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TOPPLING OF ROCHK SLOPES

Richard E. Gocdman,l M. ASCE, and John W. Eray2

ABSTRACT

Toppling is a mode of failure of slopes cut in rock
masses with reqularly spaced layers or foliation. It cccours
under gravity aleone when the lavers are inclined inte the
hill but can cccur even when the layers dip towards the ex-
cavation if load is transferred from potentially sliding
blocks above; the latter is a case of "secondary toppling.”
Toppling is common in £lates and schists in open pits and in
natural slopes, but it alsc ccecurs in steeply dipping thin-
bedded sediments, in columnar-jointed volcanics, and in
regularly-jointed granitics. A number of examples of top-
ples of different types are discussed in this paper, and a
limit eguilibrium analysis is examined for the special case
of block toppling on a stepped hase; the product of this
analysis is the required support force at the toe of the
slope to achieve a specified facter of safety. A =simple ki-
nematic test on the stersographic projection is also sug-
gested.

INTRODUCTICH

Toppling

"Toppling™ is a failure mode of slopes involving
overturning of interacting columns. In rock, such columns
are formed hy regular bedding planes, cleavage, or joints
which strike parallel to the sleope crest and dip into the
rock mass; this contrasts with the structure of slides in
which the controlling discontinuities dip into the open
space. Toppling mechanisms alsc operate in soft rocks and
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202 ROCK ENGINEERING

soils with vertical or backward-inclined tension cracks.
Since folding is well known as a deformational mechanism in
layered rocks, and overturning is recognized as a fundamen-
tal failure mode for damg and retaining walls, it iz sur-
prising that folding and overturning were not until recent-
ly recognized widely in rock slopes. Such failures prove
to be widespread in many different kinds of rock masses.
S§lope teppling doecs not usually produce high veloeities, like
some rock slides, but, if uncontrolled, retrogressive fail-
ure can encompass a large volume of rock, with deep tension
cracks, and considerable rock breakage. Failure begins in
the toe region when the slope iz deepened or undermined by
new excavation or erosion. The material breaks as it comes
down and accumulates as a talus, mantling and, apparently,
obscuring the mode of failure. Failure can bhe wviclent.

Classes of Topples

There are several kinds of failure mechanisms invol-
ving overturning of cclumns. In rocks with one preferred
discontinuity system, oriented to present a rock slope
with semicontinuous cantilever beams, flexural-toppling can
occur, as shown in Figure la. Continuous columns break in
flexure as they bend forward. Thinner layers transfer load
into thicker ones. 8$liding, undermining, or erosion of the
toe lets the failure begin and it retrogresses backwards,
with wide, deep tension cracks. The lower portion of the
slope is covered with disoriented and disordered blocks.
The progress of cracking and bending ends only when the
line of tension cracks intercepts the crest of the slope.
The outward movement of each cantilever produces interlayver
gliding (flexural slip) and a portion of the upper surface
of each bed is exposed in a serieg of back facing scarps
{obsequent scarps). As one ascends the slope, he is con-
fronted with exposed lower surfaces of overhanging beds.
Drilling will not discover a seat of sliding, for there is
none; it is hard to say where the hase of the disturbance
lies, for change is graduval. Water levels will wvary great-
ly from one drill hole te another since there may be little
or no hydraulic communication across the cantilevers.
Flexural-toppling occcurs most notably in slates, phvllites,
and schists. ;

Block toppling, depicted in Figure lb, occurs where
the individual columns are divided by widely spaced joints.
The toe of the slope, with short columns, receives load
from overturning, longer columns above. This thrusts the
toe columns forward, permitting further toppling. The base
of the disturbed mass is better defined than in the case of
flexural toppling; it consists of a stairway generally
rising from one layer to the next. The steps of this stair-
way are formed by cross-joints, which cecupy the positions
of primary flexural cracks in flexural-topples. Conseguent—
ly, new rock breakage in flexure occurs much less markedly
than in flexural-topples. Interblock c¢aves occur through=
out the disturbed zone; water will not be found high within
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the topple due to the openness of the whole joint ayston.
Thick-hedded sedimentary rocks such as limeatones and mancd-
stones, as well as calumnar jointed volcanlics axhibit
block-toppling failures.

Block-flexure-toppling, depicted in Figure le, inm
characterized by pseudo-continuous flexure of leng columns
through accumulated motions along numerous cross joints.
8liding is distributed aleong several joint surfaces in the
toe, while sliding and overturning occur in close amsocla-
tion through the rest of the mass. £Sliding cccurs because
accumulated overturning steepens the cross joints. There
are fewer edge-to-face contacts than in bleck-toppling but
still enough to ecreate a loosened, highly open character
within the disturbed zone. Interbedded sandstone and
shale, interbedded chert and shale, and thin-bedded lime-
stone, exhibit block-flexure-toppling.

