 1.45 m, a 0 15 m thrck ,

o deposrt consrsted of very’ fnable and fragmented matertal The material secmed srmtlar o the

till units above and below whrch in compartson' were much harder and-more c_ompetcnt.
. 3N

LB

Overlymg the upper ttll layer i is a 0 65 m- thtck sorl prof’ 1lé'

ln order to verrfy the locatron of the farlure plane and to -monitor any movcment f our- -
| .verttcal lmes of nads were placed through the possrble farlure plane (thurc 4 51) Thc three . "
walls (north east “and south) of the: prt were staked S0 that movement in any dtrectron would

" be detected. On August 2, 1987, one year after the mstallatron of the nails, there hagl becn no -

apparent movement. .

‘ Pit B .tvhrough'the toe. at the centre'of -the slide‘ revealed a thin, [ riable'layer-of loose

-matertal at, a depth of 0.25 m (Figure 4. 51) Tlns thin layer dtpped shghtly downward

>

(approxrmately 4) mto the failed mass. Agam the till at thrs locatton both above and below

. this _sheared surface, was hard and consolrdated,-.’l‘he thrrd prt (C), proved to be beyond the

~ slide mass as it. was comprised entirely of<fluvial material.

Stl .

At the translatronal slide, Stl, three test ptts were excavated two at the loe of the

-’

,fatlure (A and C) and one. above the toe in the slide mass (B) (l" igure 4, 25) At the mterface B

‘between the slide debrrs and the channel deposits of pit A green grass was uncovered (hgure

- 4.52). This g'rase was at a depth of 1.3 m and was 0.6 m back from the debris f ronit. The _
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surface debris was largely homogeneous shale with some ironstoﬂé:tinclusibns The shale had

v

~been reworked and ‘was entirely fragmented lmmedtately overlymg the vegetatton was a thtn.

\

(0. 03 m) layer of very wet clay. This firm wet clay was also evident at pit’ B at'a depth of 0. 7’
m. The surficial debrts at this locatton also consrsted of bro@t tronstone Cragments in the :
' ‘drsaggregated shale debris. thh the mformanon from these wo test ptts and the surficial

.crackmg evident (thure 4T53) it appears as though the upper layer of weathered dtsaggregated _

shale is- movmg over the lower stiffer clay layer ‘This conclusron lb supported by the

. progressrve bunal of vegetatton at the f: arlure margm (Figure 4 54). Apart from.a. mmor crack

o

along the base of the scarp, there appears to be no correspondmg dtsplacemcnt at the head of . .

T5l‘thaslrde area. Thus the current movement in the toe area is surl‘ 1(5‘ al and localtzed

0\ .
~Pit C along the north flank of Stl consrsted of an upper and a lowcr part Thc shdc

debrts consists of both mtact sandstone and 1ronstone blocks and g;saggregated matcrtal Thl.S‘v -
" debris exqcn?ls»downward for 0.84 m and overltes an alluvral deposn that also forms thc upper.
-portion (0.43 m) of the lower pit. The rnterface between the debris and alluvxal units conmsts_ﬁ '

of organics and reworked’-shale. delineating the pre-failure surface (Flgure 455)

2

S/F1

Two pits were excavated at the first complex failure, S/F1 (anure 4 26). One pit (A)

was located at the north toe of the flow and the other (B) at the base of the backscarp Pll A
- 'was excavated toa depth of 145 m bef ore the undtsturbed fluvral base was encountcred Above
thxs contact at a depth of about 1. 21 m, rip-up structures were evrdcnt The flow debris is .-

_completely drsaggregated and consrsts prtmartly of shale thh sandstone and 1ronstonc

f ragments and glac1al erratics scattered throughout P

In addition to the ‘seepage area north of the f arlure (Frgure 4.38), throughf low- was
\

evrdent from the presence of extensn#&prpes especrally along the northern penmetcr The flow .

morphology shows that relatrvely large mtact blocks whrch movcd mdependently of one

another were transported in a ‘more fluid medrum Becausc sagebrush is cvndcnt on Vtrtually all

‘c% .

] g .



gy
P,

ok

T n :iﬂr (ol 'ﬁ~|

F:gurc 4.53 Surflcml crackmg at the foot of Stl running both perpendxcular and
- paralled. (toward the cottonwood tree) to the direction of movement. :
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'Figure 4.54 Progressive burial of vegetation at Stl. Debris lobe overriding new growth (still .

green).

« A B C b L F ¢ H T T X T W™

‘Figure 4.55 Organic interface ,'betwee debris and alluvium dcli_neiting the prc}failuré
surface. o o ' ‘ B
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of these remnant blocks, vegetatlon estabhshed pnor to fa1lure partlally helped to stabthz.e the

debns S L

S/F2 |

Two_pits were excavated on the'secon_d ’slide/flowcombination (S/FIZ) ‘(Figure 4.'27)‘.
Pit A was used to delineate the failure boundary The failed mass did not 'ex'tend to this vpoint
Pit B was located on the centre lobe of the flow. A 0. 40 m layer of reworked ttll covered 0.62 m‘
| of debns whxch consnsted prlmanly of - shale w1th sandstog blocks and 1ronstone fragments -

‘mcorporated At the mterface between the trll unit and the underlyrng debns was a dtstmct

., orgamc layer In addrtton to.the roots and’ grasses a shallow sorl horizon (0.03 m) was evrdent“,
_ (Flgure 4.56). lt is likely that the shde ‘and’ flow components of thrs fallure occurred _
successwely in trme After the mmal shde sufficient time elapsed to permit the development of -
a shallow soil layer before the flow portron of the failure buned it.
‘ The intact. nature of the slide is made partrcularly evident by ‘the distinct vegetation
‘pattern at the contact between. the displac’ed prairie surface and the failure.dehrls (Figure 457)
Tilted he‘clding at.the base of the slide are inclined at an angle of 28, contignons with ?that"'of

the displaced prairie surface, indicating that at least that portion of the f. ailure moved as a unit

_l’)Fl. R . o r_’}
, y .

‘l'hree prts were excavated at P/Fl Frgure 4. 28) Pits A and C were’ located wrthm the
f atlure mass w&rle Pit B was along the toe The debns exposed at Prts A and C showed that the" '
shale has been completely drsaggregated (Frgure 4.58). ln ‘both.pits there were also some coal
and lronstone pteces Pit B, at the toe of the flow exposed the shale debris, and the underlymg
fluvralsands Co V‘ I |
| The shde and surroundmg area wére marked wrth many piping features The east and
west boundanes both had. extenswe f used (connected) pxpe networks (Fxgure 4.59). There are

_also several large piping channels wrthm the f arlure mass Along the eastern scarp there was- an



,:?'

Figure 4.56 Soil and vegetalion in;cffaéé (knife - G8) at kP’iL B - S/F2. showing successive .

development of failure. Kyla in fioftt of the carlier failure. ™

Fxgure 4 57 Change in vegetatxon showmg thc comact bctwecn dxsplaced prairie
surface and debris.,
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Figure 4.58 F‘ra:grr-lente';d:_.shalﬁ debris’ exposed 51_

‘ approximately 3'ém (long axis). =
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Figure 4.59" Pipes (F5,7) along east wall of failure,

: P/F1.
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typical of extensive piping at
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: addmonal prprng channel wr,th several tension. cracks also evrderlt

@
Although at the two pit locations (A and C) the flow debrls extended beyond 1.10 m,

in plates thrs debns, was thm The shale at the toe of the fatlure is evidently flowmg over thc'

more . resrstant underlymg sandstone layer Sloughing appears to be ongomg as weathcrmg "

prooeSSes further decrease the remoulded strength of the shale debrts

o .
In summary, through the analysrs of these 9 farlures several trends are apparent The

‘ vmatenal mvolved and the nature of movement srgmf icantly af fect the morphology of the l‘arled

, ‘mass With an increase in shale and water content, the slope fails as a flow producmg .

disaggregated debrrs Conversely sandstone tends to f arl as mdrvﬂual blocks and dependmg on
the degree of mduratton remams relatlvely mtact for some time.

Prpes were evrdent at or near seven of the nmetfarlures the cxu.ptrons bemg Sc4 and

- Sr2, These channels act srmrlar]y to’ tensron cracks and of ten occur in assocratlon with them

oy :
’ When located above the head of ‘the farlure or wrthm the mass prpes facrhtate the entty of . .

‘ water, rncreasmg stress - especially in the case of closed, plpes_,_, o

4.2.4 ljating’ the nine mass movements

"It was 1mposs1ble 0 accurately date the mne fatlures However the morphology and

i
' vegetatron cover, together wrth the aertal photographs provrded suf f 1c1ent mf ormation 10

classtfy of farlures as either new (within the last 10 years), mtermedrate (within the.last 100

_years), or old. (w'ithin the last 10,0dO years). ‘Accordingly,vthe nine fail,_ures-_were_class_lf ied as .

follows:

" Table 4.5 - Relative age classification

New = - = o Intermediate L . Od

Sl - Sc2

' -Sr’(reactwated) o - SF1 : Sc4
. Stl o o P/F1 . o 'Sr’(o’hgmal)

" S/F2

Cong
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New f azlures had ‘2 minimal vegetauon cover, no soil development and dxstmct slope |
components with sharp angular breaks The rcactlvated portion of Sr* began movement m ‘the
‘early summer of 1986 Accordmg to the air photographs and local mformatron Sti occurred '
between 1983 and 1985 The green vegetatron uncovered at the base of the f atltg: 1s mdxcatlve
of contmued surf 1c1al flowmg since the initial farlure From photographlc ev1dence Scl is

shghtly older formmg between 1973.- 1977.

The mtermedxate failures, Sc3, S/F1, and P/F1, still have a dnstmct form. Their scarps

' are clearly defmed and unvegetated Grasses and small shrubs only have developed on the '

debrrs. These three faijlures occurred“pnor to 1949 (the year of the frrst aenal photographs). '

However a light"tone('lack of vegetation) Suggests that-thie West end of Sc3 had experienced a

recent f low (j Just prror to 1949). By 1949 piping was already well establrshed on P/Fl,

- X
mdlcatmg an even earlter date of occurrence . b

.The f allures classrfled as old, (Sc2, Sc4 Sr’ and S/FZ) have a well rounded form and N

.7
are extenswely vegetated Sc4 and Sr? have well established shrubs and trees‘ the base of the

backscarp. Because of the;srmxlarrty in form, three of these farlures (excluding Sc2 y have' ’

originally occurred at roughly the same time. Sc2 is more angular and less vegetated, suggesting

a relatively r__nore contemporary date of occurrenge. Also, as indicated by the light tone on the

1968 air'photogra'phs, _the south end of Sc2 'a'ppears to have 'Abeen recently reactivated, possiblv -

by stream erosion. Fluvial deposits were found above the debris at some locations in this slide.” -

“This further supports the idea_that—t‘l.te river was at some time migrating laterally into the toe of

the failed slopé. Scd is the slide in which rhe loess layer at the head of the failure is not evident
at the loe. Consequently. thrs failure must have occurred after aeohan deposrtlon (c. 5 400
‘ BP) The soxl prof il at ‘the toe has developed smce the faxlure as has the sorl profrle on the

loess layer at the head of the slxde Because the upper pomon of the slide remamed mtact the'

- loess was moved as a'unit; and was therefore preserved The orrgmal fallure of Sr? (prlor to the _

’ lcurrent reacuvatton) is clearly old and probaply related to the extensive slumpmg evident

'along the enure westem reach of Little Sandhtll Cre&’ (Frgure 4. 60) The mam portlon of S/FZ

8
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Figure 4.60 Viewbkv‘esutward along Little Séndhill Creek showing '_pxtgnsivé ,failurcs,"'pdn'ié.umny
along the south (north-facing) wall. Sr* (C6) is locélcd at the beginning of this séquence of

2
* multiple failures. ‘
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is old but it i likely that the flow portion occurred at a later date, as evidenced by the burléd :
soil layer.l | , L . - |

o O the three wood samples. subjected to 14C dating, two were from Sc2 one from pit C

_ and the other f rom the exposed gully sectnon ‘These two sampU?eE‘CV # 401C, 402C) were
: found to be modern (1950 A D). Because flowmg occurred in 1968 (accordmg to the,
photographrc evrdence) it seems hkely the dated matenal was buried then and not by the
mrtlal massive { arlure The thlrd wood sample taken from pit A at Sr?, was 14C dated at 130 ,.

- £100 ycars ‘B. P (AECV # 400C) Accordingly, Sr? could have occurred at any time after

2

) 1756 »
| Precxprtatnon records were used to more accurately date wtv\yo f arlures (Scl and Stl1)
-dated by the aenal photographs The monthly precrprtanon in excess of the norm (based on the
30 year average) was ;corded for the perrod between the two consecutive aerral photographs
':prror to and when: the f arlure was first identif 1ed Consequently, data were collected from 1973 _
to 1977 for Scl and from 1983 to 1985 for Stl Scl probably occurred m the early summer
months (May or 3 une) of 1975. The February to June penod of 1975 had a total of 17.20 cm
v“’«‘greater than the norm\wlth the majorlty (9.83 cm) f allmg in May

| Stl probably occurred in' April, 1985 The preceedmg wmter had a heavy accumulatron )

_of snow (181 percent of the nonn) and Aprrl had rains 307 percent of the norm The seasonal

snowmelt in conjunction with the excessive precrprtatlon would hkely mduce farlure Thus _

- assummg that increased slope activity can be directly correlated wrth excessive amounts of - '

precrpltauon m possxbly occurred in the early summer of 1975 and Stl dunng the sdme season

in198s. &

& ' p—,
i 7

4.2.5 Laboratory ana]ysts

7

Because in prcparauon for the Atterberg test’ the samples were ov%r dried, it was
\ o . 1

necessary to- determme a correcuon factor in order @correlate the results with air drled*lata

From the dual preparation methods it was found that the hquld limit (LL) for the air dned )



@

o

t’ne“arr and oven dned preparatron methods (30 percent) l-le attnbuted the lower quutd limit

o
samples was, on an average 4 percent higher than the correspondmg oven drred sample

Peterson (1954) establrshed the same relatronshrp but found a muchk}ger dif’ ference ‘between

wrth oven dryrng to the amount of orgamcs in the sample ln most ol‘ the shale. samples tested

L here thrs trend was. erther negligible or reversed The quurd hmrt of some shales (probably

+

-especrally those rich- rn»bentomte) mcreased when oven drred lf these samples are not'

» generally hrgher quurd limit values f or air drred sa

- oven and air dried values were determrned permrttmg comparison wrth analogous studres

mcorporated in the calculatron of the average difference, a somewhat higher value results. In
thrs case, air drted non- shale samples have, on an average, a liquid lrmrt value 13 percent higher

- than do ‘the oven drred samples. Srmrlarly, Peterson (1954) f ound that bentomtrc shales were

V plastic enough to overshadow the effects of orgamcs and that the liquid limit dzd not '

decrease wrth ovendrying. . R "-‘

There was mrmmal variation' in the plastic.limit_of the samples as a result of the

~ different preparatron methods. This again corresponds to Peterson's (1954) analysrs He f ound

& N

that the plastrc limit is less affected by the method ﬁfepreparatron Nevertheless because of the

* the plasticity r@nds also 10 be a
samples Based on this mforlé n,a -

hrgher for the air dned samples, than for the oven d :

correctron factor of 13 percent was added to ‘the. non-shale samples only. In thrs manner,. both

‘The matenals tested fell under one of 4 broad categories. - glacral lake sedrments trll

sandstones or shales These groups were then broken mto sub- classes based on their colour

v

~ according to th nsell colour system (Table 4.6). Table 4 7 is a comprlatron of the 55 test

“

results (Appendix B}. Because of the srgnrfrcant range of results fer each sedlment type it was
deemed netessary o present the entrre spectrum
In comparmg these test results with those obtamed by other researchers (Table 4.8),

one pnmary and consistent drfference ‘becomes evrdent\ln vrrtually all of the documented

| - cases, both the liquid lrmrt and the c0rrespondmg plastrcrty mdex are substannally hrgher The

exceptron rs provrded by’ the Hardy and Assocrates (1974) study of the Horseshoc Canyon
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Table 4.6 - A local example of sediment sizes for different lithological units. -
Material “*Sediment  Siz€ . ‘ - Source
- - - %sahd %silt %clay ' :
lake Srt.
. o . o Sr?,Sc2
brown sandstone 59-60 25-30 3-16 Sc1,5¢2,5¢4
.grey .sandstone < : p : Scl,S/F2
dark shales 15-20 15 65-71 " St1,P/F1.
brown shales - ' Sc1,Sc3,Sc4,
I L : Sc5,Sr¢, S/F1-
grey shales 14-18 - 24-46 40-57 Scl,S¢2,S¢3,
. T S St1,S/F1,
- . : f C - S/F2,P/F1
yellow shales’  9-18 29-50 41-54 - Sc4,St1

Dinosaur badlands.

values should 'be considered site-specific and on

. silt, -and clay proporuons

" Table 4.7 - Atterberg test results

These: sedxmem size values are from’ Campbell (1987b) for a basin in the -
Becaqse of -the’large variation

ith -éach material type, these_
dlcauve of the p0531ble sand,

Material Natural Oven dried ! Correction
' water T results(%) applied -
- content(%) .. ' (13%) .
L LP. 1P LL 1P
lake 2 23 3 2% 6
tll 39 ¢ 27-36hy . 13-18 9-23. “31-41 5-24 .
 brown 412 2150 7 17-23 931 24-57 7-34
" sandstone . - , LT -
grey - S 4411 - " 25569 13-21 12-48 . 28-78 15-57
sandstene .. i e , , : ’ ’
. dark shale - 15-31 . 70-71 . 22 -48 - "22-49 - -
brown” 3-18 ©27-69. 16- 34 ' 7-35 - -
~ shale I Do S i
grey shale 1-37 20-89 ' 14-47 -8-64 -
yellow 1-7 25-33 18-22 3-15. AT
shale ‘ R : : -
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Table 4.8 - Atterb;rg values from analogous studies; determined for the- fine

grained, soft sedrmentary Upper Cretaceous bedrock of Alberta

124 -

Material =~ = - Nat. water - LL . LP. 1P (%water)
- : content(%) ' .

lake . 20-40 60-70 20-25 42 :
10420 10-40 18-40 - 110-25°
sandstone 4 25 24 S
siltstone ~~ 12-21 55-70 31-42
shale S 10-45 40-220 1_8-45 . 24-92
bentonite -~ . . 50-70 180-260 60 C

Note: data from Thomson‘ (1970,1071a,b), 'Hardy and Associates (1974), Thomson

and Yacyshyn (1977) Thomson and Tweedie (1978) Thomson and ‘Morgenstern -

(1979)

. Formation. In.this case, the_ liquid limit and 'plasticity index values are comparable. In contrast.. .

s

it is worth noting that the plastic limit (v‘ersus~the liquid limit) is, generally, mere consiste'ntly

~ units but also wrthm the same unit type Table 4. 9 is a summatron of thcse values asa rangc of

. rts‘strength parameters would hkely be comparable to those of srltstone It is evrdent that

' m strength with the presence of bentomte apparently as sediment size decreases therc is a

-~
srmrlar t those),'alues obtained by other authors The apphcauon of the correction f actor raises
the ltqurz hmrt and plasticity mdex somewhat but not substanually s0.. Thrs suggests that the

preparanoﬁﬁhethod used for these Samples does not necessartly have a srgmf icant affect on the

f inal plastrcrty values

The strength parameters varted srgmfrcantly not only between dtf ferent hthologrcal

-~

-

the data presented by the vatious authors Although sandstone lS not categorlcally ref erenced

bentomte 1s the weakest of the bedrock unrts Theref ore as the bentomte content mcrcascs as

an admrxture to the sandstone and shale umts both strength parameters (C and 2') would be
/“’_‘\\

2@

reduced Of the resrdual parameters cohesron is the most drasttcally reduced From the _

analogous studies, it seems that in most cases the resrdual value of cohesron lS nil, so"that the

residual strength is based entlrely on the resrdual mtemal angle of friction. As well asa dccrease

correspondmg decrease in materlal strength confirming the tmportance of the dcposmonal

hrstory of a sedtment.

A
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- Table 4.9 - Sir‘ength‘ values from ainalogbus studies; determined for the fine grained,
~ soft sedimentary Upper Cretaceous bedrock of Alberta. ' ’

N

Material Peak ! . * Residual -

AR C'(kN/m?) 9'() - Cr(kN/m?) ()

lake 0-19< - 2435 - .
. 5435 S 2427 -0 © 12423
 siltstone’ 140-420 20:40 | 70-385 20-25

shale : 38-65 14-25 .0 . 8-17 R

bemonipe : 38-42 - 14 0o 5-10 - - -

I\}dte: data from Thomson (1970, 1971a,b), Ha_rdy and’ AssociateS‘(l974). Thomson
and Yacyshyn (1977), and Thomson and Morgenstern (1979). . :



- 5. Discussion and Conclusions

§.1 Discussion

Seyeral relatiOnshlps between slope fa!ilures and the-»f our attributes (location, as;cc't,'
slope vgeomet‘ry, and lithology) - become apparént, Most failures. occur along thc. prairic
perimeter where-slopes tend to be longer and steeper.. Being peripheral 10 the badlands Lhis arca
is. the" zone_of ext'ension’ where the sIOpes are actively retreating and where concentrated
dramage of the prame surface can be an 1mportam water source. A sell' -propagating cvclc
exlsts the steep slopes tend to lead 10 farlure resulung m over- steepened poruons (pamcularly
along the backscarp) whrch wrll then have a tendency for f urlher lailyre. This process will

RN

continue until the over-steepened portions have been eliminated and a. state of

quasi-equilibrium is attained.