Secondary Toppling

Overturning as a behavior mode may be exclted by
ancther, independent phenomenon where overturning weuld
otherwise be unlikely to occur. Figure 2 shows several ex-—
amples of such secondary toppling modes. As a consequence
of a block slide, on a bedding plane, for example, a slide-
head-topple may oaccur as joint blocks overturn into the new
void at the slide head.({Figure 2a). A slump confined to
50ils above a steeply dipping layered rock carn cause slide-
base-toppling, as shown in Figure 2b, This occurs by vir—
tue of the shear force of the slump acting along the top of
the rock. Slide-base-toppling may arise only after slide
movement because of continucus drag, or it may precede and
trigger slide movement. Similarly, drag of broken rock
being drawn off by cave mining can initiate secandary top-
pling, as in the case discussed by Heslop (1974}). These
modes are similar to the flexural deformaticon of steeply
dipping layvered rocks on steep hillsides underneath down-
ward cresping regolith; "gravity creep" of this type can
occur even where the layers dip downslope. Such creep may
ke termed creep-toppling.

Figure Zc portrays toppling in the toe of a rock
slide as a result of load transmitted from the slide. This
glide-toe-toppling is like a two bloek mechanism in which
the "active" region is a slide and the passive region is a
potentially toppling mass. The slide-toe-topple resembles
an overturning retaining wall. In Figure 2c, the two block
system exists by virtue of a fault causing sudden dip re-
versal. The fault gouge is squeezed into the tension
cracks, and out onto the slope. A tight syncline can also
set the stage for a slide-toe-topple.

The formation of new tension cracks above steep
slopes may liberate potentially toppling blocks. Such
tension crack toppling can arise in chalk, in wvolecanic ash,
in highly weathered rocks, in damp sands, and in stiff
clays. Figure 2d depicts toppling tension cracks in a
stream bank several meters high., A similar mode exists
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where the toe of a sliding 20il or rock mass overhangs a
cliff, calves off and falls.

BASIC RELATIONSHIPS

Consider a singie block resting initially on a plane
inclined o degrees above horizontal (Figure 3a). The block
has width &Ax, height ¥y, and weight W, and it develops shear
and normal reactions along its base egqual to W =sin o and
W cos a. Such a block will not slide if tan a < p, where |
is the coefficient of friction. If it begins t& topple, it
will do so about the lowar corner so the reactions at the
limit of eguilibrium of overturning will act through the
lower corner. Thus limiting eguilibrium, under weight
alone, is reached when the weight acts exactly through the
block's lower corner; i.e., the block can not topple if
y/4x < cot o, The criteria for sliding and toppling of a
single bleock are superimposed in Figure 3, after Hoek and
Bray {1974) and Ashby (1971).

In & potentially toppling rock slope, coclumns inter—
act with cone another and there are more degrees of freedom
than in the simple example of Figure 3. However, a condi-
tion for toppling of contacting columns can be obtained
from the kinematic necessity for flexural slip prior to
large mases mevement, As shown in Figure 4, the state of
stress in the rock sleope is uniaxial, with o3 parallel to
the slope face. When the layers slip past each cther, U1
must be inclined at ¢ with the normal to layers, where
t is the angle of friction of layer surfaces. If 8 is the
slope angle, and o is the angle of the normal to discon-
tinuities {both with respect to horizontal), then, as
shown in Figure 4b, the condition for interlayer slip is

8>+ (1}

Egquation (1) provides a useful kinematic test for
toppling mechanisms, which can be applied togethar with
tests for sliding modes to plan cuts in regularly layered
ruck masses. The eguatlon shows that for toppling failure
to be possible, ¢ < © - ¢, and this means that the pole to
a regqular discontinuity set must be outside a great circle
$ degrees below the rock cut (Figure dg). Since the atrike
of the discontinuities must be approximately parallel to the
strike of the cut slope, this test should be applied only
close to the bearing of the dip of the slope; accordingly
in Figure 4c the region considered tc pass the test of
equaticn {l1) has been bounded by vertical small circles
10° from the dip of the cut slope. Toppling is kinemati-
cally possible for the given cut slope only for sets of
discontinuities whose poles plot within the ruled area. As
in the case of sliding modes, the value of a kinematic test
is in predicting potentially troublesome cases. Whether or
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ROCK TOPPLING 209

not toppling will occur on a kinematically admissable set
depends on the height of the cut, the thickness of the
layers, the flexural strength of the rock, the regularity
and spacing of cross joints, the degree of development of
lateral release joints or tributary valleys perpendicular
to the strike of the layers, and other specific system
properties. Some of these factors can be considered analy-
tically.

ANALYSIS COF TOPPLING MODES

Methods

Toppling failures are readily produced in physical
maodels and in fact it is hard to avaid at least secondary
toppling when more than one set of joints is present.
Barton (1971}, Ashby [(1571), Hofmann {1972) and others stu-
died toppling slopes in static, physical models. These
methods can be tedious but specific design problems can be
treated realistically and strengthening measures, if re-
quired, can be tried out at reduced scale. Toppling is
very eagily simulated in base friction models which allow
gtudy of some of the parameters of interest if the fric-
tion coefficient y can be duplicated, Ashby (1971}, Ham-
mekt (1974), Soto (1974}, Whyte (1973), and Goodman (1973,
1975). All of the classes of toppling failure described
earlier can be studied by physical models. BMoregver, as
toppling is basically a two dimensional phenomenon, two
dimensional models are sufficient. Figure 5 shows models
of toppled slopes in tilted and base friction models.