Mass movements, whet ,' T they occur as catastrophlc .events or as more f requcnl
smaller magmtude events .affect - the rate of. slope retreal It is wxdely beheved thal largc

"-magnitude, infrequent events are most %cnve in the denudation of the eath s surface~

:'(%lman and Miller, 1960). The magniiude/rrequenc'y relationship of the, differcm failure

' \types ranges from low magmtude and hlgh frequency (dry flows) to medlum -high magmtudc :
| and low f requency (complex f arlures)(Table 5. 1 and Flgure 5.1).1n thls case the frcqucm but
vsmall scale eve/nts (flows) move much less matenal (23 800 m’)than do thc la @1, more
catastrophrc complex failures (284 315 m’)

. Most fallures occur ‘along the coulee walls mdlcatmg t‘he el' f ect ol' basal l"luvnal CIOS!OH'

" on slope stablhty Although fallures f: requently occur along the enme le :'thc coulee thenr

-1

rgagmtude decreases with mcreasmg dlstance from the badl;ghdsl -Wlth other paramelers '
‘ assumed to be. equal thxs dlfference cou]d be due in parl t® t,he gréater hydraulic gradlenl at lhe ,
,,;t,ermmus of the collee, and to the relative age diff erence betwe_en ‘the advancmg head and the

couleg¢ outlet.~

R
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Failure type Failure symibol * Magnitude Frequency * -Figure
' character : ‘
“Falls - rock ‘Fr low-med.  high 2.3
Topple - rock Tr low-med. low-med. = 2.4
o debris - Td - low-med. . low-med. o
. Flow -creep(lg) “ Flel med. low - 2.9 - L
S . creep(small)  Flc2 low high . < -
A . dry Fld low very high 2.10
L wet Flw - low-med. low B
. “Pipes all P © low-med.  high = 211
Stides - trans.dom. = Sct mégehigh - med. . 27 .
- (compound)  rot.dom. Scr whigh Jow 2.8
Complex slide/flow .S/F med-high -~ low )
: . piping/flow  P/F . " med-high low
' g e
‘ . S
Te v.
l ! !
] I |
.ycry- high — 'Fid ' ‘ | w};crc: " Fr - tock falis
. ; 3 I K l | Tr - rochtoﬁple B
. ‘ | | . [ Td- debris mﬁpj; B
':high"' ) Flf:2 f;r ' . Flel - cicép flow (laxge)
- l | l T g 1 Flc2 - creep ﬂow'(small)
T ! FIG - dry flow
‘medwm- I | l Sct I - Flw - wet flow
o [ a7 | | l P - all pipés
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The aspect analysrs showed a srgmfrcant dtfference (at the 0.05 sngmf icance level) in failure,
“frequency’ acc0rdmg (1] slope onentauon There is statistically a greater tendency for failures to
‘occur on slopes with a northerly aspect ’(northwest to northeast). However because of thc |
dommant coulee onentatron (north - south) thts observauon is somewhat restncted as most
-vs}ope aspects are onented in east and west dtrectlons If all orientations were reprcsented |
equally there would be an even greater. drspartty between failures on different slopes as east - "

west onentated, coulees would define the northerly and southerly slopes more precnsel)
R

'Consequently. if no restrrctrve coulee orrentatton existed, an entirely different and more

A

-representatrve trend mtght become apparent F urthermore before any defi 1nmve statements can

be made regardmg aspect, it is 1mportant to have an idea of the conceg%rauon of slope i
'g‘- *

onentatrons l&@ever refative observattons are valrd As Churchtll (1981) found, smaller

magnitude and hlgher frequency fatlures occur extensrvely on all avatlable slope orlentauons
R .
However larger scale, less frequent fatlures occur ‘more consrstently on the shaded northcrly

. . (.v - . '-r
! * P R . . .
slopes. e

K .
ORI

The geometric analys’is"Showed. ‘th'at the- mean slope length 'f or the different failure .

'types ranged from 76 m to 107 m. There Was less varratton with the slope inclination, which .

1

had an overall mean angle of 45 wrth only a2 devratton to either side. Although these values .

ate necessarily limited by the avail_able slope lengths and inclinations, a general trend js evrdent,f:'"‘ et

The larger f ailure types (slides andv complex :failures) tend to occur on slopes that are longer
and-less’ steep whtle smaller failurés (falls; topples, and dry flows) generally occur on shorter -
- steeper slopes Although thrs pattern exrsts it is uhportant 10 reahze that slopc hetght and R
inclination are related variables.. Since short slopes tend to be steeper it'is not surpnsmg that

'larger movements (slides and complex farlures) will- also tend to be on flatter SIOpes A less

steep slope would not resujt in immediate farlure (topples and falls) but would permrt the a

o

, development of progresswe fatlure often resultmg in a relattvely high magmtude mass

.
movement.’
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Because till is” present at variing depths virtually everyivhere most "failures'.‘ involved' :

| both till and bedrock units, although topples and falls tended té oocur in bedrock Farlures that'

occurred in the till only were small errcular sltdes lugh in the valley wall The farlure tnterface in -

" these cases is the till/bedrock contact and is probably a result of drfferentral permeablltty and .
basal sappmg at the contact.
| In areas where there was a deep and extensrve till layer (thtle Sandhtll ‘Coulee and
'Waterl' all Coulee) multxple slrdes were prevalent. These are primarily rehc features that are '
lxkely a product of the wet. (and possibly saturated)‘condmons, and the r_aprd glacro-f‘luvral ;
_ incision during the 1mmedrate post- glacral perrod B | |
| Atterberg testmg showed that wrth an increase in the. percentagc of fines there ‘was an ‘

'4)

increase in the plastrcxty Because shale units occur at all of the farlures sampled each mass.
“movement was characterized by at least one hrghly plastic umt If the water content in these
' (and other) units increased to a pomt at whrch cohesron was reduced to zero -(the liquid hrmt),
the shear strength would lbe greatlfl red‘uced.' and failure would- likely ensue. l3ecause plasti-city "
| increases."and strength decreases‘ with an -increasein the percentage of fines, the depositional
history is"of great importance' All the failures in this study occur in the deltaic Judith River
\Formauon whrch is consndered less suscepttble to failure than t?re marine Bearpaw I-‘ormatron
(Thomson. and Morgenstern 1977 Thomson and Bruce 1978)

In the as‘sessment of the nine ‘case‘l’ailures no 'single factor can be deemed responsible
, f or initiating movement'r Although the ApreparatOry,'triggering and contr‘olling_'." factors are'»
A, mterrelated an attempt wrll be niade to isolate the possrble causattve factors. _ | |
v » At Scl, ‘the pre -1949 rrngatron dttch is probably the main cause of farlure Seepage
from the unlmed ditch would increase the pore pressures and reduce the factor of safety This
_would be f urther aggravated by the periodic l‘luvral erosion underrmmng the base of the slope

Recent l’lowmg at the eastern sxde of the farlure is hkely a response to over- steepemng caused

by the initial f arlure (1973-1977)_. These minor flows will continué until an eq,urhbnum state
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n att.ained. ‘ _ ,
Becauseat ch2:'the_'slide debris is overlaln by __thick. topographically high. l"luvial
i it is likely that this failure is very old. This is 'bf urther suhstantiated by the
'_deve_loprnent'of a deep soil profile on the slide debris. 'l'he proximity of the current channcl.v
and the fac_t th"a,tlw-'ater at some time 'travers‘ed across the,sli'de mass, suggest that l‘luvial_ activity
was at’ lea‘s"t‘.inf part:responsible for trlggering the ailu"lre.'Because the northern portion of the.
slide mass was nOt‘overlain by fluvial materlal, it may ;have o'ccurred considerably later than did
the southern portion. ". | : e |
Sc3, the smallest slide failure, occurred prior'}-to, 1949 and was likely triggered by basal :
erosion. An ephemeral stream is currently eroding the toe of the slide mass, mdtcatmg that the -
ol'rgmal flow path may have been dxsrupted by the farlure k

Sc4 is one of the many faj ures along the south wall of Waterfall Coulee. Vnrtually all B
7(‘w.ith the exception of one - AFigure 2.7) of the larger f atlures in this coulee are along the

- north-facing slope, indicating that they might be aspect - related. Because the many large

{"failures in this area have the same morphology it is possibleﬂthat they- were triggered by thc‘ ‘
| same . factor The till along these coulee walls is relatnvely thick, andu durmg thc unmednate g
post- glacxal pertod may have been saturated Possrble saturatton in conjunction with the raprd
L post glacral downcuttmg, created very unstable condltrons and probably caused extensive slope_
failures, parttcularly along the morster north f acmg slopes |
Sr2 along 'Little Sandhill Coulee, should be ass'essed in tvvo parts' - the original f ailurc |
and the reactrvated ailure. The 14C date obtamed from this failure can be hberally used to-
represent all of the rehc fatlures in the area that have a similar morphology If. thts date is
accurate, these fatlures occurred no more than 250 years ago, well after deglaciation (12 000
14,000 B.P,). ‘Consequently, these relic mass movements may reflect delayed response t‘o _va‘lley -
‘reboun.d (breaking of bonds) If the 14C date is correct, it is 'possible that the im‘tial l.'ailure '
occurred in the immediate post- glacxal penod and that the wood uncovered was actually buned '

by a part of 2 much later slide.. . e
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The prevalence of till and multiple failures along this yalley.suggests a - relationship

between the two. Furthermore the vast maJorrty of fallures along thrs east - west orientated

W,
W&

coulee have a northerly aspect. In this locahzed area, the meso -scale geology and
morphologrcal processes would be srmrlar isolating the controlling mf’luence of aspect

The reactrvatron of Sr? appears to involve the entire mass of the earher failure. Because
this is a secondary farlure resrdual strength valuesiare being mobllrzed The angle of mtemal
friction has been reduced and cohesion is likely approachmg zero. This reactwatuﬂ#rs a result
‘of the cumul‘atrve increase in pore water pressures ‘that occurred prror to and_ durmg the ’
.'.summer .of 1986. Three factors contrrbuted srmultaneously toward the water increases; the
E ‘meltwater from the snow of the precedmg season the above normal precrprtatron in the early
summer months (May and June), and, the excessive amount of ptvotvand ditch 1rrrgatron at the
prairie surface above the failure. At thelfirst signs of failure (June, ,1,9_8'6)', Mr. l)aryl Owen |
. stopped irrigating the land in the vicinity of the s_lide,_ and after a lag of about two months
m'Ovement had virtually ceased. A state of quasi-equilibrium had develope‘d"and subsequent
movement was minor. The movement ‘that did occur was towards the west and was Totational in
: _"nature with a drop at the head and a rise at the toe. There was also',a pivoting of the mass as
the eastern portion of the shdt;;v%sfmoving away from the scarp and the western portion was,
moving into it. It is probable that this movement is largely controlled by the dttch along the
_.western pernmeter of the slide mass. Because" the vrsrble drsplacement at the head of the f arlure-
. &Z: not matched by that at the toe it is assumed that the drsplacement has been absorbed wrthrn
the slide mass, whtch has temporarily stablhzed It is also possrble that the tilting of the debris
'backward into the slope has also contributed to the current state of quasi- equrhbnum .- /\
| " The vegetatton rmg above Stl surrounds a depressron whrch possibly represents a
seepage areas Il‘ so the mcreased infiltration of water would lead to greater posmvehpore water
‘pressures and a subsequent decrease in slope strength The current surfrcral movement at- the

" base of the slope may be a response to sub- surface sealmg The deeper, less weathered shale - '

will seal when swellmg exceeds fissuring, creatmg a.surface of weakness and initiating a flow



A seep at the base af S/Fl appears to control slope stabrllty dependmg pnmanl» on .

where the source is. It is interesting to'note that both s 1dc/flow complex failures-were the only

f ailures’ wrth seeps evident. This suggests that a water

failure. Piping channels, especially if blocked, may have also contributed to unstable slope

ource is necessary to initiate.a f low -ty,pe

conditions.
S/F2 also has a seep and prpmg channels possrblv mdtcatmg a mode of developmem
srmrlar to that of . S/I*l Many farlures occur along the same valley wall and adJacent to S/F2

(mcludmg the large translatronal shde in Frgure 4.2). The aspect of most ol' these l‘ arlu&ptts

(R

' .northeast In contrast the opposrte wall (facmg southwest) has no. large- scale failures, but has
‘numerous'more rnmor failures. This reflects nature of madss movements along lrtshman ]
Coulee; virtually all ‘large-scale failures are located along the west “wall. The geology" and
geomorphic processes on both ‘vsi'des of the coulee are analogous. ;so both slopes should have a -
lsimilar morphology. Because this is not the case, it is likely,,»that“another'parametcr - perhaps
aspect is responsrble for the slope failures. | |

The many pipes netghbourmg P/Fl must affect slope stabnllty Pre- l'allure piping
probably removed enough_of the supportmg matrrx to lead to the slope -collapse. Subsequent‘ ,
piping is extensive, and, via both matri.x removal and increased inf iltration of wat'cr, the
strength of the failed mater-ial (already at its residual value) is f urther'reduced.

From those nine examples four drfferent causes of failure are def med 1) fluvial
erosron 2) pore water pressurc rncreases 3) post- glacral rebound, and, 4) prpmg. the fi irst two'
»bemg the most common It appears as though in the past, post-glacial rebound had a
dommam\destabrhzmg effect; ‘More recently, however, lateral channel migration scems to have
_the most sr\gkmeant role on slope msta’orhty

" Piping lis evident at seven of .the' ,nine l:'ailures, the ertceptions' being Sc4 and Sfl..pipcs.
generally reduce stability but ma'y.‘, 'in'some cases, aétually reduce the stress within the slope AAf -

¢

the pipes are open and water can flow freely through them they act to rcduce cxcess porc

-‘

' pressures. Srmultaneously, however an open pipe would facrlltatc ‘the ‘removal of sed:ments

e
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- reducing the supportive framework .of the ope. Once the void area of the piping channel

" reaches a threshold. value, slope collapse follows. If the pipe were closed the entrapped. watert -
would dissipate into the surrounding matrtx mcreasmg pore pressures there Furthermore the |

- tandmg water in the ptpe as Pierson (1983) suggests can exert outward pressures of

considerable magnitude.

5. 2Conclusrons ' | | . : . ; “ .

- There is a f ull range of failure- -types in the badlands falls flows, topples and shdes

Few failures are of one type, most are complex, generally With{a, dominant slide component. As

“would he expected, those f ailures with the highest frequen_éq' have the lowest rnagnitude.. This
: inlclude,s f alls,‘ topples, and dry flows, with flows being the rn'ost common. These f ailure types

are evident ony ‘virtu'ally all slopes with bno apparent 'pre‘f erred orientation, and have a tendency

.' to‘occ‘ur on shorte’r. steeper slopes. They are responsible for the more gradual and continual
¥ . O, . O : . . -

slope retreat. ¥ S | )
‘ o : : )

The lower reque'ncy but higher rnagnitude events Were either slides or complex f ailures:
Compound shdes generally uhad a dommant translattonal component rather than rotatronal
This corresponds to the type of movement found to occur in similar bedrock formatrons

: (Thomson and Morgenslern 1977 Thomson and Brtfie 1978; Mollard and James 1984,

- Bolduc et al., 1987) Consequently, these failures are charactenzed by a planar rupture surf ace -'
o rather than a curved one. As with the analogous 'smfhes (BJerrum 1967 Hayley, 1968

' Thomson 1971b Hardy and Assocrates 1974 Thomson and Morgenstern 1977, -1979; N
Thomson and Yacyshyn 1977 Thomson and Bruce 1978) failures most commonly oceur in
-poorly cemented overconsohdated clay shales and sandstones wrth nearly honzontal beddrng

\ Thts Iargely accounts for the lateral movement ’I'hese f atlure types occurred most commonly on" |
.J.northerly orientated slopes. Aspect observatrons are quahfled by the dommantr coulee

: onentatlon (north - south) In contrast to the smaller f atlure types these farlures tend to occur

on longer less steep slopes
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The smaller fnass movements (falls topplec and dry flows) are the domtnant preScnt e
farlure types It is lxkelv that they have occurred contmuousl) but evidence of earlier ones has
been eradrcated as the weak bedrock is readily 'broken down and removed Most of thc‘
large scale failures (slide and complex farlures) are old, ‘and probably occurred in thc carly

.post -glacial period. These farlures reflect . immediate post glacial condmons occurrmg in
response to either; 1) rebound (progresswe f atlurev). 2) an increase in the hydrostatic pressures
created by th; rapid drawdown of the groundwate‘r’as“it -attempted‘to match the initial
extremely rapid.rates of ‘ incislon, 3) the satu}ated conditions, and the corresponding excessive.
positive pore water préSsures associated With’ the tl‘fa:ving ground or, as a combination of all
three. Because many - of. these fatlures have a srmtlar morphology they are probably
contemporaneous More recent mass movements are often reactivations of ﬁder failures, either |
in part or in entrrety Two recent f arlures Scl and Stl, are examples of first-time f atlurcs

It is difficult o 1solate precrsely the causative [ actors controllmg stabrhty Howcvcr
several preparatory and two trrggermg factors evidently affect slope stabrlrty Although thc Tole

- of these factors varies consrderably thh each fallure in general and m descending order of '
: 1mportance the mam preparatory factors are: local 3eology, rebound (breaking of bonds)

5 weathermg, aspect aﬁd slope steepness This supports observations made clsewhere (Scott and

‘Brooker 1968; Beaty,.1971b Hardy and Assocrates 1974 Thomson and Morgcnstern 1977 |
1979; Thomson and Bruce 1978; Thomson and Tweedte '1978; Mollard and Janes, 1984;

'Thomson and KJartanson 1984; Bolduc et al., 1987 Taylor and Cripps, 1987). Pxpes and

fp;evrous failure actrvrty also affect slope stabrhty

Geology has -a maJor Tole in slope stability. All of the nine [ arlures examined have
‘alternatmg layers of sandstone and\hale “with a pervious till layer overlymg an impervious
layer (generally shale) Such alternatmg layers of permeable and impermeable materlals affect |
the internal dramage- of a slope, and ate therefore hlghly susceptible to fatlurc (Rib and Ta
Lrang, 1978) The consrstency of this sequence at each’ of the f allUres strongly suggests that a

correlatton exists between the two
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Rebound, associated with degléciation and rapid incision, was clearly ‘of greater

consequence in the past than 1t is toddy. Delayed failures however, can be‘attributed to the
equrltbratron of pore water pressures which is a f unctron of the’ rate of swellrng (dependent on
the bond strength) as a result of unloadrng. : —

Weathering processes decrease the shear' strength of a material and permit greater
inf’ rltratlon of water and in that sense are largely responsrble for surficial failures: The less.,

‘)
ftssured material at depth often seals (becommg 1mpermeable) before the surface. A theory of

L'threshold crack’ densnty can be developed stating that at some depth frssure density will have‘

decreased to a pomt at whrch swelling is dominant (over crack densrty) sealmg that surface

‘and negatmg f urther infiltration..

Slope geometry and orrentatton also affect stabrhty Long, steep slopes occur
ubtquttously in the! adlands Consequently most slopes are already in an unstable state

In terms of aspect all. dtrectrons are not suffrcxently represented to allow a def mmve_

" conclusion. However, along either sxde of several coulees, in which most other parameters

(geology, slope geometry.( and geomorphic processes) are at least similar there is a distinct
diff erence in failure occurrence. Thrs suggests that aspect is responsrble for: these drfferences
‘ Prpmg, depending on its. extent and locatron may also srgmfrcantly affect slope -

stabrhty Pipes are common and weaken the slope structure, often leadmg to 1ts collapse

Two trtggermg f actors that most commo ly cause failur e ground water increases -
\ ' _ _ WS

(and the subsequent pore water pressure mcreases and fluvial erosion, with the former
apparently more dommant Thrs i m dxrect contrast to what was found in adalogous studres
Most authors f ound that fluvral erosion was the dominant tnggenng mechamsm (Thomson'

1971 Hardy and: Assocrates 1974 Thomson and Yacyshyn 1977 Thomson and Morgenstem

1977; 'I‘homson «and Bruce, 1_978; Bolduc et aI,,-'._’-1987) and ground water,fluctuatrons were

‘secondary V(B_ea'ty. 1971; Thomson and Morgenstern, 1979; Thomson and Kjartanson, 1984; -

_Bolduc et al., 1987). Ground water levels are increased primarily by excessive irrigation, or

~ above normal amounts of precipitation. Irrigation in arid - and’ sémi-arid regions will

Ry

<
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sighificantly elevate the ground water table. In acldition to increasing the oore water pressnres
thenstren-gth ‘of the materl 2N reducevd‘ if water soluble cementing agents (salts and calcinnr 4
carbonate) are leached 'Gypsum -present in the shales, is less xsolnble but is r:éadily"r'emoved if
' there is adequate water. The removal of these components results in deflocculauon of the clays,
Ileadrng iga reductxon in the structural strength.
Two stabrhzmg factors occur; terraces and pre glacral channels Terraces are very

: ‘localrzed features along segments\of the Red Deer Rrver and a few tributary valleys Pre- -glacial
channels are also’ very localized features, only aff ectmg a small area. These channels were not
- ‘map'ped but can l:e recognized l:y the till: thickness. One such channel was noted north of Stl.
The factors, both preparatory and triggering, presented herein are not’ erclusive. They ‘
' are.'considered to be several of the mo}e,prevalent factors affecting slopc'i stability. Also, more
then. one factor is usually responsible for inducing slope failures. The immediate causc i on_ly
. the trrgger that sets in motion a-slope that is already on the ve?ge of arlure. |

} To conclude, the failures most common to the Dinosaur badlands are - thc small dry-
flows, occurrrng. on _vrrtually all of the valley walls. However, due 10 the nature of dry f lows
very llttle material is moved (4 percent) in terms of total volunre. Slides occur :less ‘l‘" requently
but contribute a substantial volume Of‘ l"ailed material (95 ‘percent of ‘the total’ volume of

L

-' ~badland materlal moved) Consequently slrde f arlures locally mﬂuence badland dcvelopment to

D a greater extent than do the more common dry flows Nevertheless all f our farlure types have.

an. r_mpor.tant role, especially cumulatrvely, in badland development.
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Year Role No.(AS) Flight Ln.
1949 <jf?. 170 5013
i 1m C5012(s)
1962 (72L) 5017
s "!g§016(s)
#1968 Ly L Ts0ge
Sl 95@et . S016
1969 4. 1013 ‘5045
1973 L 1258 15° ¢
B o
J >
R 1258 j14(s)
1977 1576 6
: 1576 ° 5
; 1576 4
1576 3
. 51576 2
3014 " 43F
: 3014 42F
1978 - 1658 3
1658 2
*1980 2182 3
2182 4
2182 5
: 6
1981
1983 2682 1
- 2682 2
2682 3
282 4
2682 5
: (83- 2) .
1984 2820 1 .
- 2815 1 '
2815 1
1985 13165 2E
. 4SE
1986 . 3423 1L

R
R o
‘4 L
.

Appendix’ A - Aerial photographxc coverage ‘of Dmosaur Provmaal Park and area. Note-

*near-infrared; () slopes not yet failed
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7. Appendices

Print No.. Scale
19-23 1:40,000
90-92 1:40,000
86-90 1:31,680
201-206

€§*1167119 |

7 zs Jf;g, bi:
38-397 = 19
86 89> -

. 56'58 v Sl
,146-147 1:
3146121 1:

84-90 1:10,000°
55-56 1:10,000
29-32 1:10,000
283-287 & 1:20,000
r233:237 1:20,

© 201-206 1:30.838

184-187  « . 1:30,000
51-60 1:10,000
77-85 1:10,000
109-115 1:10,000
137-142 1:10,000 °

1:60,000
5-13. 1:10,000
29-39 1:10,000
50-69" 1:10,000
103-106  ~ 1:10,000.
109-113 +1:10,000

o ~1:30,000

. 172 " 1:5,000
152-161 1:10,000
225-226 1:6,000°,

- 232-233 1:15,000
90-95 1:25,000
76-78  “1:25,000
12 1:40,000
3-6 1:40,000

.‘Sr2

Failures

~ (Scl).Sc4,S12,

(St1),S/F1,

Sc2,5c3,Sc4
(Scl),Sr4, A
Sr? (Stl1),S/F1
S/F2,P/F1

"Se3,8r?

(Scl),Sc4,512,
(St1), S/F1,
S/F2.p/

Sc2.5¢3

P/F1
Sc1),Sc4,Sr?,
(St1),S/F1,

'S/F2,P/F1
©Sc2.8¢3

~ S1%,(Stl),P/Fl
LS, (St1).P/F1 ,

(Scl),S/F1

. Sc4, S/F2
Sc3,Sr2 -

- Sc4,(Stl)

Sr2,P/F1

Scl,Sc4,(Stl)
S/F1 -
(St1),P/F1

Sr?

Sr?,P/F1
P/F1
Sc4,S/F1 .
Scd,Sr2,Stl,
P/F1-
Scl,Sc2,
Sc3,S/F1,S/F2

$13,S/F1
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“Appendix B - Atterberg test results.

Sample . Water . Liquid Plastic Plasticity Material
- content(%)  limit(LL) limit(LP) index(IP). . classific.
- Scl-Al .12 ‘ 81 22 59 gr shale
Scl-An 3 38 ) 7 ‘ ~ br shale
. Scl-B1 4 , 69 . 21 B 48 grsandst. =
Scl-B2 12 S 58T 12 45 gr shale m
Sc1-B3 2 = 5 19 31 br sandst:
Scl-BS n .25 - - 13 .. gr sandst.
- Sc1-C1 5 46 19 v 27 : gr sandst.
- Scl1-C2 4 .32 e 17 ‘ 15'r , br sandst.
‘Sc2-Al 11 59 17 a2 gr shale
Sc2-A2 4 26 17 9 br sandst.
Sc2-Bl 8 27 18 9 br till
Sc2-C1 6 T v &2 23 19 . br sandst.
Sc2-C2 8 2 y oo 19 2 . brsandst, -
5¢2-C3 . 8 41 ' 20 21 o ~br sandst.
Sc3-Al® 18 .69 34 - 35 " brshale
Sc3-Bn : 9 47 26 v 21 - gr shale
Sc4-A1 | 3 ) .19 12 y shale .
Sc4-Bbl 5 729 19 10 - br shale
" Sc4-Bnl 7 33 .18 15 ‘ y shale
Sc4-C1 8 34 20 - 14 - br sandst.
Sr2-Al / 6 - 32 .17 e 15 L gr till
Sr-A2. 8 33 _ 17 - 16. gr till
Sr*-A3 9 31 .17 14 gl
Sr?-Ad 9 o 16 Y14 Cgrdll Cw
Sr*-B1 5 i 18 Y9 o obrun
Sr*-B2 5 27 19 , 8 br shale
~ Sr-lake - 2 23 -2 3 » gr lake
- Sr2-till 3~ ‘ 36 13 - 23 - grrtill
Stl-A1 5 -0 27 43 gr shale -
Stl-A2 ‘13 74 23 . s8] gr shale
St1-A3 49 61 . 25 37 ‘ gr shale
Stl-Ad 18 35 T 8 gr shale
St1-Bl 15 71 22 49 _ - - dk shale
St1-B3 - 37 . 89 .25 64 gr shale
Stl-Cal 1 25 2223 ' -y shale
. St1-Cbl 1 28 20 8 . gr shale
- St1-Cb2° 4 : 41 15 26 gr shale
- St1-Cb3 2 6 © 30 .14 16 - gr shale
S/F1-Al 7 52 17 35 ' br shale
S/F1-Bl 6 3 18 . 13 -+ "grshale
" S/F2-Bl1 4 S 27 , 16 11 br shale
S/F2-B2 -6 ' 231 8. , 13 ‘ gr sandst.
S/F2-B3 14 48 - 22 ’ 26 gr shale

¢

P/FI-AL 31 T 482 dkshale:
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P/F1-Bl 14 6 4 29 gr shale
Note: dk - d_,ar_lé; y- yellow; br - brown; gr - grey. ' :
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: ( Abstract ' u S

Mass movements in the badlands of Drnosaur Provmcral Park have been 1dentrf red
mapped and evaluated The term mass movement rs used as a collectnve term for the different |
pypes of slope f arlures mvolvmg the downslope movement of materrals under the inf luence of
gravrty The types of farluresfrre def ined accordmg to Varnes (1978) ‘;nd mclude four main -

4

types falls topples slides, and f lows A fif th category mvolves a combmauon of two or.more .

' of the main f arlure types and is classrf 1ed asa complex f arlure

There is a consrderable range*m ‘mass movement’ magmtude and lrequency Dry [ lows

)

" have the greatest frequency and generally a low magmtude whlle complex f allures have a lbw .

,frequency. but a relatrvely high magmtude Of the drf ferent mass movement types those that -
g

-are larger and more catastrophrc have a greater role in badland extension.

The smaller magmtude farlures (falls topples and dry flows) are evrdent on all slopes

fregardless of orrentatron and tend to occur on shorter steeper slopes (?bnversely the larger _

‘ magnrtude events (slrdes and complex f arlures) occur more frequently on north f acmg slopes

RO

. and on longer less steep slopes : ' Lol _’ -

Most of the large scale farlures appear relatrvely old and are hkely of early post glacnal
age(s) Large, contemporary farlures are likely often a result of mcreased pore water pressures

f rom erther excessrve amounts of precrprtatron or 1rrrgatron (or a cornbmanon of the two) Thc :
_ ., o
smaller f allures are common on oversteepened slopes o

~ The long. steep and unvegetated slopes ‘of the Dmbsaur Badlands favour mass

movements. Consequently, these processes contrrbute sngmf 1cantly to badland development
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1. Introduction

_ 1 1 Study Ob]ectlves L - ' & \‘\\
The aims of this study were to: i(1) locate and map the mass movements in thc badlands
: of the Dmosaur Provmcxal Park area, (2) classnf y these mass mpvements and (3)- correlale the

| type of movement with those factors that’s srgmflcantly influence slope stability. These lauors ‘
md
clude locauon aspect local lnhology, and slope geometry The{ mphasis is pnmanly on-the

y

~

. drstnbutton and type of faxlure not the mechamcs : e ' - e

Desprte numerous studles on’ mass movements'vin the estérn prairies "(Scott, 1965;
k

"‘iBJerrum 1967 Beaty, 1971; Thomson and Morgenstern 1974 1977 Thomson and Bruce, 1978;

Thomson and KJartanson N984; Bolduc et al., 1987) _none have been done in Dmosaur .

Provincial: Park ThlS aréa provndes a umquc opportumty to study mass’ f allures in badlands o

“The long, often ste,ep_,. slopes of the barren. weak bedrock influence the f requency. type of L

' failure, and the morphology of the failed unit. ¢

T

lZLocatwn E A - ' | A

Badlands lme the Red Deer R1ver between Nevxs and mlee in southcastcm Albcrta for 3

some 320 km, covermg an area of approxlmately 800 km’ (Stelck, 1967) The most cxtcnslve i

'.;»and speetacular badland development occurs in the 150 km’ Dmosaur Provmcxal Park a. 40

W

“km northeast of Brooks (Flgure 1. 1) ln places especnally on the south sxde of the Red Deer

' Rrver badlands extend away from the mam river valley for more than 10 km Thc study area:

of approxrmately 30 km? mcorporates the badland reglon ‘south of the Red Deer ancr bct%’en ,

the Little Sandhill Creek Coulee in the west, and Wolf Coulee in. the east.

-

::‘) :
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. grey, or olive-grey in cofour and have a maximum umt thrckness of Sm.

eastward from ICordrlleran eruptions. Because of the hlgh water a

1.3 Site Description '

131 Geology | |
The badlands of Dinosaur Provrncxal Park have developed prtmanly in the Upper

Cretaceous (Campanlans deposits of the Judith.River Formanon This formation of ncarly

P horrzﬁally bedded sandstones and shales is characternzed by frequent abrupt vertical and ‘

. lateral lrthologrcal changes Sandstones Wthh account for approxnmately 70 percent of the

sedrments in the Park consrst of fi 1ne-gramed sands thh dtameters between 0. 125 mm and 0 21 )

" mm. (Dodson 1971) They ire generally grey or greyxsh yellow with occasxonal red and greyrsh :

brown units and individual beds range in thlckness from less than, 2 5 cm to 15 m. The [ mcr'

‘ argrllaceous sedlments,- yvhrch are primarily soft. non-flssxle shales, account for most of the =

~ remaining 30.percent of the sediments in the Park (Dodson, 1971). 'I"h'e shales' are generally

(,

. These sediments are frequently mterbedded ‘with nppled muddy sandstones

1ron mdurated sandstones and occasional volcanic ash layers (Koster 1984) The shalcs are

{-

-commonly bentonlttc with a smectlte content often exceedmg’90 percent (Bryan et al., 1984)

, The bentomte 1s likely denved from Cretaceous volcamc ash falls ( oster, 1983). carried :

rbijon capacity of"

bentomte swel 1ng, and subsequent contracuon upon drymg. results in the characterxstnc. :

' popcorn crust observed on any shale surfaces These surfaces seal after approxrmately 20

mm of precrptZatron hrmtmg hrltratton and generatmg runof f Although gnontmorrllomte is

the dommant clay mmeral (rangmg from 5- 100 percent) 1111te can also occur in large amounts.

.".Kaohmte is ; uch less common rangmg from 0- 30 ‘percent (Campbell, 1987b) The amount of
- montmorrllc‘mte present is hnghly variable and is the pnme control of local pcrmeabllny A pure "

bentonitic seam is 1mpermeabl§ whereas a sandstone layer with a neghgtble amount of bcntomte

/

& may%be hlghly permeable Alternatmg layers of permeable sandstoncs and nmpcrmeable shales

create a partlcularly vulnerable landform that is- hxghly susceptxble to landslldcs ( Dccrc and

;

C e



Patton 1971 Rxb and Ta Liang, 1978)
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The diverse and ‘complex nature of bentonrtrc matenals have been clearly ulusttated

: Y(Ross 1964; Scott and Brooker 1968; Grim and Gruven, 1978) The variation 1s dependent
_,.,4/

prlmanly on:the type and amount of the domlnant clay mrneral and the exchangeable cauon‘
' present Most of the bentomtes in Alberta have calmum as a maJor exchangeable catxon* but ml .

ihe study area sodrurn bentonites are more prevalent. Pure bentonitic seams tend to be; '

"l;enticular, thinning out horizontally, and mergingwi'th the enclosing forrnations. Although

Ross (1964) ’map‘ped several such seams along'_the Red Deer River valley (near 'Drurnheller)_,’.-

f ew pure bentonitic layers have been identified in the Parlt;'lnstead,‘ most bentonite occurs as -

"an admrxture of the sandstones and shales
{
as a major cause of slope mstabrhty (Scott and Brooker 1968) . Overconso datron occurs when:

loads are mduced in excess of those caused by the present overburden The transf ormatron from

a highly hydrated_cla‘yey, sediment to an argrllaceous ro_ck isaf unctlon of both the'_ magmtude of

§
N

Overconsohdated shales occur extens:vely in the Westem pr/owot% and are 'recog‘niz‘ed' o

the overburlen and the duration of its application. A volutnetric chan‘ge is“associa'ted with the"

escape of watet as no replacement by a1r takes place Dunng consohdatron a stress condruon is -

attained that reflects the confmmg pressure If the confining pressure is reduced pnmanly '

'through erosion, the sedlments tend toward a new equllrbnum condluon in a state of reduced_

-~ stress. Durxng unloadmg (or rebound) the voxd spaces tend to mcrease resultxng in the mflux

of Water and a decrease in shear strength The -extent of expansxon isa functron of the strain -

energy stored durmg compacuon permrtung the bending and compressron of the clay mrnerals

When the load is removed the particles tend to regam essentrally thetr ongmal shape, provrded‘. i

‘‘‘‘‘

they were not stramed beyond therr elastrc lrmrt (BJerrum 1967) The degree and" rate of

‘ 'expansron is vaned and is restncted by the dragenettc bonds between the pamcles Bondmg

M T

‘ strength depends on the consohdanon pressure constntuent mmera‘ls pore fluid temperature

:and_ _ttme. For progressrve degrees of »unloadmg these bopds will become further stressed and

will fail in lncreasing numbers. This time-dependent br

kdown of bonds is the secondary time -



effect mvolved in the swelhng process (BJerrum 1967) As a result, water content depends on
both the recoverablc strain energy and the strength of bé'nds

Unloading consrsts of both an elastrc and a ume dependent component (Matheson and

‘ Thomson 1973).] omttng rsltkely to occur as an expressron of the elasttc response to unloadmg e

' .'dunng both uplrft (glacial and tectomc) and erosron Scott and Brooker (1968) suggested that .
Westem Canada was subJected 1o two drstmct and cycltc periods of loadmg and unloadtng The ;
.frrst pertod of loadmg occurred with’ the rnttral deposmon of sedtments f ollowed by unloadtng
vas erosion took place durmg a penod of upltft Loadmg and unloadmg also occurred in ’

response t( glacratron

-~

-

The*surf 1c1al geology consrsts prtmarrly of glacral and glacro lacustrme sedtr;% Berg

- _. ~and McPherson 1973) In the vrcrmty of the Park, the J udrth Rrver Formatton is generally

'overlam by 4 15 m of glacral till and lake sedrments in- places these deposrts are thin or absent. '

A wellfdeve}oped prairie brown soil, 2_0-45 cm thrck covers the prame and the top surfaces of

| the remnant ‘mesas (O'Hara 1986) Bryan- et al (1987) suggest thrs soil developed on.

é .
-mid- Holocene loess deposrts c. 5, 400+ 800BP . Holocene alluvral deposrts form the valley fill

() Hara 1986) Erratrcs are present in varymg amounts and are scattered on both the prairte

s

The Judith Rrver Formation was lardw as part ‘of an extensrve delta on the margm'

_ surf ace and wrthm the Valleys

h
. .

' - 132 Geologtcal Hlstory

of the epetrrc Bearpaw Sea that occupted much of central North Amertca about $0 million years .
ago (Russell, 197.7). Fluvial sedrments derrved-frgm newly uphfted Rocky ‘Mountains were
- deposited as either levee sands-and silts, point bar silts and clays, floodplain vertical accretion

' deposits, or channel sands and bar deposits Channe‘l sands COnstitute by far t_he‘,mo’stCommon

-lrthotope_ in the Park (Dodson, 1971) Contmual ch fneN\migration ‘.resulted in the ab'rupt,

. verttcal and lateral drscontmutttes in the lrtho 1 umts Koster (1984) suggests that A

L

4 . \8



A Lo 6

‘v".‘. ’ K3
R

_ deposition dld not occur enurely ina freshwater environment ; (contradtctmg Dodson 1971)

g
© but was aff ected by penodtc txdal mfluences due to fluctuations in the pOSltl,OD of the Bearpaw ."

[ .

Sea ThlS variation resulted in changes in the baselevel causmg subsequent changes in the mode, T

: ol‘depoémon ' I " -‘ o " ’
- . . ’1_

}.‘

T iy

Overlymg the Judtth River Format10n are the manne deposrts of the Bearpaw }

Formattcﬁ'l that were lald down - dunrlg the marine advance Followmg marme regressron

contmental deposrts accumulated for. approximately 30-35 mrlhon years unttl about 25 ‘million’

mc :
years ago Regtonal uplift and ttltmg then occurred and 'wxdespread denundatlon took place

(Beaty, 1976) Dunng the Wtsconsman glaciation (Scott and Brooker 1968 Campbell, 1974) '
B a veneer of till and various glacro-lacustrme and glacro—fluvxal sedtments were deposited. uxthe

o vicinity of Dinosaur Provinclal Park scouring by meltwater and glacial lake .overflows lar'gely"

. removed the glacial deposrts and the Bearpaw’ Formatlon re exposing the highly erodrble

J udtth Rrver Formatton (Figure 12) Where the removal of surficial deposrts was most

extenswe (such as along spillway margins) badlands developed

'l'here is evrdence that sptllway formatron in ‘both the Red Deer Valley and some

' trxbutary valleys was a two stage process an mlttal broad valley stage with extensrve lateral -

scourmg. f ollowed by a pertod of narrow and rapxd entrenchment (Bryan et& 1987). The .

resultant valley,'-m-valley form -1s’no longer apparent in the Dinosaur Park area because of the

»

exténsive badland. development. Remnants of a broad Spillway extend eastward across the Park =

f rom thtle Sandhtll Creek to Jom the main Red Deer Rlver spxllway m Deadlodge Canyon

(Bryan et aI 1987) Once the 1mmed1ate post- glacral waters were depleted tnbutanes of the :

mam Red Deer vaer valley began to follow the local northerly slope, channelhng the dramage

f rom the prame surface “apd thus allowmg bedrock Jomtmg to- control drarnage (Babcock
)

1974 Koster 1983) Accordmg to Koster (1983) the Jomtmg pattem 1s a response to regtonalv

flexure over structural hlghs such as the Sweetgrass Arch of southern Alberta An example ofa

stream al‘fected by thts Jomtmg pattem is Lnttle Sandhrll Creek Whlch may ongma.ly have

flowed west east through a sptllway, but was later captured by tnbutanes erodmg headward '



Judith River Formation - ___ ___ preglacial valley (Stalker, 1961) -
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.~ . Figure 1.2 Bedfb;':k geology in the 'vicinity of the study area .- modifiéd after McPherson, -
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along the dominant joints (Bryan et al., 1987).
‘Erosion rates have fluctuated srgmfrcantly throughout the Holocene. Bryan et al
(1987) belreve that wrthm the fi 1rst few hundred years followmg deglacratxon coulee 1ncrsron was.
generally very rapld criatmg valleys 60 m in depth and several krlometers long Followmg thls ‘
mmal extensrve erosxonal phase there have been two prrmary controls on the erosion rate in the
Park area chmattc vanatlons and loess deposition. The immediate post- glacral chmate was cool.‘
and mo:st but became rncreasmgly arid from ¢.9,000 to 5,000 BP (Schweger et aI 1981).

Assocrated aeohan actlvrty deposrted loess on the prarnes and badland surfaces as the dommant

north wcst wmds stnpped the land of the fme glacro fluvral and lacustnne sedrments Yarr

(1983) found that loess has a hlgh water absorbancy as compared to the almost mpermeable'f .

bedrock Thrs loess deposmon would retard badland development Most of the removal of the

- loess has occurred only thhrn the last 2-3 000 years (Campbell 1987a) N .
-The warmer and dryer period was followed by a generally morster chmate (wrth' ‘

possrble perlods of consxderable mstabrhty) thkht extended between c.4, 000 -2, 170 'BP

(Schweger et al 1981) Smce then, the. chmate has been dner and warmer, similar to that

e s

_ f ound in south- -eastern Alberta today (Bryan etal., 1987)

_ -;" :" ~ The current mean annual badland denundatron rate has been calculated as c. 4.0 mm/yr-

(Bryan et al.; 1987 Campbell 1987a) Peak rates, however can reach 13 mm/yr (Campbell

1974 1981) There is. consrderable vanatlon in runoff response a/d surface resrstance (Bryan ,_

i and Campbell 1986) The weak bedrock is readrly weathered and eroded at a greater rate than‘/-._ ‘

soxl can develop restnctmg plant growth As a result of thrs and the’ rmpermeable nature of -

the bedrock runof f srgmftcantly alters the character of the vanous surfaces producrng three -

. main types; the aggregate covered (popcorn) shale slopes, the nlled and channelled sandstone' o s

slopes and, the pedrmented alluvxated slopes (Campbell 1987b) 'I'he slopes. are generally'
steep averagmg 30 degrees (Campbell 1974) and the maximum rehef is 100 m. These long.‘ E

Steep unvegetated slopes of generally weak matenal enhance denundatron through both mass" -



- movements and other erosional processes.: . . . s
l 3 3Cllmate S o

Southern Alberta has a contmental chmate - BSk m the Koppen system with extremc

rrrrrr seasonal vanatron in both temperature ‘and precipitation. Precrprtatron data from Brooks (40

* km south of the Park) provrde the longest and most reliable record in the area, and show thal

the mean annual precrprtauon is approxrmately 335 rnm/yr (Table 1 ).
- Table1.1- Precrpttatron data.from Brooks AHRC 1953 1980 o R
< —

Feb. Mar Apr. May Jun. Jul‘.' Aug. - Sep.. Oct. Nov. Dec. Year

Mean 209 13, 6 13.5 11..3‘ 09 0 0 0 0.6 3.6 122  20.0 96.6
.snow/water. . o L .

* equiv(mm)® o , : T I L
Mean 0.9 0.8 ~ 25 14.8 37.4 657 322 401 32.8 §3 2.4 1.0 238.9™

~ rainfall(mm) i e L ‘

~ Total 21.8° " 14.4 160 '26.1 38.3. 65.7 32.2 40.1 334 "11.9 14.6 21.0 -335.5

—precip.(mm) ' . IR . :
Data source: Canadian Climate Normals: Precipitation 1951-1980, vol.3, Environment
Canada, 1982 . S T '

- The 'majority of this precipitation (about“70 percent) f alls during the summer months between
| May and September often as local convectronal storms. These storms are relattvely mtensc and s

are generally of short duratton Typical ramstorms attam mtensrttes of 20 30 mm/hr but peak

mtensrtres of 84 mm/hr for a 6 minute pertod have been recorded (Bryan and Campbcll 1980) e o :

'4 The remammg 30 percent of the total annual prectpxtauon f alls as snow in the winter months'
betng concentrated in December and January Snow maxrmum accumulatton zones are m
depressrons (nlls and gulhes) and on the lee slope bases (north clockwxse to south)(Harty,
1984) Chmook wmds often result m srgmf icant mrd wrnter Snow depletron and- runof f. . ;o

The mean annual temperature 1s 3 9'C wrth a mean annual temperature range of almosl -
4OC However,/ extreme: temperatures of more than 40‘C in"the summer and -48°C in thc _.

', wmter, ha_ve _been recorded. rThus,_' _the absolute tempe_rature range is -virtually 90°C. The



‘summers are short and warm, and the winters are long and cold Winter temperatures fluctuate

under the mﬂuence of frequent chrnooks Wthh can raise the temperature as much as 10'C in

. *two hours Because temperatures of O’C may be expenenced durmg erght months of the year,

l

sprmg and autumn ramstorms by day may altemate with frost at mght (Campbell 1974)

Cllmatologtcal data from Dmosaur Provmcral Park and Brooks AHRC were collected =~ ...

,‘ for the field season from May untll September 1986, and are sumrarized in Table 1. 2 In s

A7

comparmg the Park "data with that of Brooks, 1t is evrdent that dunng thrs partlcular season,

temperatures are. comparable but precrprtatton in the Park is, in general consrderably lower
) ra
The exceptions are the months of .May. when Dmosaur Provmcral Park received only 1. 3 mm -

' less precxpltatron than ‘Brooks, and J uly when the Park received 1 4 mm more precrprtatron

than Brooks It 1s worth notmg that the precrprtatron'fBrooks for the- months of May, July,

.. and September sxgmfncantly exceeds the norm (based on the 30 year av_erage). ’I‘he average

('

2

precipitation f or these five months exceeded the norm by 166 percent The contrastmg data for

'the two stattons clearly show the precrpttatton varratton “that exrsts over a relatrvely short '
&

- dlstance due to the hrghly locahzed nature of the storms that tend o dommate the ‘summer

134 Vegetation

precrpttatlon pattern : :
~
—_ o '

Vegetation' in the badlands is limited by the semi-arid climate, poor soil development, '

'._hnghly erodxble bedrOck and steep: slopes Surfaces wrth loess deposits tend to have a denser,

vegetatxon cover, partrcularly of grasses, - because of greater mfrltranon capac1ty and better soil ‘

development

The vegetatlon in the Park 1s dommated by several specres of prame grasses xerophytlc,'

l‘lowermg plants and shrubs. Larger plants such as . cottonwood trees, wrllow and alder arej',«‘ :

| Amore rare and ocqur in’ 1solated clumps OHara (1986) found that some specres domtnated'

- certam types of smf aces; drought resistant blue grama (Bouzeloua gracdts) and nwdle grass'

N

“ (Snpa comata) generally do_mlnated dry sites. Other less ‘frequently observed grasses are; |
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) Table 12 - Freld season (1986) “Climatic Qata Dmosaur Provmcral Park

May . June : ' »July \"“\;.\ August . ;Septcmber
. mean daily . 17 5 13 2t
- . max.temp(C) ' , . ‘ T :
" mean daily 15 . 18 . 17 8 6
min.temp(C)" : . o - B N
mean daily . 16 - 22 - 20 23 , 10\\
temp(C) . .' . " < fl«\'
extreme 35 35 ‘ S31e 36 - 21
max.temp(C) - e o :
extreme i 13 . 4 13 - T2
" min. temp(C) ‘ o o S . .
_total . 53.0 0.0 . 251 R § O 0
precip. (mm) B T .
N

" Field season (1986) climatic data - Brooks

May.. . June © July .- August’ - . September
‘mean’ daily 19 L2 T3 26 14
max.temp(C) ' oo o
mean daily 5 . 10 .10 9 4
min.temp(C) : ‘ RS o o
mean daily 12 17 16 S8 9
‘temp(C) . ' : R PO oo
» extreme. , %W : 34, <30 : 34 0 25
max.temp(C) o o ' T ‘
.extreme - -4 -5 - 6. 2 2
min.temp(C) ' ’ e e
total S 543 30,5 - 629 - . 128 - 140.6
precip(mm) » e
% of normal 142 46 195, . 32 T 416

» . .
/ . L]

_ western wheat grass (Agropyron smzthlz) June grass ( Koeleria criszata) and Sandberg bluegrass
(Poa secunda) Xerophync plants such as prrckly pear (Opuntia polycantha) and cuslnon cacti

(Mamdlarza vlwpara) are commonly found- in small clusters on alluvral fan and prame

‘ surfaces Drought resrstant shrubs such as sagebush (Artemlsla .cana) and ‘pasture sagbwort

(Artemzsta frlgzda) are generally found in areas that probably reflect higher subsurf ace

moisture condmons (o Hara, 1986)

Badland slopes are largely barren However some vegetatron covers lowcr angle
‘Q

colluvral slopes and there is a marked mcrease m the amount of vggetatron parllcularly the

v



1

"sagcbush and grasses around prpmg features Thrs is. evrdent at both the mlet and outlet

: locauons ref lecting areas of a greater ‘concentration ol” morsture On slopes wrth a northerfy -

- aspect are grasses and creepmg Junmer bushes (.Iuniperus vhortzontalts) mdrcatrve of a greater_'_ 4_

amoum of avallable watér, Alder (Amus crtspa) thorny buffalo berry (Shepherdla argentea) -

. and occasmnally wrllow (Sallx spp ))dommate the depreSsrons which act as water Iraps in t‘he}

| grabcns of sevcral of the mass movement features (Shepherdza argentea) (and occasmnally ’
' wrllow (Salzx spp. ))dommate the depressrons Wthh act as water traps in the grabens of several .

.' .‘;o.f Lhe mass rnqvemem features. . . - . "'\ . f\
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SRR A N 2. Literature Review - ‘ B

-

21Termmology L ' -. -

Many terms used to descnbe mass movement l' eatures are ambrguous and redundam lt- R

[3

is theref ore essentral to estabhsh a specrfrc and consistent vocabulary

%e term landslrde has been tradmonall) used as an all encompassmg word for slopt
farlures It 1s generally eonsrdered unsurtable (Crozrer 1973; Vames 1978) as the active part of .
the word spectftcally denotes slxdlng. thus precludmg other forms ol” slope movemqnts such as

falls topples flows and spreads The word landshde will be retamed when it is employcd by

' crted authors, and drfferent mterpretaﬁrons are not consxdered pogsrble Mass movement is

currently accepted as a more refmed collectrve term that refers to the outward or downward

‘movement of matenal under the mfluence» of gravrty »Thrs 'term -necessarrly mcludcs

, channels) the term mass movement ref ers specrf rcally to slope movements

.o . s

gravrtatronally mduced movement on hortzontal ground such as Subsrdence Varnes (1978) has '

advocated the term slope movements for those: mass movements restrrcted to slopes ln thrs

study, smce no honzontal farlures are consrdered (except perhaps in ref crence to ptpmg

9

r

Slope farlure is another wrdely used collectrve term Terzaghr (1950) restrreted its usc tos
slope movements on engmeered slopes Because engmeered slopes are not included m this sludy,

slope farlure wrll be used synonymously wrth mass movement Slom nstabrhty ref ers to the '

P

_ predrsposrtron of a slope to mass moveme_nt. IR

"Mass- wasting is occasionally used synonymously with mass movement but is actually a

broader geomorphrc concept that refers to the mass reductron of the mterl‘luves as opposcd to. -

degradatron by channelized. flow - (Crozrer 1986) Mass movement processes  grade
1mpercept1bly with increasing water content rnto l‘l}mal processes Fluxd mass movements of tcn'
transport large- calrbre debris on the surf ace or at the. f ront of the f arlure lobc

«

The nomenclature used here l' ollows Varnes (1978)

13



~.2.2 Classific¢ation

‘ "f')
o

T | 1
Termsa;elated to the sequence or repetrtron of movement should also be clanfred .

Retrogressrv slrde or flow f atlures begrn tn a localrzed area and enlarge or retreat opposrte tQ'

' "the drrectron of movement. 'J'hrs expansron occurs either. by spreadmg of the farlure surface .

successrve rotatronal slumps, falls; ‘or by hquefactron (Varnes, 4}978) These retrogressrve

Yatlures can etther be multrple or successrve The term ultrgl e refers to the development of the

‘ v;Same mode of movement where each failure .surface is tangenttal to a common generally

deep seated f arlure surface Hutchmson (1968) suggests that if the farlures were. mrtrally

rotatronal an mcreasmg number of umts would change the’ character of the slrde towards -

LY

: translattonal Successrve fat]ures are comprrsed of any type of multrple movements that develop '

successrvely in trme '

The term ‘progressrve has often been loosely used in reference to an advancrng or

r_e_treatrng slrde, More precrsely. however, it is used to deno e the process of a slow cumulatrve’ o

" loss of strength.of '_a material over time (‘Bjerrur'n, 1967).

',\
2. 2 l Varnes CIassrfrcatron

- R
Nen s

The most. wrdely used North Amerrcan cLAssrfrcatton is by Varnes (1978) It is hased

".largely on'a prevrous classrfrcatton by Sharpe (1938) augmented wrth segments from other'

‘ sources mcludmg in partrcular erchmsky (1966) ‘Zaruba and Mencl (1969) Skempton and _

rr\’

' Hutchmson (1969) Nemcok ¢! al., (1972) and de Frietas and Watters (1973). B e

Varnes classrf rcatron is based on two crrterta. the type of movement and the materral

R r‘nvolved (see fi 1gures in Varnes.§1978); There are five mam.types of movement. falls, topples,

slides spreads-and flows. A sir(th"group inCludes all complex failures which are a combina'tion ”
of two or more of the af orementtoned types Most movements are complex (Vames 1975)

\ .

ln terms of the type of matenal mvolved two main classes are used: rock. and

engineering sorls_.v Soils can be further classrfred as etther.debrrs.‘ or earth‘. Rock rs a natural



2 2.2 General review. of | mass movements present in Dinosaur badlands

aggregate of mmerals connected by strong cohesrve f orces whereas soi) aggregates can be rcﬁdrly

N separated by agttatron Because thc type of movement and matertal varies both spatially and

& ?

temporally, any claSsrfrcatton system should be f lexrble. Furthermore. an almost continuious
o . . . . . ' . ¢ v : ‘ . .
gradation may exist in both the movement and materiaﬁ_@pe. thereby negating the usc of" a rigid -
classification, |
Four main types of mass movements were present in the badlands of l)mosaur '
l’rovmcral Park falls topples sltdes and flows (thurc 4.1 in pocket at back). Thc f atlures

especrally the larger ones were generally a combmatton of at least two drf ferent types Therc

’was a large range in the magmtude of the mass movements, and a correspondmg mvcrsc

relattonshrp w1th frequency The specrfrc magmtude an‘d frequency af each farlurc ‘type
mes an. mdrcatron of the general nature of mass movements

In- falls, a mass of any size is detached from a steep slope along a surf ace on which_

o httle oI no. shear displacement takes place. Materral descends mostly through air by cnher frec

- fall, ‘saltation or rollmg Movements of this type range from very raptd to extrcmcly raprd

(Varnes, 1978) The combmatton of very resrstant iron- rndurated sandstone ovcrlymg a- -

significantly weaker bedrock layer of less indurated sandstone or ‘<shale mcvrtably leads 10

dtfferentral erosion. Falls occur when either fracture planes wrthm the: caprock can.no longer

"res1st the stram mduced by the support removal, or “when the unstablc caprock becomes .
‘ unbalanced This farlure type is common (Figure 2. l) and has a htgh f Tequency, but a low o

. medium magmtude rangc.

Topples mvolve the forward rotatron of a unit (or units) around a pivot point at or

_.near the base They may or may not culmmate in falling or sliding, and are sornctimes evident

as detached blocks perchedl,pﬁe‘:anously on a valley wall A number of these. blocks trlted but
not yet fallen were observed (Figure 2. 2) Rock and debns topples generally have a low to

medium magmtude and frequency Debrrs topples commonly occur in the valley fill at

[N
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Figurc 2.1 Liule Sandhill Coulee - looking ¢ast. Fallen debris alo,ng slope base (E4 and F8§). @
Reliel here is of the ordér of 30 m.
.' ' /' A\/

AR Tt

‘Figure 2.2 Perched topple block ‘along tributary valleyb‘wa_ll (H6) (Little Sandhill Coulee). -
. i . . ! ; ’ . » ) ) I LT

Slopes are aboul‘ 15 m high.
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: deformed In general as water mcrease the slrde mass develops into a flow s

rneanders along_the channels.

i

Slides are movements of a more or less coherent mass along one or more well defned

-

surface(s) of rupture. The degree of deformation is indicated b'y*'t;hc terminology used: IFor a

: mstance the terms block' and mtact refer to shdes consrstmg of one or a f ew moving unm wlnle

the terms broken and drsrupted refer to those consrstmg of many umts Thc lattcr tcrms arc

different again f rom the term debrrs slide whtch mdncates only those slrdes ortgmaung in dcbrts

Slides are generally classrf ied accordmg to the form of the f arlure plane of which thcrc

.",

.,are_t'wo mam types: translauonal (whrch has a mor‘e":,ior less planar shcar surface) and

rotauonal (whxch has a farlure surface curved concavely upward) Rotational slides tcnd to .

occur most frequently in homogeneous matenals with umform strength paramctcrx (l’ucau

1982). These slides generally evolve by a proce‘ss of yielding and then rotatmg and are often -

characterrzed by units that are trlted backward and toward the’ slope (see fi 1gure in Varnes,
978) Rotatronal shdes are commonly deep- seated and tend to increase in dcpth wuh an
increase m,slope angle (Skempton and Hutchmson 1969).

Translatronal slrdes are of ten characterrzed by a graben (see fi 1gure in Hansen 1965)

" The movement of a translatronal slide 1s genera]ly controlled by surfaces of weakness such as
‘faults joints, or beddmg planes or by the contact between firm bedrock and overlymg dctmus

. (Varnes 1978) In contrast to’ rotanonal shdes the mass of these sltdes tends to be grcatly

N

3

There 1S a fundamental difference between the movement of rotatronal and

- _translational shdes that greatly affects the equtlrbnum of each “If the surface . of rupturc dips

. Y
-into the slope at the foot of the slrde the rotary movement of a rotatrona@shde tends to restorc

_vremains lower than the driving forces (Varnes, 1978). S e S ;_A :

equrhbnum of the unstable mass. As a result ‘the driving moment durmg movement dCLl'L 15¢8

' and the slxde may stop movrng A translanonal slide, however may progress mdef mrtcly if ihe

surface on whrch 1t rests is sufficiently rnclmed and” 1f the shear resrstance along thns sun,
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Compound slides havmg both translatronal and rotatronal components were the most |
o common type (Frgures 2.3 and 2, 4) The translatronal component was generally d0m1nant but
: .vanous gradatrons do exist. 'I‘hese 510pe farlures had a medmm to hrgh magmtude range, and a
‘medium frequency. o

“In spreads, the dominant mode of movement is lateral extension accommodated by
- “either shear or tensilef’ ractures (Varnes, 1978). This is the only group of failur_es in the Varnes
classification ‘scheme tha{ was not ‘represented N ' J | |

Flows mclude a wide range of movements‘%ith significant yariation in the ‘velocit'y and'
water content. The mam types are creep, dry flows ‘and vrscous or flurd ﬂows Creep is the
" slow downslope movement of the regolrth (and possibly rock) a deformatron that contrnues
-upder a constant stress. Because there is consrderable drsagreement concemrng the |
-geomechamcal propertres of creep a more precrse defrmtron is not possrble and the use of thrs .@
"term is somewhat arbrtrary Nevertheless* two distinct forms of creep can be identified. Tg{\
distinction is based primarily on the magnrtude of each. Large- scale creep, whrch is the most
.common form is seldom ‘evident as it is limited to those slopes wrth a gentle gradrent whrch '
H permrts sorl development (Figure 2. 5) Large scale creep generally has a medium magmtudei
-and a low f rmuency. In contrast, small-s&le,_creep occurs‘widely, especrally on shale slopes. :
Under .the"in_fluenc‘e of weathering processes, the shale_slopes readily develop a thin weathered

mantle (5-10 cm thick) cornmonly referred to as 'popcorn’ crust. This mantle has a tendency -

N

fto\creep down even a low angle slope This displacement continuesuntil stresses are induced - .
that Qxceed the mternal strength of the materral (rn partrcular the cohesron between the
aggregates) resultmg in a more raprd farlure If the shear stresses induced by gravity are equal'
| to the resrdual shear strength vthe S wrll experrence steady slow. creep. and wrll not lead toa
slide (Bjerrum 1967) If l'arlure does occur, the freshly eXposed surface will agam be subjected .
to weathering.. In thrs cychc manner creep has a srgmf icant f unctronal role in-the denundatron
of the badlands (Schumm 1956) Creep of thrs nature generally has a low magmtude but a

yvery high frequency especrally where. shale slopes form the upper unit of a lrthologrcal'
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Figure 2.3 A compound slide (dominantly translational) in, Waterfall Coulec. Multiblc scarps
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indicate retrogressive nature.

‘about 25,000 m? in area.
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Figure 24 Tribbutary coulee of Princess Coulee - a'cbmpound slic‘lﬁé (dominantly vro_Latio'ual)::'
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Figure 2.5 Grassed tributary couleg “of Princess Coulee:--‘ looking squth. Regolith creep
tertacettes enhanced by, animal paths (normal-14; tear-K6). - . o
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Debns flows lack coherence throughout the mass. They often begm as erther slides,

falis, or as topples on steep slopes (greater than 15 20) but raprdly drsmtegrate wnth the loss T

of coherenct. Prereqursrtes f or most debris flows 1nclude an abundant source of unconsohda(ed
fine- gramed rock and sorl debns Qteep slopes a large but 1nterrmttent source oFmorsturc and
-a sparse’ vegetatron cover (Costa 1984) These condmons are common in the badlands
'Mudflows differ from debns flows in that they consist pnmarrly of f ine- gramed sednmcnts in
Wthh at least 50 percent are sand silt, and clay srzed pa ércles (Varnes 1978)
The classrfxcatlon of flows mcorporates the complete range of water content from
. quurd to dry (Varnes, 1‘978) Dry Tlows mvolve the movement of partxcles that are suspendcd
in a medrum of air msaead of water. This- flow type 1s due prrmarrly to fine gramed blocks'
f alhng downslope and dxsmtegratmg en route Som (1980) dnstmgutshcs between“ﬂows and falls
'accordmg to the slope angle where flows are restnct{ed to slopes between 27‘ and 29 while falls
" occur on slopes exceeding 35°. This drstmctron will no‘tbbe made here. All farlures (on any slopc'
yangle) that mvolve a fallmg mass whrch makes contact wrth the subjacent slope f ace at a pomt :
above the base will be consrdered as flows. The drstmctron becomes evrdent in Frgure 2.6. The
' farlure to. the left is classrf 1ed as a dry flow while fallen debrrs is evrdent m the centre of the
photograph, overlying debris from a previous slide. This is théﬁ most. common fallurc type,
occurnng on_virtually all slopes but wrth a consrderable varratlon m snze They tend to be
shallow and frequently follow pre- exrstmg drainage paths Such fatlures have a low magmtudt ‘
(generally) and a very high frequency , o - "

Debris flows mvolvmg water .are less common and generally occur in conjuncuon w1thv_
othér- farlure types (complex form) Indmdual debris flows therefore have a low to mcdlum ‘
| magmtude and low frequency. As a complex form, these flows have a srmrlar,magmtudc, hu' H]
| 'hrgher (medium) frequency | R s |

Piping mvolves both erosronal and. mass failure charactensucs The mmu surfr.u

"subsrdence and pendtng collapse are clearly forms of mass movement, but the actual ormanon



of the prpe is due to subs'ur'face'er'osion Pipes occur'extensively along both undisturbed and>
fatled slope units (Frgure 2. 7). Where they exist in conjunctron thh other failure types

(complex form) it ls difficult -to determme whether they exrsted pnor to (and therefore -

® S
enhancmg) the failure, or whether they have resulted subsequently. In. either caSbr.inng

' channels reduce slope stabthty by elther mcreasmg porc pressures or by depleung ‘the ‘internal °
T support of the slope Individual or fused pipes have a low to medtum magnitude and a lngh

-f requency Complex far]ures involving plpCS tend to have a larger magmtude ‘but a much lower

s

f requency.

: Slope movements mostl-y @volye a combination.of 'one‘“_or more of the principal types of ,
movements. ’fh‘e different components of vlnhes_e comp\lex' slope failures either occur in various .'
parts. of ‘the moving mass, or at different stages' of development of the' movements (Varnes ‘
1978). Numerous combmauons are possible but -three types were 1dentrf1ed (1) compound

slides which- are the most. common é?d have«a relatwely high magnitude and a medmm" '

f requency, (2) shde/f],ow'combmatrons and. (3) piping/flow combmauor%h\tch both havev a

medium to high magnitude and a low f reduency . ’\

2.3Causesoflnstability o ) "

© 2.3.1 General

In all slopes there are forces. whlch .act. to. promote movement (shear- stress) and

%

opposing 'forces which resist movement (shear strength oriresistanc'e) fWhen' the disturbing‘ '

f orces exceed the resisting forces movement will occur (Frgure 2.8). Drsturbmg forces referred

Cto as internal and external causes: by Terzaght (1950), arise prunanly f rom a\ decrease in shear_’
) strength or an mcrease ln shear stress..

= Resrstmg forces depend on the- strength of the slope matenal The two primary

é

components of thts strength are cohesion md frrctron Cohesron is. the mherent inter-particle

coherence. 1ndependent of normal stress. Effecttve cohesion - is d nt prrmanly on the |
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- - Figure 2.6 Sdnofabi't'ch Coulee:- looking southwest. Three adjacent faitures: dry flow (I.BS),' fall.
dgbris (F6), and a slide (E4) (cow on prairie surface for scaley. \Q .
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‘ extent of jointing and fissuring. Of subsequent importance is the»,s’trengt'h of the material that -

may occupy the gaps.. ‘ 4 _ _
Fnctron is drrectly proportronal to the t_rjnal’ stress between the surfaces. The '

‘mterlockmg of asperrues under high normal stress will result in shearmg if the apphed force is
sufficient. lnterlockmg frrcuon wrll therefore depend on the denseness (or . packing) of the
Apartrcles .and high packmg wrll result in high friction. Grain angularrty is also unportant ‘as
rounded or platey partrcles do not mterlock as well as angular ones ) |
« - In the assessment of the stabrlrty of a rock or soil rnass methods of hmitrng
equrlibrtum are of ten used. ln such an analysrs the sh strength of the mat-enal is assumed to
-"'be f ully developed along the shp surface at farlure The most wrdely accepted pnncrples that..
_' govern shear strength follow the Mohr Coulomb crrtenon ~Total shear strength is defined ‘as
| follows: Cos= c+6tan0 _~ - R ¢ )
where: s = shear strength | :
' "~ 6 = normal stress on a slip surface

¢ = cohesion

0= angle of internal friction
: Thrs equatrom\h‘owever does not acc0unt for the srgnrfrcant effect of pore water pres/ures
These pressures consist of the hydrostatrc pore pressure related to the groundwater level, and
the excess pore pressure due to apphed loads. This excess pore water pressure may be posrtxve ‘
Or negative, dependmg on the type of sorl and the stresses- mvolved Under fully dramed

- long- term conditions, the £Xxcess- pore p%ssurc is z€r0.

ﬁ, Effective stress includes the f¢ orce opposmg normal stress by mcorporatmg the effects

of wateg, such that  6'=6-u AR : ' (2)
% ‘where: = 6" = effective normal stress X o '
: . 6 = total normal stress ‘ o
o F=pore pressure- - .

- Therefore, shea; streng can be more accurately expressec in terms of effectr\'e stress as

follows: S o s = ¢+ 6tan0’ . . O a ; . (3)
, where: c' and _0' are th@strength parameters for effi ective stress.

T Lo . L O\
In refe;ence to this equation, cohesion generally decreases with an increase in water.

The frictional angIeI(O') is usually very llowv.(4’-Al‘2'),for bentonitic shales (Mollard and J ‘ames,“_. S



1984) resultmg in low shear strength values or actual failure Matenal deformation depends on

effective stress not total stress, as total stress can be constant but pore pressure will naturally g

©. vary srgmfrcantly In general the strength of a matenal is defined accordrng o its pcak

' strength, whtch is attamed 1mmedrately prior 1o deformatton (Frgure 2.9, pomts a and b)

srmultaneously along the entire slrp surface Dependmg en thematerral and Failure type. this is
‘not: necessartly the case (as jn progressive fatlures).,_as some points reach peak strength before
others and therefore also prior .to failure. Taylor and Cripps (1987) suggest that signif icant

displacement (of approximately 1 m) is probably required before a continuous ‘principal slip ’

Only when thrs surface is formed can the lowest shear strength be mobilized, probably at rts . Y.

resrdual value (secondary strength)

Many svils expenence a decrease 1;1 strength once the peak Strength. has been reached

DN, .
The magmtude of this lower limit of strength the residual strem partly tnfluenced by the
ratio of plate shaped (clay mmerals) to &'r al partrcles Resrdual streng has the character

of pure friction and is controlled by the pore flurd composrtton and the clay mmeral typef

: When applied in a stabrlrty analysrs it is assumed that the peak strength rs attamed -

: , j.':surface is-induced, possrbly by the coalescence of separately growmg shear surf aces and zones. .

(Taylor and Cripps, 1987) A high’ percentage of plate-shaped partrcles leads toa low rcsrdual ‘

terms, peak and resrdual parameters provrde the upper and lower limits of strength with a

IR A

v

A quantitative comparrson between the drsturbtng and resrstmg f orces is convenuonally ;
expressed by the ratro of resistance to shear stress .,,Thrs ratio ytelds a value termed the f actor of

safety (F). At the moment movement. occurs (the point of 'lirnitin'g stability)‘ it is assumed that - -

T

* this value 1s 1.0 (when resistance equals’ skr stress) Values greater than unity - mdrcate
progressrvely more stable conditions. This method of stabtltty assessmcnt rs known as lrmrung'

'equtlrbrrum analysrs (Terzaghr and Peck I967) and can be calculated asf ollows

strength and for the formation of a ‘continuous shearplane (Skempton L964) ln general .

» complete range exrstmg between the two S w

F=ST S @
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. . 0= cohesmn o lf .
- -= angle of internal friction IR L .
W = weight of a given mass - T = shear stress (disturoing forces)
6 = normal stress . . S = shear strength (resisting forces)

B = inclination of a slip surface- , o, R ' :
+ U = pore water pressure - . - ‘
. _ S ’
Figure 2.8 Resolution of forces o'rqfa potential slip surface
T o .
= , A N . -
N . P N .
-\ ; ~ PRAAAAAS
-
.l'.
. ; :
where: a = pcak strength
b = peak strength
R h 3
N ’ i o ‘ o ‘ »T = stress v .
o A= strain -z

¢ = lower limit Lo sumgth (stram softcncd)

6= normal suess

o ._.
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i



9 where: . S = shear strength (reslsting forces)
' ‘ T = shear stress (disturbing forces) :
This analysis can be “‘/,ork‘:ed‘in reversev('_b'ac‘k analysis') where known parameters and values
are manipulated in order to find the unknowns. If the properties”of the materlal are known
(unit weight and _s'hear 'strcn‘gth), as well as the ._pore water f)ress'trres and the dimcnsions'ol‘ the
unstable mass, then, via the stability equation (4)_the slope angle for lirniting stabilil_\- ( F=1),

~and the probable position of the failure plane can be determined.

2.3. 2 Factors contrrbutrng to slope fallures -
“The factors contrrbutmg to slope f arlures are numerous, some. leadmg 10 a decrcasc in
shear strength (1nternal causes), and others leadmg to an mcrease in §hear stress (cx[ernalv

s
_causﬁ) The division between the two is arbrtrary and is only a convement mcthod of slopc

e sta-brlrty assessment. In general the mternal changes in’ thc mass strength tend to be

_ cumulatlve developmg over a long perrod of trme -and are of ten a result of one ‘or more

N external changes

. Causatrve factors vary temporally and can be either passive (slow- changmg) transrcnt
: or active -(fast-changing). Although passrve factors act progressrvely over a long pcrrod
‘reducmg the resrwstance/shear stress ratio,- in almost every case a transient factor can. be X
vrdentrf ied as havmg triggered the movement (Crozrer 1987)

Many factors affect slope: stabrlrty, only a brref descnptron of the prrncrpal oncs will- bc'-

- grvea—ireres'llhrs subJect has been covered extensrvely (Skempton and Hutchinson, 1969 (,arson.

and Krrkby 1972; Blyth and de Frertas 1979; Brunsden 1979 Zaruba, 1982; Mollard and.

James, 1984 Crozier, 1986, 1987) The f actors causrng a decrease in shear strcngth are vrr‘tually’
all mrtrated by weathenng processes (Kenney. 1975; Quigley, 1975 Day, 1980 Taylor and
Cripps, 1987) Physrcal and chemrcal weathermg are responsrble for dcstroymg aggregatcs and
" creatrng surficial fissures and crackmg at depth The large variation observed in the strength of .

- a clay is a consequence of both the random varjation in water contcnt and l"rssurc spaung. »

(Chandler 1972) whrch generally increase with depth. Of prime rmportancc is thc incredse in



'3 B
‘inf illratlon ~o’.£ vyater thrdugh the weathe'red» zone, resulting in nurpereus strengthereduction,‘
. cffects; imra-particlerehydratrion' of cxpan’dable clay rninerals, an increase in pore water
pressures and removal of salts (eg. Na) and cemeniing agents by solution and leaching Water
| is therefore thc agent deemed most responsrble for the strength reducuon of a materxal Rib and
Ta Lrang (1978) support U.S. Federal Hrghway Admmlstrauon f mdmgs which claun r.hat water
is thc controllmg or mam contrrbuung factor in about 95 percent of all landslides. Wrth t,he'
addition of water, bentonmc clay mrnerals readily " swell. Thc alterna[rng expansron and
,contraclion involved with'particle ‘hy'clratlon and dessication.‘produces" scvere disrfnp_tive e_ffects"
}o‘n aggr‘eéate stabillty‘. Swelling is a result of stress relief (particnlarly yyhen high horizontal
stresses are involved) intra-particle swelllng of expandable clay. minera,ls‘ and inter-particle -
“ (osmotxc) swellmg between the clay minerals. o S

Taylor and Cnpps (1987) found that the peak effective shear strength parameters of

_ -ove_rconsohdated clays dropped signif 1cantly from a non-weathered to a -weathered sample. The L

changé in l‘hc degree of weathering degradation»usnally involved a large drop in ccb)hesi‘on-,~ buta
‘small_er.. change_'in the angle of sheariné resistance. Overconsolidated clays will continue to |
dilate, reclucing,s_lr_engt‘h_ao the r'ésidual valne.' . K B g |

Heavily‘ jointﬂed‘or ‘wéa‘thered rock masses exhibit failure haracteristics between those
of rock an_d soil (Hoek, &2).’ A'n‘alysis of failure mechanisms' should theref ore be based on the
strength of the discontinuities, rather than the strength of the intact rock itself (Cruden, 1975; -
Pitcau and Marlin, 1982). Because of the swelling natur,e‘:cf 'thc bentonite the effect of the }
dessication cracks is signif’ icanl_]y reduced. Denen'dlng. on the crack density, ana rate of swelling' | .
it is .possible that a less dessicated layer at de’pthfyvill -seal Beforc_.th.e outside _layer. An
. ' impermeahle layer wlll lhen ro'r‘m 'cr'eatinga weakened zone. Prolongecl perrods Of precipitallon

wrll cause almost complete surface seahng Once saturation occurs mudflows may result (Yair,

' 1980) in a SCI'ICS of surges and mlcroslumps (Bryan etal., 1978)

Several f actors causmg an mcrease m the shcar stesses are as follows:

- loadmg (surcharge) or unloadm_g
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removal of lateral suppor’t (such as that caused' by fluvial Srosionl :
L undermining caused by prprng or groundwater sappmg A
| the formation of tension cracks. | ”

When a clay is mmally unlbaded‘it is possible that the EXCESS POTC pressures Will-bc
negatrve increasing the shear strength Subsequent swelling occurs as pore- pressurcs increase, -
such that the effective shear strength will decrease in accordance with the rate of swcllmg '
Unloadmg of overconsohdated shales enhances physro-chemrcal weathermg by allowmg Lhc

11nfrltratron of greater amounts of water. Accordmg to Taylor and Crrpps (1987) unloadmgr N
_ 'together with surface erosron .may have a,major role in decreasmg slope stability.
. The remoyal of lateral support wrll result in the. release of ‘horizontal strcsscs

' weakening the slope materral..Also, both the height and gradxent of the slope will bc altered,

increasing the degree dfpj'_nternal stress. The role of critical height {Dacombe and. Gardincr-,

L

,1983)rand’ critical slope arfgle are well knowri (Carson, 197Sl When a slope is over-stressed :
because it is erther too steep or hlgh the clay particles necessarrly shed some of thcrr load to
neighbouring elements Terzaghr Hd Peck (1948) concluded that in.a non- umf orm stress and
e stram situation, shear stress distribution wrll develop in tlus manner leadmg to a progrcssrvc
: f arlure | .

Undermmmg by prpmg appears to have a dommant role in thc badland evolution (dc
_ Lugt 1986; Beaty and Barendregt 1987) Accordmg to Campbell (pers.cc. m., 1986), stresses
' caused by deformatron during’ dragenesrs or unloadrng may have crcated fractures facilitating -

, prpmg erosron In general and in decreasmg order-of 1mportaxic prbes most readlly dcvclop in

the-_,presence of . swellmg clays (especrally montmonllomt_e). 3ten§we dessication; seasonally’
' i o » ) . . w .

hvi_gh. precipitation; differentiaily permeable layers;.a' stéep _h‘ydraulic gradient; and where outlets
: are above the base level'of erosion usually app:aring i}tin‘ally as secpage zones (Parker, 1963).

. The - presence of tensron cracks srgmfrcantly increases the shear stress of a- slopc by
provrdrng a ready access for water into the slope. Any water that may becomc trappcd in. Lhesc

' cracks or. the surroundmg matrix, can .exert con’srderable outWard pressurc Baker (1981 )'
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presented a system% formulas and charts to- estimate the depth of tension cracks and thetr-

cffect on slope stabrhty

Three stabtlxty states can be 1denttf1ed when assessing the causes of mstabrlrty Thrs

concept as%roposed by Crozier (1986) drsttngurshes the titee groups of destabilizing factors_

- on .the basis of function (Frgure 2. 10) These groups mclude preparatory, tnggerlng, and

controllmg factors, Preparatory factors create an envrronment that makes the slope susceptrble

10 movement but does not actually mrtri}%“)rt ln other words these factors tend to place the» '
72 »

slope i in a margmally stable state. Tnggermg factors mmate movement, shifting the slope from

e

n u&- n
the condruons of movement (Torm rate, and the duration of movement) as it takes place The .
¢ ¥

_af oremenuoned .mternal and external causative factors may take on any of these functrons, )

depending on the degree of activity and the margln‘.o_f stability within the slope.

2.4 Past Research
2.4.1 Valley Rebound
Overconsolidation of the clay shales in Western Canada has had a marked effect on the ,
morphology of the present landscape.” Because of the extreme pressures exerted durmg
consohdatron the subsequent release durmg unloading resulted i in drstmct strain release features.

‘ .
Durmg loadmg, when the verucal stress was mcreasmg the eff ectrve horizontal stress was also

‘ mcreasmg at-a. rate dependent on the shear resrstance propertres of the clay (Bjerrum 1967)

. For weak ’clays the mduced honzont_al.stress would be larger than that of strong clays. During ‘
unloading the clay is able to expand vertically, but not horizontally. As a Tesult, the c‘han‘ges in
| vel‘ fective vertrcal stress were greater than the chang;s in effective honzontal stress. Theref ore,
- excavauon such as that mduced by fluvral erosron of valleys wrll allow the release of these

| excessrve honzontal stresses. As the lateral support is removed the outward expansron wrll hkely' |

. result in slope failure (BJerrum 1967)

6
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4 Also directly related to- rebound is 'valley flexure' as defined by Mathcson ’ and
Thomson (19‘73),in southem Alberta, Saskatchewan, and 'Manitoba - an area of low surficial -
relief ,,and a thin veneer of glacial deposits.,'l‘his phenomenon has two distinct components;
raised_ '\?‘all’ey rims and a gentle anticlinal structure at the valley bottom. With the raised.valle.\'
rims "th'erelis‘an up\varping of the beds in 'the valley walls. The dip of these beds incrcas’cs'as the

S

‘valley is approached The amount of rebound along the valley perrmeter can be as much as 10

P
%,

;' percént of the valley depth, although values of 3-5 perceat seem more common (Matheson and

* Thomson, 1973) The resultant change in bed mclrnauon although ‘minor (in the order of |

e a

- 1- 2 ), 1s often characterlzed by interbed slip. Thrs drsplacement may then give rise 10 mylomtc :
zo%s (Math%r and Thomson 1973), which will srgmfrcantly af fect slope stabrlrty espccrally
if tl:*ey are located near the base of the slope. These stress relief f¢ eatures of thm (0.6-1.3 cm)
| _nearly horrzontal layers of sof't. remouided material tended to occur at the contacts of dif lcrcm

lrthologrcal umts lowenng the. shear strength along the beddmg planes. ' '{7
The rebdund of the valley floor (the antrclmal structure) occurs in response to both a

»vertrcal stress relref and the mward movement of the valley walls as a function of the. latcral‘

stress relief (Matheson and Thomson 1973) Interbed shp also takes. place in- thns area

the centre of the valley bottom (Figure 2. 11)
The extent of rebound depends prrmarrly on the modulus of elastrcrty (F) of the

. bedrock where (E) is the stress to strarn ratio. at a grven stress level For a low- modulus a
change in stress ‘by erther loadmg,or unloadrnthlI, produce a relatively large stram.A
Accordingly. Matheson and Thomson (1973) found that‘ there was ai'marked trcnd for larger
‘amiounts of rebound in bedrock with a low modulus of elasucrty lt is 1mportant to note that .
; the bedrock of therr study area is characterrzed by low values of E, for both the Prcrre and E
..Bearpaw shales whrch have modulus in- the order of 3, 325 to 6,650 Pa This and othcr
parameters affectrng the extent of rebound have been covered in detarl by- Thomson and

| Matheson (1973) In general these ‘rebound features are best devclopcd in areas wrth Jow

. ‘topographlc rehef and thm overburden where the river valley is steep- wallcd and deep
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(Matheson and Thomson, 1973). Such conditions typify the badlands.

242 Aspest |
| | ‘The influence of aspect, or slope orien‘tation in terms of slope morpho'logv andstahilit\'_
L 'has been the subject of considerable debate Many authors (Beaty, 1956 1971 Spence, 1972; |
Hardy and Assocrates 1974 ‘Toy, 1977, Yarr et al., 1980) believe that because of the. grcatcr
amount of avarlable water on the north- facmg slopes(in the northern hemlsphere) weathenng
i and erosion are enhanced Consequently ?orth -f acmg slopes havc .a gentler, more undulatmg
gradrent with a  more developed regohth Conversely, the south facrng slopes have less -
avarlable sorl morsture. resulttng in strarghter, shorter. 4dnd more rectrlrnear slopes. Others {eg.
Rib and Ta Lrang. 1978) oppose this consensus clarmmg that mtcroclrmate variations result m
steeper north- facmg slopes. This is attributed primarily to greater soil morsture retention whrch
leads to a- better vegetation cover, and less active erosion.
The d_ifferential soil moisture is a result of both ma‘crovand microclimate conditions.
The high ‘velocity winds '(northwest ‘and southwest) m the winter act to redistribute snow. As a
result maximum snow accumulatton zones are on slopes orrented north northeast, cast, and
southeast (Beaty, 1971; I-larty, 1984) North f acmg slopes often retain snow throughout the
winter, whrle south -facing slopes. are often SNow - barren Furthermore subsurface moisture
penetratron is deeper under snowmelt than durmg ramfall due to prolonged inf tltratron and
‘sorption p ‘esses perrmtted by slow - meltmg siow packs (McKay, 1970 Harty 1984)
Mrcroclrmatrc condmons are controlled primarily by the mrmmum ef f ecttve msolatlon
on the north -facing slopes. Precrpttatton occurrlng equally on north- and south facing slopcs -
will linger longer on the'north-facing slopes because of the lower amounts of insolation, and
the subsequent_'reduction in evaporation. Beaty (n1971)‘» found that northcast ,lepes are most
aff,ected by both the rrtacro and rnicroclimates o o . \‘A 2 |
According- to some studres slope stabrltty is also af f ected by slopc oricntation. Thcrc is.
evrdently a marked trend for north- facmg slopes (m the northern hcmtspherc) Lo, have a

]
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significantly ‘higher rate of ‘slop'e failure (Beaty, 1956 1971; Chnrchill 1981). Churchill (1981) :

found that 85 percent of all observed mass movements occurred“on the north- facmg 510pes

However small magmtude failures occurred more f requently on-the dner south-facing slopes

'whereas larger slumps and‘flows were __relanvely rare. The prime cansanve factor.‘-af fecting slope

stability in these cases is the retentioh of water on the north-facing slopes. This increases the

porc water pressures, -resulting in a subsequent decrease in shear s@ngth Because the

4

. south-facing slopes are dner they are less susceptlble 1o mass movement processes such as

.creep, slumpmg, and mudflows (Spence, 1972, Churchill, 1981) .

While mass movements occur on both north and south orientated slopes, there are

aspect - related differences in their magnitude and fr_eq‘uency.g However, if persistent heavy

Tains saturate all slopes ubiquitously, failure may occur irrespective of slope aspect. This is

likely the cause of the anomalous results obtained by Crozier et al., (1980) for the Wairarapa
hill count;ry (New Zealand). In 1977 the slopes with most failures vl/ere sunny north-facing
slopes ‘(southern hemisphere). Tests s_howed that the weakest ‘conditions occurred at" the
bcdrock/regolith interface of the southerly slopes. Crozier et" al:, (1980) cOncluded,that unusual
climatic condmons had prevailed in 1977, causmg the north -facing undxsturbed (and possrbly
steep) slopes to -becglgff turated and unstable Normally failures: would ‘tend to be more

prevalent on the shaded south- facmg slopes Lrght to: moderate rams would create dlf ferential

moxsture condmons inducing aspect - related vanance in slope stability.

243 Analogous stability studles

Although there has been much work concermng slope stabrhty of the Upper Cretaceous .

bedrock of Western Canada, very httleJesearch been’ concerned specrflcilly thh the Judith

o "'_vaer Formatxon As a result, analogous studxes in other Upper Cretaceous bedrock formations

\¥]

:w.Wl“ be reviewed. Slopelfallures mvthe Horseshoe ‘Canyon,,_Belly River, and primarily the

‘Bearpaw Formations have been extensively studied: These formations are comparable to the

Judith River Formation in that they, ‘too, consist of ﬂat'@lying; poorly indurated. sandstones - -

P
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' and shales. The primary difference between thfse formations is their depositional environment,

o ranging from marine to brackish.to freshwa"r., The Bearpaw Formation was laig dowh ina -

‘deep-water ‘marine environment while the sandstones and shales of the Judith lllver Formation
©were deposited in a shallow -water.deltaic environment o |

The unstable nature of slopes in Western Canada has long been recognized . (BJcrrum

1967 Scott and Brooker 1968; Beaty 1971 Thomson and Morgenstern -1977; Thomson and

* Bruce, 1978; Mollard and ] ames 1984) Numerous studres have emphasrzed largﬁeﬁ#rspurmes in

~ the engmeering parameters (index and strength values) and in the factors deemed responsrble
4 for farlure The 1ndex values refer to the Atterberg Limits, or the liquid and\ plastic’limits of a L,
 mass. Laboratory analysis measures the relattve plastrcrty of sediments by defi mmg the upper.
and lower limits of the plastic state. The liquid limit refers to that moisture content which
defines the boundary condition between the plastic and" liquid. states. lt‘ is at this minimum
. moisture content that a soil will flow as a liquid under its own weight The plastic limit ref ers
to the morsture content which defines the boundary between the plastic and more rigid solid b‘
o condmon At this minimum moisture ‘content the plasttc sorl begins to crumble. The p‘asticny
mdex is the numencal difference between the liquid and plastic limits, indtcatmg the | range of
morsture content within which the soils are.in a plastic state. These parameters are of ten used
_to define the plastxcrty of slope matertals o :
| The clay shales of the prame provmces consrst of weakly cemented clay-sized sedtmcnts _
that exhrbi-t highly plastic charactertstics when manipulated in the presence of water (Peterson
1958) In general fine gramed rocks are charactertzed by hrgh plasttcrty values which generally
increase wrth the degree of weathermg degradation (Taylor and Crtpps. 1987) A wide variation
in plastrcrty exists and 1s largely affected by the amount of clay content the type of mmeral :
"present and the presence of orgamcs Peterson ( 1954) found that there was a decrease in the
liquid limit if an organic ‘shale was oven dried (versus air dried). ln the Bearpaw shales,

however the hrgh plastic propertres over-powered the shghtly orgamc related charactensttcs :

Furthermore he showed that varied methods of preparatton ( undrxed air dried, or ovcn dned)
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significantly affected the liquid llgit value. For instance, the liquid limit of the moist Bearpaw

- shale is mcreased by approxrmately 30 percent if the clay is air dried before testrng Other .

authors (Casagrande 1949; Grrm and Guven, 1978) consider highly bentonitic clays because
of . their ~variable rate of water sorption, difficult to test, often producing unrelrable and

inconsistent results.

- Bjerrum (1967) has provided an extensive analysis of the strength parameters of _ the

- various overconsolidated plastic clays and clay’shales. He claims that this recoverable stfain

energy is the single most influential agent capable of bringing even‘the' hardest clays to failure. _

The most dangerous clays are those overconsohd%ted clays with strong dragenetrc bonds whrch

© are subjected to gradual drsmtegratron by weatherrng The large amounts of stored energy

released lead to significant lateral stresses and a pronounced tendency to expand in a drrectron

+

_ parallel to the surf ace. For the same level of consolrdatlon the danger of progressrve f arlure is |

dependent on the length and steepnes@ of the slope, ‘the strength of the diagenetic bonds, the

degree of weathermg, and the plastrcrty of the clay In general an mcrease in any of these

parameters would srgmf rcantly increase the danger of progressrve failure.

- As with the index values the strength parameters of the Uppel Cretaceous bedrock

_ formations are highly varied: Bjerrum (1967), Scott and Brooker (1968), Duncan and Dunlop :

.(1969) Public Works Dept., -Honglrong (1979) Kirkland and Arrnstrong (1982), all question

the valrdrty of usmg laboratory strength analymgresults (from triaxial testrng) as representatrve' '

of freld condrtrons Shales in the field are fractured Jomted and shckensrded These o

drscontrnumes control the soil mass behavrour ‘because both the shear resrstance of the soil mass

and the mass permeabrhty wﬂl be a f unction of such Iocal detarl Consequently, testmg of intact.

-samples m the laboratory may have httle relatronshrp to field conditions. Laboratory testrng
-' tends to over- estrmate the shear strength and under-estimate the.- compressrbrlrty and

o permeabrlrty In the Edgerton landslrde (48 km northeast of Warnwnght Alberta) the peak V

CP

" -;angle of shearing resistance and cohesron proved to be much less than that deterrmned from’%

: "laboratory testmg (Thomson and Tweedre 1978)




o
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"In addition to the discre’i)ancy between field and labor'atory strength results there is ralso'
slgmftcant variation thhm the same stratigraphic unit. This is due in part to bost depos:tlonal.
weathertng of the bedrock whxch alters the intact. strength at various rates The gradual and
irregular destructx_on of diagenetic bonds will result in non-uniform swelling of the clay which is
a function of the *.minera‘logical composition; dependent primarily on thc presence ol‘ v
montfiorillonite :(Bjerrurn.. 1967), which tends 1o be highly variable spatially. |

Although there is oonsiderable'vari%t"fon in‘the type of ‘fa'flures the tnatcrial 'involv‘cd
-~

" and thetr possrble causes, tentatwe conclusmns can be drawn from the evndence prcsentcd In

the Upper Cretaceous shales of Westem Canada failures tend 10 be %rogresswe (Bjerrum, 1967;

Hayley, 1968; Thomson and Morgenstern 1977 Thomson and Tweedxe 1978 Mollard and

James, 1984). The cumulauve strength loss of these fallures was generally from toe- to hcad

“

- with the exceptton ol" the Edgerton landslide of the Belly River Formatton Thts f anlure was

found 10 progress. ftom scarp 10 toe (Thornson and Tweedie, 1978) becausc of the development :

of a signifi 1can;t scarp (2. 75 m) with no correspondmg observable movement at. the toe. Failures -

%

o

~ tend also to be retrogresswe m nature (Scott and Brooker, 1968 Mollard and J ames, 1984). In

several cases old shdes were reacttvated (Thomson and Tweedie, 1978. Thomson .and

Morgenstern 1979).
" The pnmary type of movement is translational shdmg (Bjerrum, 1967; Hayley. 1968
 Scott and .Br.ool_cer, 1968, Thomson; 1971b; Thomson and ,Morge_nstern., 1977, Mollard and

James, .1984_)'. Often the horizontal plane is coincident with a_‘f‘plane of weakness such as a

bentonitic seam, a previous surface of rupture, or along an inter-bed zone that has slipped as a

N

result of rebound.

Compound slides with a. dominant translational component are also very common

(Thomson and Morgenstern 1977, Thomson and Btu"'ce 1978' Mollard‘and James, 1984-
Bolduc ez al., 1987) In an air photo study of landshde mcxdcnce along the North Saskatchcwan

. 'vaer Thomson and Bruce (1978) found that 55 percent of all rccogmzable sl0pc failures were

Y



compound failures.
N
Rotatlonal slxdes were also observed, but less frequently (Beaty, 1971 Hardy and

Associates, 1974; Thomson and Morgenstem 1977; Thomson and Bruce, 1978). In the air

photo study conducted by Thomson and‘Bruce (1978) 30 percent of the failures were found to
be rotational in nature. Almost all- slndes were classified as large (Mollard and J ames 1984) and
dcep-sea_ted (Thomson and Bruce, 1978, Bolduc et al., 1987) Hardy and Assocrates (1974)A
found a correlation between the depth of the failed unit and the slope 1nclmat10n. Steep slopes
o tendbed to-produce.°shallow A_slides,- while more‘: gentle'slopes produced deep-seated .failures; This ~
.is_ in direct contrast to what Taylor and Cripps (1987) claim. They 'found thatoverconsolidated
shale slopes.with .low angles ( 8-12°) tended to result in failures tha.t were shallow.and 'markedly
non-circzlar.» In the case of steeper slopes (approximately 30°),. instability renned.to occur as
dee‘p-se ed rotational slides' ' ‘- |

“Falls were noted only twrce in the literature (Hardy and Assocxates 1974 Thomson and
Bruce 1978) as were dry flows (Thomson and Bruce, 1978;. Mollard and James 1984) Falls
»_"and dry f lows combined, produced the remaining :15 percent of the slope failures noted in the
‘ Thomson and Bruce__ (‘1.978) study, Piping was briefly noted by Hardy and Associates (197;1),

and was directly related to seepage zones consi_sting primarily of sand and silt-sized particles.

The most cornmon material of th ,‘ v‘; il ed unit was bedrock composed pnmanly .of )
overconsolldated poorly cemented bentomttc clay shales and sandstones wrth nearly honzontal
: beddmg (Bjerrum 1967 Hayley, 1968 Thomson 1971b Hardy and Associates, 1974; Thomson
E and Morgenstem 1977, 1979 Thomson and Yacyshyn 1977; Thomson and Bruce 1978). Of
the 37 slides analyzed in the Horseshoe Canyon Formatlon by Thomson and Yacyshyn ( 1977)
50 percent occurred in the poorly mdurated shales of the Upper Cretaceous

In many cases the fanlure type was correlated wnth the material mvolved Hardy and

Assocnates (1974) found that rotauonal slumpmg and shdmg was assoc1ated with lacustrme

.clays. Similarly, Thomson and Morgenstern (1977) ,\?ound th%t largely 'rotauonal fallures were‘ o
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associated with ﬁtocene sediments, often hrgh in the valle) wall. In contrast, bedrock tended
to produce translational farlures In the air photo study (Tlromson and Bruce, 1978)
compound farlures generally occurred in the relauvely flat lvmg bedrock -while the rotauonal
; slides occurred evenly in bedrock and glacial deposrts However ol‘ those l' arlures occurring in '
"glacral deposns rotatronal slides are most common (Thomson and Bruce 1978) Of the
remamrng slides analyzed by Thomson and Yacyshiyn (1977), only a f ew were in glacial lake
. sediments. In general water -deposited sedlments freshwater or marine, are most. suscepublc o -
landslrdes (Rrb and Ta Liang, 1978). Beaty (1971) found that most slumps mvolved both-the
' bedrock and overburden, but most occurred in the latter. |
L Possible causes of the slope f arlures can be classrf ied as erther preparalory or triggering
.- factors. Thrs division is somewhat arbitrary .as no .definitive lme exists between the two.
Furthermore, while preparatory factors can be more readnly recognized, trrggermg f actors act in’
. .. the short term, often making 1dent1frcatron drffrcult Consequently the maJomy of potential’
: causes presented in the literature tend to be preparatory in nature.
of the preparatory factors noted, bedrock geology appears to have‘th‘e dominant
‘ . influence. Beaty (1971) Thomson and Morgenstern ( 1977 1979),. Thomson and Bruce (1978)
v L Mollard and James (1984) and Bolduc et al., (1987) conc]uded ‘that the marine shales |
. (Bearpaw and Lea Park Formatrons) were clearly more unstable than freshwatcr deposrts -

(Horseshoe Canyon Formatron) Beaty (1971)- found that most slope failures occurred in the -

iy i.oremost Judith River and Bearpaw Formatrons wrth more than half in the Bearpaw marme
Ky " TR \I .
E Y @%hales Marine and .brackish deposrts were considered most prone to failure, followed by
ALk 6

‘H%res}}water deposits, - and then clastic. or deltarc deposits (Thomson and Morgenstern l977

: 1979 Thomson and'%ruce 1978). This sequence is believed to be drrectly related to sedrment
size which reflects the. deposrtronal environment. Marine sedrments are .composed prrmanly of
clay-srzed partrcles and. are therefore partrcularly sensrtrve, ,espccrally those . rich in

montmorill_onite. Becawge the marine Bearpaw shales are generally more susceptible to failure



than are those of the Judith River:Formation strength analysis provides an outer (lower) limit
* of stability for'the Judith River Formation.
Bentonite whether it be a 'pure seam or an admixture, significantly affects slope

!

T'stablhty (Scott nd Brooker: 1968 Thomson and Morgenstern, 1977, 1979 Thomson and
ka

o Bruce, 1978). Its. presence is constdered to be the most 1mportant geologrcal factor affecung

shear resxstance (Scott and Brooker 1968 Thomson and Morgenstemk 1979) Not only does
bentonite retard the downward flow of water but, with the addrtron of relatively small amounts
of ‘water, there was a marked decrease in the peak angle of internal friction (Thomson and’
‘Morgenstern. '1979).’ In _general..Scott .and Brooker ,(l9_68) found that there was no apparent. o
pref crential relationship between the incidence of slides and.any particnlar stratigraphic section
However, bentonite seams were observed in the toe area of most slrdes probably actmg as the
prime control on movement. The toe of the Devon slide in the Horseshoe Canyon Formatton
was also along a bentonitic (and coal) seam which was responsrble for creatmg a perched water 3
. table (Thomson and ‘Morgenstern, 1979). - , o . - % |

| * Rebound, Or the release of s:ored straln energy,' has a Significanf‘effect on slope
stablhty The def ormatron created by thc inter-bed slip decreases the shear resrstance from peak
to resrdual leadmg to 2 weakened zone susceptrble to failure (Thomson 1971b; Thomson and .
‘ vMorgenstern. 197_7, _1979, Thoms.on and Tweedie, 1978)7 Dragenetlc effects of the Upper_
" Cretaceous bedroclr signif’ icantly affects the rate of rebound Strong bonds may hinder rebound
_ substanttally, increasing the drspartty between the raté of ezosion and the rate of Qrarn energy
release. The effect of the dragenettc bonds on slope stabthty can be seen in Western Canada
The strength of the Cretaceous shales in the eastern part vo,f “the prairies 1sv marnly from

e _ ,

compactlon, while the strength of the bedrock further west is g result of cementation (Locker,

P

| 1973). Bolduc et al., (1987) found a marked increase in the landslide activity in the western.
prame provmces and suggest that this is due iepart to the dif ferences in diagenesis. BJerrum

- (1967) classrf 1ed the Bearpaw Formation as a plastrc marine shale wrth very strong diagenetic -

' bonds. The -gradual release of this ored strain energy weakens the rnatenal,. often leadrng to

L 2
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 progressive Failures. In the South_ Saskatchewan River Dam failure-{Peterson. '195'4)‘,' graVity ‘-
" appeared tol have had a lesser role (seen ‘by 't.h-e" horizontal Failure plane) “than Clld
z post excavation lateral expansron induced by the significant release of horizontal stresscs ln
}general. if the rate of excavauon.letther fluwal or anthropogemc, is greater than the rate of .- -
- Tesidual stress 'reliel‘ , instability of the valley yvalls wtll ensue. (Scott and_B_rookcr. l9(»8l.
- Consquently, rapid post-glacial erosion ‘resulted in rebound which, in _conjunction with  the
i'nduced“ slippage 'and a ‘weakened zone, -led to very unstable conditions (Thomson and '
Morgenstern 1977 1979 Rib and Ta Liang, 1978; “Thorhson and Bruce, 1978 Mollard and.
J ames 1984 Bolcluc et al 1987) The exrstefnce of a iow level terrace (about 6 500 ycars old)v "
near the Devon slide suggests that 1mmed1ate post- glacxal erosron was very rapid, resultmg in
many large -scale landshdes This is supported by the f act that 80 percent of the f arlures in that-
vicinity are inactive and very old (Thomson and Morgenstern 1979) .

Weathering, both physicaland chetnical, is noted for its role in decreasing the shear
strength of a material (Thomson and Tweedie, 1978; Thomson and Kjariansom, 1984; Bolduc et
.al‘ 1987 Taylor and Cripps 1987). Physical 'Weathering is largely responsible for the .initial
breakdown of the agglomerates exposrng the partlcles to chemrcal weathermg The cumulalive
decrease in shear strength is further enhanced 1f the bedrdck lSshlgh in. montmortllomte (Boldue |
et al., 1987). Weathering aff_eﬁts slope strength, by mcreasmg the perme_abtltty of the slope face,
.lea‘ding to greater fnfiltration yvhich further increases, the, rate of weatherlng degradation and
- the pore water. pressures ‘within the slope mass. Weathermg is also consxdered the dominant
‘agent responsible for destroymg the cohesion of a material, even over a short pertod of ume. '
(Thom_son and Tweedte, 1978; Thomson and Morgenstern, 1929; Thomson and Kjartanson,
198_4).. 'I'homson and I‘\dor‘gensternb (1979) found that in the 8 year pertod following the Leseur
- slide, cohesion -had decreased toward zero, .and the angle of »shearing resistance along- the
" Horizontal part of the f. arlure had decreased toward the resxdu'al.' value
The effect of aspect on slope stabrlrty of the Upper Cretaceous b%rock is unccrtain‘. e

K .
Generally, aspect is not considered but in some cases it was found that the west side of river

) L B . o o .. . ) : ',",J.%
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.i;__LonSldCl’Cd slope ortentatton as possrbly srgmf tcant especrally durmg the mmal stages of slide.

4

valleys were most ‘prone to landslide development (Scott and Brooker, 1968; Beaty, 1971b-).
N _

vBcaly (1971b) found that of those shdes 1dent1f1ed 76 percent occurred on the north

northeast and- east exposures ‘He concluded that slumps must be srgmfrcantly affected by
mlcro;llmate because their occurrence would be random if the geology (Bearpaw Formatton)

undermmmg, or.-other elements were the main causative factors Scott and Brooker (1968)

\

3
vdcvclopment whtle Thomson and Bruce (1978) felt that -aspect dld not appear to have a major

role in mstabthty

Slope steepness contrtbuted 10 mstablllty in several cases (Hardy 7nd Assocr,ates 1974;

. Mollard and J ames 1984) The’ slopes along Whttemud Creek (Edmonton) of the Horseshoe

| Canyon Formatnon were generally 40°- 507, Thts angle was mamtamed durmg slope Tetreat

- (Hardy and Assocrates 1974).

‘ The resultant effect of lhlS stram was shearmg whtch creates a zone of weakness.

V/‘

C o

B {.r(mduted by fluvial erosron) whrle the actual hetght mcreased possrbly leadmg to mass failure .

.‘I

»
3

ln severa] instances, erosional processes were consrdered dominant in the denudatlon of

) extremely steep slopes (Scott and Brooker, 1968 Campbell 1974). Consequently, it was felt

o

"that these slopes retreated at a constant rate rather than the perlodtc rate of mass movement.

Other preparatory factors af f ectmg slope stabthty mclude the the effects of ice shove -

«\.)
2

(Thomson and Morgenstern 1979) old landslide aCthlty (Thomson .anf%g;weedre 1938'

Thorpson and Morgenstern 1979) and surface drainage (Thomson and Morgenstern 1979)

The upper portton of the Devon slrde exhlbtted distortions that were likely due to ice shove.

1\!
X »

Prevrous landsltde,,,actlvrty srgmftcantly affects the current stabrhty of a slope.

. Pre exrstmg planes of weakness created by earher dtsplacement will strll act as weakened ongs

P ,,"ﬁ
wrthm the mass. In the Edgerton landshde resrdual angles of shearing resrstance were mobtltzed
/ g, VIR
along the pre¢ shﬁéred surface of an old shde (Thomson and Tweedte 1978). Old landslides tend

to be margtnagy stable and surprtsmgly little stress rehef is needed to re- acttvate movement
yTa b’ . .
(Thogtsoh and Morgenstem 1979)

P \
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. Terraces and pre-glacial channels. act‘ as. significant stfabilizing agents, Terraces

_ t
""especrally low level terraces enhance stabthty by provrdmg a natural.toe load (Boldut‘ el al

: _«1987) The Red Deer Rtver generally has 2 lower mcrdencé of slope £ atlure in compansOn wnth

other nvers in the area. (tnbutanes of the Red Deer the South Saskatchewan and St arv

_nvers) (Scott and Brooker 1968 Bolduc J"t al., 1987) Thrs rs due primarily to the q_cvclopmem

R

of terrages Wthh decrease the shear stresses' tha{ would exist in-an unbenched slopc ol thc same

' ) hetght They are also mdtcatwe of fluctuatmg rates of incision. Resrdual stresses iry thc valley -

would therefore hkely be reheved at a rate more compauble wrth erosion, decreasmg resndual

<
v ’ <.

stress concentratrons that contnbute t0 failures in other Tiver valleys Conversely destrucuon

. of these'terraces-‘ enhances »mstablllty.. as was the.case in the Leseur sllde (Thomson, I971b;
P ... .<, . 4 : : I

'Thon'rson and Morgenstern 1979) % T S

T
. ‘\. :

Pre glacxal burled channels are often floored wtth clean free- drammg sands and

e

S @ :

£

i
i

y -
&

, gravels Consequently, they have a stabrllzmg effect on landshdes by lowermg the water table

‘ ',(Thomson and Morgenstern 1977 1979 Thomson and Bruce 19787 Bolduc el al., 1987). _ln

‘()

general ‘a high ground water level tends to mcrease the landshde activity.

X . N . . > ’ .
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- Triggering factors are mo're difficult to identify but'ﬂuvial"erosion is clearly the prime

' cause of slope fatlure (Thomson ;97; Hardy and "Associates, 1974 Thomson and Yacyshyn

"1977; Thomson and Morgenstern 1977; Thomson and Bruce 1978 Bolduc et al., ]987)

¥
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_Erosron of -the toe *of slopes was the dommant cauSe of landshdes decp scated in bedrock. -

, accordmg to Thomson and Bruce (1978) Thomson and Morgenstern (1977) found that more

¢ r

'than 90 percent of 'the landslides occur 0n meander bends along the outsrde bank Just

1('

“downstream of max’rmum curvature Of those slides studied by Thomson and Yacyshyn (]977) T

' 25 percent were found to be due to lateral erosion of the North Saskatchcwan vacr In gcncral
rivers with greater smuosrty wnll have a greater 1nc1dence ol’ slope f arlure ' ) .
In many cases fluctuatmg ground water levels and assocrated porc watcr pressurcs

" _have been deemed responsrble for trlggermg fatlures (Beaty 1971 Thomson and Morgcnsttrn
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1979; Thomson and Kj‘artanson l984' 'Bolduc et al., 1987). The high water table coincident
with the spring melt often leads to a high incrdence of slope failure. Thomson and Tweedre
(1978) concluded that the Edgerton farlure probably occurred due to the gradual loss of sorl

strength mamfested by a drsappearance of cohesron and was, trtggered by a sprrng time rise in

. ‘pore pressure. The delayed failure along the Whttemud freeway in Edmonton was largely a

. tesult of ‘the equalrzation of the post excavation excess negauve pore pressures causmg

mstabllrty with time (Thomson and KJartanson 1984); Mollard and James (1984) found that
as slopes in-the Bearpaw shales along the South Saskatchewan River became saturated by
" torrential rains, mud or debris flows often resulted These appeared to be. especrally prevalent in
_areas with prolonged dry spells f ollowed by sudden intense precipitaion. Semi- arrd regions are
particularly sensitive especially if slopes are comprised mostly of fine grained materials
However, the low permeabrlrty of the bedrock and the relatrvely low amounts of precrprtatron
in the badlands, lead to reduced amounts of ground water flow which acts to stabrlrze the slopes

in the area. - ‘ ‘ ’ : \

Pipes and pipe-induced slope COllapses are')preValent in the badlands. It is possible that |
contemporary large scale piping also accompanred the rapid cuttmg phase of the immediate
post- glacral perxod Pterson (1983) suggests that a causal link may exist between some sorl pipes
.and slope failures. When a pipe is closed or blocked the water that may partially frll .the pipe
~ can generate pore pressures in proporti‘on to the hydrostatic head achieved. These pore pressure
increases may be suf ficient to trigger s1ides on otherwise stable slop.esv. , | | .A

In summary.'failures are common in.the UppegCretaceous bedrock and 't’en'd t'o be
deep-seated and primarily translational. The rn‘ost,lcom‘mon preparatory factor cited is the
bedrock type with 'marine sedim_ents being most - sensitive. The triggering mechanism most
frequently attributed to inducing mass 'm,overnent’s is. fluvial erosion. Although these *causatiye

factors have been segregated for ease of~_presentation, mos‘t are n&eSsarily linked as they carry _
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a vslope f?ofn its-initial”re’létively stable state 1o one 'Qf invstabvil;‘it‘)-,'.v and possibly Tailure. Such is
_the case’ of the Leseur slide in which, ab low-level“t’érrac'e irii"iia'llyv *p_rdtect.edv the slope by
‘minimizing she:«ir stresses. Oncé Lﬁis‘toe load was removed by the lat_,erai migraiion of thc river,

shear stresses iqcteased. The unloading led to a decrease in the confining pressurc-at the toe.

~ This resulted in swelling, an incréase‘in the moisture ;:omem and the subsequent dcc_‘rcazsc in

W

“or from the rising levels in the 1oe area (Thomson. 1971b). The intercqnn’ection of the factots

\d . ':s%avr strength. The actual triggering mechanism could have either been a fluctuating water 133‘

of this se_que“' led to the initial failure (1969) and have continued to act, further decreasing

the margin of stability. pressure at the toe. This resulted in swelling, an increasc in the moisture -

content and the subsequent decrease in shear strength. The actual triggering mechanism could

‘have either been a fluctuating water table or from the rising levels in the toc area (Thomson,

1971b). The inteféonnection of the f actors of this sequence led to the initial failure (1969) and

~
’

hav¢‘ continued to act, further decreasing the margin of stability.

e

é{
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3.1 Recognition and Identification of m?iss-mOvements

B

Recognmon and 1dentrfrcatron of mass movements :ﬁ;‘the Dlnosaur Park area was -

accomphshed by the use of aertal photographs topographrc rri’taps (supplemented by geologrcal

and pedologtcal maps), and fi 1e’f’d reconnarssance Mass movements were recorded and classifi ied

4Oy &

elther 100" ancrent or 100 small to have mamtamed a drstmct failure form, making definitive
identrf rcatron 1mp0551ble Smaller-scale failures are often drffrcult to dtscern even relatively

soon after therr occurrence because the weak bedrock is readtly weathered and eroded durmg

the mfrequent but: effective storms. It has been suggested that landshdes occurrmg in artd.

regions are usually drsttnct and, easily recogmzed because of the lack of vegetatron cover and
slower weathermg rate (Rlb and Ta Liang, 1978) This, however, may be negated by the

presence of weak bedrock and the rapid drsappearance of the feature by erosron

&

smallest - scale phenomena and only the largcr of th&e were recorded “An approxrmate _

mrmmum size was set for dry flows. The failures that warranted recording could be surftcral

minor movements should not be ignored, however, as they are extremely frequent and

signif icantly affect ‘slope retreat in the area.

3.1.1 »Nomenclature

‘The notation used to label these failures was based on the type of movement (Table

3. 1). Each mass movement was given an upper case letter denotrng the failure type, f #10%

by a lower casc letter defmmg the type of movement A numencal value - termmat

sequence 1ndrcatmg the sequenttal number of that partrcular farlure type One farlure however

' does not conform exactly to this nomenclature_, In this case Sr? is a reacttva,ted_rotatronal slide.

’ S '. . 46 -

) accordmg to Varnes Q1978) crrterta Exceptrons include those indeterminate farlures that were

Many mmor surfrctal movements are excluded. Creep, ptptng. and dry flows are - the :

- (less than 1.5 m in depth), but should involve a minimum area of 30 m?. The role of the more
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Table 3.1 - Derivation -of the notation used for the nine case failures.

et
Failure type : - Failure charac. Notation
slide T compound ©Sel
slide © comp¥ghd v ‘ Sc2.
slide -~~~ .' compound - ‘ Sc3
- slide P -~ compound - 4
slide . reactivated rotational /81 -
slide ' translational . T su
complex slide/flow _ S/F1
“Yomplex : - * slide/flow . S/F2
complex - piping/flow ' . P/F1 .

e
ry L4

&

Complex f axlures are sxmxlarly labeled In these cases, howev@ro ﬁ.ppcr case letters aré used
W1th the precedmg one representmg the dommaﬂl one of the two. For example, a f axlurc with a
dommant slide and a flow as a secondary compqnent .would be labeled as - S/F1. All the flow

.components of these complex failures were wet during movement (as seen by their lobate

~ form).

3.12 Aeriai photoigraph'ic interpreta@ .

' ‘, Aerial phbtographs are":'a val_uable toal for the identification of mass movements and
the extraction of  pertinent information of the failure and slt.mounding a'r_ea. They were used
primarily for preliminary reconnaissance, historical.analysis a‘r‘.ld f or obtaining deiails such as .
monsture condmons (as mdxcated by the vegetatlon pattern) The use of air photo
mterpretauon in terrain and slope analysis is a wndely acccpted techmque It provxdcs a portablc
._three dlmensmnal overview of the landscape from which mterrelauons betwcen slope, dramagc
' vegetatnon and human activity can be v1ewed and evaluatcd Furthcrmorc hxstoncal ,
developrjnent can often be traced, showmg condmon_s prior to, during, and aftcr failure.
‘St’nal-‘l-scale '%hotographs provide a regional overview, while larger-scale photographs allow for -
a more detailed study:. s

The principles of aerial phbtographic inte’rpretatiovn ﬁavé been deséfibcd in great dbcta’il

’(Rib_‘ and Ta I;iang,.,1978; Mollard and Jameé, 1984). These principlés basically f@‘llow thes
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'prem'ise that .landforms developed” by the same geomqrphic processes, and in the same

~ envrronmental settmg, will have distinct patterns in aerial photographs These patterns are

: ( compnsed of several major elements that can be evaluated and aid in mterpretauon they

mclude topographrc expressxon drainage, erosion, surface tones and textures, vegetanon and

land .use. Accordipgly. failures can be located and- delmeated by their unconforming

1opography Mox fe (;pndmons&n be aSSessed “d% surface tones and denser vegetauon_
A8% of slope faﬂures can also, % determmed to |

e, 3 v
some ex@lt by the tone and extent of vegexgtr Of'cOVET ‘as'r,_él‘ ¥ y recent farlu tend to have

<, }" 1(’ s'c“" ' "”v

. -

a hghter tone (dependmg on bedrock type and morsture CO ar A where vegetation has not yet

become estabhshed

- In locatmg the mass movemcn'ts parucular attentlon was pard to areas consrdered most

L M ,

susceptrble to farlure Typxcal vulnerable locatlons include areas of steep slopes along fluvial

..channels, areas of drarnage concentratron,‘ and sgepage zones. Several features are consrdered ’

PREREY . L 4
" indicative of existing failures: - . ‘ L § .

)

1. irregular topographxc outline; the presence of a graben (translational slides),
or backward tilted blocks. (rotauonal slides)
‘hillside scarps

. broken or 1rregular tracks (or roadways)
ponding of water in depressions on a slope
disturbed vegetation cover. .

Other features can be indicative of potential farlures
ponded depressions -
seepage areas '

- diverted drainageways
tension cracks.

VA wn

BW N

Infrared photography provrdes supplemental mformatton for evaluatmg exrstmg’

landslides and landslide- suscepuble terram It is most useful in delmeatmg the presence of |

water and precrsely locatmg seepage zones at or near the surface “This is clearly shown by the

4

- vigor of the vegetatmn cover. Consequently, tracing the surface and' nedr surface drainage

channels may.be possible.

‘For the preliminary reconnaissa'nce, 1983, 1:10,000 scale Panchromatic black and white

pho'togra_phs_ were used. Several possible failures were _identified. 'an,d ‘were later verified'invthe .

o
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- field. The near- mfrared photographs used were taken in 1980, and also hgg al:l0 000 scale
Tracmg the hrstoncal development -of failures (and other detarls such as channel
migratxon) was‘ },m_a‘de possible by a sequence of aerial photographs dating back to 19{9. A
comp]et?? list of the aerial photographic coverage hior ﬁinOSaur Park .ancl’area is g'\‘;cn in

Appendix A, -

3.1.3 Topographic map'interpretation ‘ @ )
6\
The 1dent1f ication of mass movements on topographnc maps is resmcted by the map

., < scale and contour mterval If the scale is suffrcrently large, and the contour interval small

& several features may indicate slope failures; ‘(1) distinct topographlc expression with closely
.spacedv contours at the head of a failure (steeply sloped scarp), irregular and d‘isjointed'

contours in the failure mass, and possibly flow characteristics at its base and (2) wavy cvont‘our
hnes uneven or broken local tragks, roads and other artificial lineaments such as transmxssnon t

hnes (Rxb and Ta Lrang, 1978) . » |

Photogramm{gmcally produced 1:10,000 scale taopographic maps ;were used in -

' conjunction with the aenal photographs and field reconnalssance These maps had a contour

interval of 4 m (badlands) and 2 m (prairie surface), and be_cause ‘of the large scale, were

useful' in locating .and 'mapping the various mass failures,. Slope orientation, length and

inclination were measured using these maps.”

3.1.4 Field reconnaissance
* Because the slope 'fa,ilures are'generally _small and_,- given the extremely irreéular
topography, field reconnaissance‘was essential and the most'accurate of the: three itientif ication‘
methods. Furthermore, detalled field mterpretatron was necessary for classn' ymg the fanlun
type and for obtammg specrf ic slope detarls
Faxlures that have already taken place are generally readxly recognized. Inciprent

failures are often prewded by the development of ten,sxon cracks, _portraymg mstabxhty,, 28
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. cracks can indicate the nature of the movement. Cracks above the failure surface, near its head

are normal to the direction of movement, whilé peripheral cracks are nearly paralle] to it. Thesé. B

en eche_lon"craclgstgften delineate the failure boundary.-Pe'ripheral cracks tend to form'along the

Iy

lateral limits of the f ailure because of the diff erential sh‘earb‘etWeen' the moving™mass and the

adJacent intact matenal The toe of the farlure may be perforated wrth short tensron cracks'

parallel to the direction of movement and some crescent shaped ones with the pornts onented

" uphrll If the surf ace of rupture extends beyond the toe of the slope drstortrons such as bulges :

Yo, $

‘cracks or rrpples may occur well beyond the slide toe (Sowers and Royster, 1978)

In addition to movement direction the cravk form can indicate the type of movement.

Concentric crack patterns rndrcate a rotational slide. Cracks that are 'essentrallylparallel to the

slope indicate a ,translational slide ¥

with little vertical displacement (except where a graben is,f prmed). In addition to the prevalent

- graben structure the lateral movement of translational slides is also characterized-by the absence

of a toe bulge, indicating that the prinCipal surf. ace of rupture is one of sow curvature. In some

- - cases graben structures occur in rotational farlures indicating lateral movement but along a,

zone of rggture havmg a large radius of curvature (Scott and Brooker 1968). Rotatronal slrdes

‘ however, are more commonly characterized by bac_k_ward tilted blocks that at times trap ‘water

K : LA

e
!
H

Although “the propagatrng mechamsms of falls an&,: topples are drfferent after

movement ‘their appearances are similar. Both show accumulatron of debrts at the slope base

. that 1s derived netther from weathermg of . the underlymg matenal nor from erosronal .

processes The size of the debris is determmed by the competency of the parent materral the

mode of transportation, the drstance from the source area,,and the trme elapsed since f arlure

The accumulation of thrs debns is dependent on the balance between the rate of accumulatwn

} and the rate of removal In the Dmosaur Park area the generally weak, ftne gramed bedrock is
readily removed precludmg 1ts accumulatron Consequently, and especrally wrth smaller

B farlures.} there tends to be neglrgrble accumulation of debris at the base of a slope, at trmes’

)

‘v

...‘{j’

T\
&

nslational ;hdes show dominant horizontal movement
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r_naking def initive identif ication impossible. )

! Dry flows are recognized as erther channelrzed f lowst or broad draprngs of fine, | ‘unif orrn' '
sedtments These flows except for sg__rrle\channehzed runs, lack a well defmed foot Convcrstlv

wet ﬂows are most readily identif red by the drsuncuve lobate. form of their f ool. Flows

"‘ 1l

generally have an even gradient and a relatrvelv umf orm mass generall'y lackmg discrete units or

- blocks Viscous movements will not have a defined shp surf ace. Cracks tend to be absent unless

the mat.enal has dried and shnnkage occurs. Drstmct scarps are generally non existent wrth dry |

fl_ows, but of ten occur wrth wet flows,

" In order-to locate and jdentify these and other failure types. the perimeter of the

badlands, and some interior? sections were explored by foot. Because of the steep slapes .
S . , : ) .

particular attention was paid to the prairie perimeter along coulees, and to the side siopes of

residual uplands. This reconnaissance took a month to accomplish, and covered-'land that lies = .

[

wrthrn Dinosaur Provmcral Park Irwin and Owen property (west of the Park) and Eastern

Irrigation Drstrrct (EID) land (south of the Park) Mass movements identified through

’

photographic rnterpretatron were confirmed, and other f arlures not evrdent on the photographs
or that had formed since 1983, were located and 1denufred Fmally, the f ramcwork for thosc

f allures to be studied in greater detail was estabhshed

. _ | L

» 315 Field research . o ;

< " M‘
‘ ’;‘WM

¥

K
Each farlure was surveyed usmg a theodolite and stadia reductron tcchmqucs

“"Numerous profrles the number dependent on the size and complexrty (drstortron) of the f arled
rnass ‘were taken frqm héad to toe roughly parallel to the drrectron of movement Wherc the
drrectroﬂ/ of mo%ment drd not comcrde wrth the steepest slope, addmonal profiles were made

Where pbssrble a prof ile was run through an adJacent undrsturbed slope to provide a posslblc..

1ndrcat10n of the original slope geometry Thls in conJunctron )th aerral photographs and map e

’ vrnformatron, helped establish pre-farlure slope conditions..



52

, Mapplng of intermediate points def’ i_ned major features such as scarps, bulges, irregular

topography.'b prominent_ cracks, piping channels, ponding, and seepage areas. These details

provided the necessary information for the construction of contour maps for each of the nine

mass.movements.

The volume of material moved by each of the nine failurés was determined. The
post -failure areal parameters were obta_ined through the surveys, and .the depth of failure was
indicated by the. §e-failure form (Afrom adjacent slope surveys or topographic map

inf ormauon) Volumetrrc measures were. then applted to a magmtude scale assrgned to the

identified mass movements In this way it was possrble to determme the amount of material
5

- moved by the various farlures providing an approximation of the total amount moved by all

currcntly observable mass movements in the badlands.
C ) :
One of the failures (Sr’) -was found to be Lurrently active - the reactivation of an

former slide. This movement was momtored by a survey of 14 ftxed pomts from a control point
set on a slope opposite the failure and was momtored on a regular basis. Whin movement was
first detected (June 11, 1986) the theodoltte was not avarlable SO measurement began only or
July 1, 1986._ The- location of the_por_nts was mbmt‘ored every two days, and after every.
significany, rainfall, until August 21_;}.‘98?61, with subse_quent measttr_ements taken&on- October 11

986. A final survey was made on AuguSt 2, 1987. The successive positions of the '
. . . . .. - o .//'

monitored points were plotted, depicting the cumulative horizontal and vertical movement. A

vector map was then constructed with the ongmal position of each station’ asa reference pomt

.and the subsequent vectoral movements. In addition.to regular momtonng, the location and

”s

» extent of the developmg scarp and predommant tensron cracks were staked and recorded An

"adjacent slope o the west) was staked thh six points and also momtored but as no

Qn
movement was apparent thrs program ended on August 7, 1986

Four tape extensom;ters were located at regular intervals along the back scarp. The

S dtstance between each" patred member provxded a measure of the increase in dlsplacement

4

XY

between the shde mass;* and thg stable ground above Also, at each extensometer locatton the ‘

Pl i S B H
. : R
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depth of the scarp was measured. Distance and depth measurements. were taken approxtmatcl\

every week and after maJor storms

Only the J udith River Forrnatiol;; outcrops within the \s_t'udy area (Koster and Currie,
1987)(Figure 1.2). The alternatiné sand'stones and shales of the Judith River: Formation are
 generally topped with till with the occasional glacio-lacustririe deposits. Till depth might be
) indicative of prelglacial valleys vvhich have,,not yet been: fully defined. The depth ol each
lithological unit was rneasured and plotted against.the slope profile vpro'duc'i'ng a cro'ss-section
‘Where possrble dtstmct umts (such as iron-indurated sandstone bands) were mapped on both’
Zthe undisturbed slope and on the f atled mass
| In addrtron to. the geologtcal sequence, structural details '-were noted .' Fissure and -
jointing patterns, 'bedrock inclination, and the mass structure vwere recorded. Trenches were
excavated at each of .th‘e nlne bmass‘mover‘nents generally along either the perinteter of the f ailed
- mass, or at, its toe.. The sides of these test pitst were sam_pled. logged and photdgraphcd.
' 'providing a synopsis of the failure debris- An attempt was made 0 def ine the c0ntact bctvvccn
the dlsplaced mass and the original surface The trenches revealed the state of the disturbed
material - %ether the. orxgmal structure ‘was preserved or 1l” it was parually or wholly
remoulded Also a trench on the west flank of the actlve shde sr revealed evidence of a
_pOSS1ble faxlure plane Consequently, four vertical nail shaf-ts- were staked along three walls ]

(north, east, and south) of the test pit. It was hoped that any dlstoruon of these lines would.
confrrm the locauon of the f ailure plane and indicate the”rate and dlrecuon of movement. |
The surface characteristics of the failure and the-surroundmg area were mappcd ivn o

greater detail than that afforded by the aenal photographs\ Tensron cracks, above the scarp and
~within the falled n:ss bulges, piping channels the : éeg\etatxon type and pattcrn, and
hydrological de_t‘axls were recorded for each ‘mass movement. Evidenceagf | surface. l‘low.
(sheetwash, Tills gullies),'seeps, springs,_ undrained depressi_ons, and permeable strata were all
" noted. The location of seepage zones is of prime i'mportance.;Seeps uphlll from thc failure serve

&
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as a source of surface\water that can infiltrate into, the failed mass contributing to instability.
\

Lonversely, if a seep is /Tbcated within the fallure zone, or downhrll from it, t‘opposrte is

usually true. In thrs case mternal pressures are allevrated as water is allowed to escape. ‘Sowers

and Roystér (1978) consider th?total effect of springs and seeps as beneftcral rather than

detrimental.

- An attempt was made to date each of the nine mass movements. This was approached
both qualitatively and quantitdtivély, the former by general morphological observations, and

the latter by 14C dating of buried material, aerial photog_ra_phic inter'pr'etatlon;'and information”

" from local residents.

The morphology of a farled slope reveals its" relatrve age, whether it is a newly

t 4

* developed (contemporary) or an ancient failure (rehc) The current state of the farlure

whether it be active, dormant ~or stabrlrzed can also often be recogmzed through its

morphology. These observations are based on the premrse that over time denundation reduces :

. the ‘once angular form into one with more of a rounded, undulating form. The extent and

-maturity of the vegetation cover is'also indicative of age, as is the depth of Weathering and soil

development. A recent slope failure would be notably more defined vVith distinctive'"}:omponents
- (scarp, to'e etc. ) and would have no ‘post-failure 'soil developmenQ)n ruptured surfaces and

,‘ .
negligible vegetauve -growth ‘Depending prrmarrly on the chrnate and the geological condmor\

: the fate ol‘ change of these characterlstrcs will vary srgnrfrcantly Nevertheless m similar -

‘ - - )

3 -

. settings these changes can be compared, providing a relative date for f ailures.

- Organic material was‘brecovered from the failure mass as it was‘eXposed through ,

“excavation -of . the ta plts Bone wood twigs, and orgamc -rich sorls were collected for.

radlocarbon datmg (14C) For a number of the wood and all of the bone and sorl samples the
wetght oroved to be insuffi 1c1e‘nt a.nd only two wood samples and one of vtwrgs were sent for
dating 10 the Envrronmental Isotopes Sectron of- the Alberta Envrronmental Centre in-

Vegrevnllc Alberta
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Y

In addition to this attempt to absolutely date the mass movemerf's htstortcal,'gcrtal
. Lo

photographs were also used. Photographs with varyrng coVeragc;; d scales (f rom 1760, w

provrded an approxrmate date of occurrence for several f arlures, and mterpretauon madt ){
possrble to trate the morphologrcal changes of the failire gplﬁ(aces and surroundlng agea.
Supplemental information dating several of the slides was also»q.mamed'through d‘thUbblon\

with local residents.

3.1.6 Laboratory analysis . : . )
) Sediment samples were taken lrom the failed ,‘_rlnass of ecach 'ol" the ninecxamples. The

source of this material was generally from the perimeter of the test pits, which rc.vealed either x

discrete umts or Jumbled debris, with a consrderable Tange exrstmg between the two. If more .

than one unit was evrdent a sample was taken.from each Using the Casagrande apparatus these -

samples were then tested for their quurd and plastlc hmtts Standard Atterberg proccdures were,

Sedrments were oven dried prror to testing ‘and thc plasticity index was subsequcntly

determrned. o

Because test results have been found to vary considerably according to the preparation, s

method used an additional test was performed.Ten samples' from a number of re‘prcscntativ}{.
d

materrals were both even drled and air drred before Atterberg testmg The resultant plastic an

- liquid lrmrts and the plasticity index were then compared to determine the correctlon f actor

necessary for correlatmg oyemand ai dried data..

‘Direct derrvatron of strength parameters and stabrlrty analysrs is beyond the stop!' of

;:‘-: 2”'\. , i.,
this thesis and 1s unneeessanly specrflc Because: of the large areal coverage and the more

-

general approach detatled geotechnical. analysrs is not warranted Consequently strcngth data

7 -

,'_from analogousbedrock formations (parttcularrly the Bearpaw Fm.) are used to ,mdlcate thc

possible strength conditions prevailing in the Judith River Formation. As previously mentioned

?

A
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with these limitations in mind strength par‘q :

' datmg several of the slides was also obtained through drscussrons wrth local resr%ents &»

| e, s
(Chapter 2), the marine Bearpaw For'mationis ‘considered 1o have a higher sensitivity to failure
than 'does. the deltaic J udith River Forrnation.i There'l'ore,' in evaluating thet"strength of the
Judith Rlver bedrock based on th'e parameters of the Bear'paw' Formation" a lower strength

ltmn will be obtained. As with all strength analyses it is imperatjve to consrder the validity of

laboratory test results when comparing them Fhe Actual field conditions. Nevertheless, and

»

prare a useful indication of the margin of

stabrhty of a glven slope farlure surfaces and surroundmg area. Supplemental mformatron
A

3.1.7 Laboratory analysis i

Sediment samﬁes were ta from the failed mass of each of the nine examples. The

source of thrs materral was generally from the perrmeter of the test pits, whrch revealed erther

‘discrete unitsor Jumbled debrrs wrth a consrderable range existing between th%two. Il‘ more
- than one unit ‘was evident, a sample was taken frorn each. Using the Casagrande apparatus
“these samples were lhen tested for their quurd and plastrc ltmrts Sedrments were oven dried

" prior to testing and the plastrcrty.,mdex was sulﬁequentlydetermrned.

‘Because test results,have been found to vary considerably according to the preparation

“method used, an additional test was perf ormed. Ten samples from a number of representative

, matcrials were both oven dried and air dried before Atterberg testing. The resultant plastic and

liquid limits, and the plasticity index were then compared to determine the correction factor

'necessary for- correlatmg oven and arr drted data

Drrect derivation of strength parameters and stabtlrty analysrs is beyond the scope of

this: thesrs and is unnecessarrly specific. Because of the large areal coverage and the mare
]

‘ _general approach detailed geotechmcal analysis is not warranted Consequently. strength ddta

from analogous bedrock*formauons (partrculartly the BearpaW'Fm ) is. used to-rndrcate the
possrble strength condmons prevatlmg in the J udrth Rrver Formatron As prevrously mentroned

(Chapter 2), the marine Bearpaw Formatron is con51dered to have a hrgher sensrttvrty to f arlure»



*

than does the deltarc Judrth Rrver Formatron Therefore in evaluatmg the strength of the
J udrth River bedrock based on the parameters of the Bearpaw Formatton a lower strcngth ‘
limit will be obtained. As with- all strength analyses it is rmperatwe 10 consrder the vahdm of -

laboratory 1est results when.,comparmg them to the actual field condmons Nevcrthclcss and ‘

-,
with these limitations in mind, strength parameters are a useful mdrcauon of the mart.m of

-

. sta,bi]ity"of a given 'slope. >
- } .
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4. Results and analysis .

'4.1"lype and location-of identified masslmoveme‘nts - o ..
4.1.1 General
A loga'uon map was constructed showmg the type of failure and its relative size (Figure
4.1 -in pocket at back). ’I‘he centre of each symbol represents the approximate centre of each
- -failure mass. In this manner-each failure can be specifically. located. This is true for all failures
mapped mcludmg the mne case failures (thures 4, 26 4.28). |
ﬂ'ﬂw hl‘ldl‘ed and srxty -three mass: movements were 1dentif1ed Many more were not

wdf.vh‘: RS o

’ ircfordedpas gley were either 'smaller than the set minrmum srze or were- not clearly mass

| movements The majority of failures (54 percent) were flows. Of 2hese most were dry and_.
'small margmally wrthm the srze restrictron Shdes (translational rotational and compound) -
f ormed the next largest group (34 percent). Falls and topples c@med contrrbuted 9»percent
of the failures, and complex failures (particularly slide/flow combinations) ‘contributed 3
percent. The slides and the complex failures were the largest inmagnitude, while dry flows,
falls and topples were generally the smallest, often of the minimim size. The ,relative sizes of

~ the failures were based on the largest and the smallest identified Tbe largest mass moveme‘niz’i
,(137 900 rr; ) was a translatronal slrde along the ‘west wall of Irrshman 5 Coulee Just south of

B S/F2(F¥giu'e 4 Q,, The smallest f ailures (c 25 m’) are represented by numerous dry flows, falls

and topple 2Th

The"‘type of mass movement can be correlated wrth a number of factors mcludmg 1ts
location as‘pect slope geometry. and the lrthology of : the failed unit. To aid in the_
_mterpretatron of these relationships, histograms were - drawn for each The different failure
'types were cla551f1ed mto four main categoneS° l)shdes 2)flows, 3)topples and falls and

‘ '.4)complex fmlures Sltdes mclude all slide failures whether they be translauonal rotational or

| compound‘.’ Flows mclude both wet and dry flows. Falls_and -topples have been grouped together, :

~
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- Figure 4.2 Irishman’'s 'Cgaulee -‘looking nqxthwest.; '/}erial view of largest failure (137,900 m?) -
T -in»‘siudy area; a ira‘nslational slide (from botiom left of ph'oiograph to 14) K lf \‘

~
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becauge of their inherent similarities and because in their final form, it is often difficult to
distinguish between the two. Complex failures includé all those with two or more distinct
" components,  particularly slide/flow contbinatlons. The one recorded piping/flow is also

Ay

" included in this category. _ o :

412Locat|onanalysrs L e

E )

The location of each failure is ShOWﬂ in Frgure 4 3 T~he rnass moVements occurred m

-

the badlands “proper along the prairie pertmeter or on resmual uplandsn Resrdual uplands are

1'\.

isolated prairie remnants now : surrounded by badland topggrazphy %Fall‘urés mc&urrmg m the

[

badlands proper take place on surl" aces that are consqd'erably lower khau ‘fheﬁpongmal pramef
. Lo s "l A & T
. S C . } . o " LR 4 . ? rr )
_ surface. - o s LS e e R ol
. o ! ' T ag Q -pn L e (‘Q 4
: R )

.Ninety-one percent of all the slope f arlures occurred along the prarrre penmeter Of
_ these, mnety percent were located along coulees and in- partrcular lnshman s Coulee (22 .
percent). In general the mass movements were fewer but lar&r nearer the Junctron of the"

i

fee and the badlands proper As drstance along the coulee and away from the badlands

it

r. I3

“creased the failures became ‘more frequent but of a smaller sca f ThlS suggests that as, the )
coulees extend prairieward, ‘more recent small scale f arlures take place Meanwhlle those at the
terminus of the coulee have Irkely expanded retrogressrvely smce thetr rmtratron and are o
' theref ore larger and more stable. Many small farlures were located along the entlre length of.
| Sonof abrtch Coulee a na,rrow steep srded coulee near the eastern boundary of- the study area..
1' There was also a marked trend for f arlures 1o occur along srde valleys thus propagatmg valley' -

o

extensron. I T

413Aspectanalysrs' ' ' o ‘ : | ":A'.y“_ e
The aspect ‘of each farlure type is shown in Frgure 4 4 wlnch summanzes the drfferent

slope orientations accordmg fo elght-compass,pomts. Aspect refers to the ‘du'ectronrthat the

slope is facing.“and not the actual location of that slope. The southeast direction had a slightly
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occurred on. south -facing slopes. Thxs is the only failure type that conforms with the generally
accepted aspect concepts. Flows (falls and topples), occur on slopes w1th all aspects, but .
dominantly so on those with a southerly- orientation. Field observations show some éspéct
related differences in slope- mor’phology. North-facing slopes tend to be longer, of a lower
gradlent and more uniform tha® their south- facmg counterparts (Fxgure 4 6). There is also a
more extensive. vegetation cover on the northerly orientated slopes due to the greater rctenuon
of water and the gentler slopes present. Several locations in which thesc contrasts are
particularly evident have been identified in Figure 4.1.
4.1.4 Geometric analysis

Slope geometry is of pnme functxonal Jmportance in terms of slope stabnlnty Slope

length and mclmatxon the. predormnant geometncal components, have been measured (from
the 1%10, 000 topographlc maps) for each of the 263 recor_ded failures. Once the slope lengths
had been calculated 10 classes were estabhshed _

‘Tess than 20 m : A ' . ‘

20-39m

40 -59m

60 - 79 m

80-99m
100 -119m
120 - 139'm

140 - 159 m-

160 - 179 m .
. greater than 179 m

r—-\oooqc\ui-hwpt—-

=1

/
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Aspect of con_iplcx failures

o Figure 4.5 Rose diagrams showingaspect-of'diffexent failure typés i
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—é:\'.-'-' v

Figure 4.6 View along.Waterf all Coulee (near Sc4) - looking west. The north-facing slopes (in
shadow) are clearly better vegetated and have a more uniform, longer and less steep profile

than do their south-f acing counterparts -
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A similar classrf ication system with 8 classes was established for the slope mchnatron
less than.20°

20 - 29

30- 39

40 - 49°

50 - 59

.. 60 -69

70 -*79°

greater than 79°

00 <1 O\ WA I W3 B

1

-

Figure 4.7 shows the individual hi‘s‘togr-ams of the lengths and inclinations of the four.failure
types, 'whilgc Figures 4.8 and 4.9 depict the geometric attributes for,‘-all of the fa.ilure: types
combtned | | | ‘

The total distribution of slope length and inclination is unimodal and skewed shghtly to '
the left. ln terms of slope-length it is clear from the histogram (Frgure 4, 8) and Table 4.1, that

most [ atlures occur on slopes wrth a length between 80 and 99 m.

Table'4.l E Slope length and inclination of the diff erent“failure types.

Failure ~ = " 'Length L L Inclination

type - - .mean(m) modal median(m) %mean(’) -~ modal - median(’)
B - class(m) R class("). '

slides 9] 80-99 83 R .40-49 Y

flows - - - 77 40-59 68 ‘ 47 40-49 -46

fallsand oo o . o ' @

" topples 7 - 20-39 — 30 ’ 44 _40-49 34

complex ‘ ' ‘ ' ., | .

failures 107~ 40-59 80 4 30-39 40

A distinct pattern of 'slope lengthslf or the dif ferent failure types becomes apparent. The m'ean

slope length for flows.(77 m) is virtually equal to that of topples and falls (76 rn) - while slides -

‘and complex fatlures had srgnrfrcantly htgher mean values (91 m and 107 m respectively). The »
range in length values is comparable for all farlure types although it 1s mterestrng to note that
despite the small sample size, topples and falls have the largest range The mean slope angle on
whrch slope fi atlures occurred was 45° (Frgure 4 9) wrth only a slight varratron f rom this mean
of the four failure tvpes flows [have the most standard drstnbuuon of slope lengths In
contrast however, ﬂows occurred on a large range of slope mchnatlons (11 88) Because of

Ld

the large sample srzc l.hlS group mfluences consrderably the drstnbunon deptcted in Frgures 4 8
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frequency

. slope lcniz(‘h

mean - 91m
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Flgure 4 7 Slope length and mclmauon of d1ffercn1 failure typcs
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4.1.5 Lrthologrcal analysrs .

The general lrthology of each f arlure is shown in Frgure 4.10. Because till is gtnerall\

present, f arlures most commonly involve both trll and bedrock ln some cases howcver cither

~ the till or bedrock unit was not involved. Not mcluded in this classrf rcatron arc ‘the thrcc
farlures that occurred m channel deposrts at meander bends lt was not always posstblt o
1dent1fy_ the actual failed unit or umts.‘vConsequently, the ad]acentkslopes were 6ften. used to'

provide an'vindication of thé pre-f ailure lithology. |
Desptte the ambrgurty of .some cases it is evident that: most failures (71 percent) rnvolvc

both bedrock and till unrts The mfrequency of farlméoccurrmg in trll only (5 percent) could

be due in part to the hmrted areal, extent and depth of the trll cover. No topples f alls, or

51 *

- complex failures occurred ig till only. ; ' ’ T
. . . '_QU . = » - . .: v .
. »'_ . ’
) . % S 8 . . .
: . \ . . : . -
V’F \ __In summary, swhrle these trends should be mterpreted with cautron, they. charactcme ‘
:&_- Tt the nature of mass movements occurrmg m the Drnosaur badlands From. these rclatronshrps

»
Lhe relauve importance of each factor can be assessed for each f: arlure type

7 »
s

4.2 Case studies

421General - S . ’% C ' /\

' S . ; "

Of the mr’ﬂ case fatlures four were compound slrdes (Scl Sc2, Sc3, Sc4) LWo - were :

srngular slrdes (Stl Sr’) and three were complex failures (S/Fl S(F2, F/F1). Scl and Sc3 -

¢

POR

T component and a flow component Selectron was. based on frequency of occurrence and .

persrstence of l” orm, Altho,u,gh f alls. topples and dry l‘lows occurred most f requently they were

. e .-
- . . . .

“

’domrnant translatronal component S/Fl and S/F2 are complex f a‘rlu}‘es w1th a rotatronal slrde" ‘

were compound slrdes wrth the rotatronal component dommant wmle Sc2 and Sc4 had. ah ‘
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\ commoﬁl*»_small-scale and had often lost their form soon after [ ailure. Compound slides with
' o V'.’ . ' . . ) . : ‘ ‘ ‘ " .\‘
both translational and rotational components were most prevalent. Table 4.2 is a summary of .
the general charaeteristics of each failure. The area was determined by planimetry while the

. slope length and angle were determined by f ield surveys.

" Table 4.2 - Sumrnary‘charactéristics of the nine case failures

- Mass Area(m?’) - Aspect Length(m) . Slope(®) State Figure
movement
Scl 6,535 Sw-* 55 -4 - dormant 4.1l
Sc2 37,395 - - © NE 109 - 56 dormant ~ 4.12
Sc3 , 2,310 Sw X o4 dormant 4,13
Sc4 28,540 NE " 89. <46 relic. 414
Sr? 38,195 . NE' 169 - 62 re-activ. =~ 4.15

- St ' 6,770 Sw 128 - 65 - active 416
‘S/F1 8,805 NW 202 © . 59 ~dormant 417
. S/F2 . 19,715 +NE 102 56 - relic 4.18
P/F1 6,850 Nw A 156 . 28 - dormant 4.19 .

N

- T S N L .
¥ failures occurred along the prairie perimeter.and in areas,where till was present.

‘ remainder of this chapter' will assess each' ot' the nine f allures individually in terms
-.of surfrcral details. (vegetauon hydrology, and morphology) geology. and the lnquld and
plastrclxmrts - - o N -
:f."l . PR \

422Topography /\ T - , f

”

;_# , .
showq, in frgures 4.20 through 4, 28 The centre (‘) of these contour maps corresponds o the'

centre of the symbol representmg that fallure in, Frgure 4, rEach prof ile is vcmcally

¢ T

S w
\ . o - B -

: exaggerated SO the actual slope form has been drstorted “The, baselme for these pronrs as ]

mdlcatedonthecontourmaps _-f,; S T T Lt

- THe volumetric analysxs of mass movements in the Dmosaur badlands ( Tablcs 4. 3 and . o

o . 44) shows that total~ of about 6,400,000 _rn*' _has moved by all failure ypes. These volum'cs B

. e ‘ S R . v
e e . B ! . D : : :

B

Slope profﬂes and a contour map were constructed for. each mass movement These are
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