Numerical models of two types can be used as well.
Time explicit finite difference methods can follow the
large deformations of block toppling and block flexure
toppling medes from an initial eguilibrium to failure.
Cundall (1976) demcnstrated this convincingly with computer
graphics. The finite element method has perhaps greater
capahility to handle the flexural toppling mode, wherein
the rock columns suffer deformation and failure and accor-
dingly can not be considered to be rigid. A new program
written by Marc Hittinger at Berkeley, onmhining gonod
bending elements with joint elements, is being debugged for
flexural teppling problems. Ashby (1971), Byrne (1%74),
Burman {1971) and Hammett (19874) also studied toppling of
rock slopes using numerical methods.

Block toppling can be analyzed by limit equilibrium
methods. If the base is flat, the analysis proves compli-
cated, with blocks sliding or overturning both uphill and
downhill and tension eracks opening both from the top and
from the bottom. In some cases, multiple tension cracks
form next to each other in block fans., The variations of
toppling medes on a plane base can be appreciated by exper-
imenting with books on an incompletely filled shelf (Figure
6). In the special case of block-toppling con a positively
stepped base, the variations are fewer and analysis i3
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5. Models showing toppling failure: a) A tilted block-model; from
Hofmann {1972). b) A base friction model; photo by L. Kuykendall.
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€. Toopling of books on a shelf.

fairly straight forward.

LIMIT EQUILIBRIUM ANALYSIS
OF TOPPLING ON A STEFPED EBASE

Congider the regular system of blocks shown in Fi-
gure 7 in which a slope at angle § is excavated in a rock
mass with layers dipping at 90-2. The base is stepped up-
ward with overall inelination B. ‘he constants a,, a., and

. , P 1 2
I shown in the figure are given by

a. = Ax tan {&-p}
a2 = Ax tan o {2)
b = Ax tan {f-ao)
Blecks are numbered from the toe upward. In this
idealized model, the height of block n in a position below
the crest of the slope is

¥, = nfla,;=b) {3a)

n

while above the crest
Yo T Va1 T % 7D (3b)

(It is useful to consider a system with regular geometry
but, in practise, less regular systems can be analyzed
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without added difficulty once their geometric paramcters
are defined.)

In the top of the slope, where blocks are relatively
short, y, /4% < cot o and blocks are stable unless a > f.
However, in the latter case, all blocks slide and further
analvsis is not necessary. Below the stable zone, the
blocks tend to topple, being restrained from doing so by
the normal force transmitted upward from each lower block
and the shear forces on the sides of the columns. Pro-
ceeding down the slope, as blocks become shorter the toe
region is reached wherein again vh/ 4% < cot ¢ and a block
will not topple under its own weight. However, toe blocks
may still topple under the normal load transmitted from the
toppling zone above. Thus both sliding and toppling must
be examined within the toe region. The minimum forees on
the downslope side of block 1 required to prevent both top-
pling and sliding will be negative if the slope is stable,
positive if the slope is- unstable, or zero if the slope is
exactly at limiting equilibrium. To find the friction co-
efficient required for limiting equilibrium one can iterate
on the choice of y to find a value making the required toe
force come to zero. In practise, iteration usually pro-
duces an oscillating series. If the frictien coefficient
is known, and the slope is found to be unstable, a support
force can be calculated to provide egquilibrium.
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Figure 8 shows the conditions for sliding and toppling in
block n. The forces on block n include: W,, the weight of
the block; Pp and Qp, representing the normal and shear
forces acting on the upper side of block n at height Mu:
Pn-y and Qp.)] representing the normal and shear forces act-
ing on the lower side of block n at height Lp: and R, and Sp
representing the normal and shear forces on the base of
block n at distance ¥p above the lower corner. If block n
is tending to topple, the points of application of all
forces are known, as shown in Figure Ba.

Below the crest: L -
Ln Y, T3
For the crest block: M. =¥, - 2 (4)

and above the crest: M_ = y_ - a

(For an irregular bleck array, values of yn. Lp, and Mp can
be determined graphically.) Since the sides of toppling
blocks are slipping past one another, the shear forces on
the bhlock sides are determined by the normal forces and
friction coefficient: There are three unknowns: Ppn-1. BRn.
and 5, and the problem is determinate. To prevent top-
pling, a force Pp.j ¢ is required:

P_(M -ubx) + (W /2)(y sina=~ ix cosa) (3)

P =
n-1l,t 1
n

If toppling proves critical for block n,

R, = W, cos a - u{Pn_l . Pn] (&)
and

8, = W, sin a - {Pn—l,t - P (7)
with the rconditicns that: Rn = 0 (g2
and s |/ R < (9)

It is assumed that the coefficient of friction, u, along
the base of blocks is the same as between blocks. The analy-
cis may be easilymodified to allow for independent values of 1.
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If 5, < 0, the leading corner of block n tends tc slide up-
hill. It will slide into the riser of the stepped base if
Snp < By p, mobilizing a force to take the excess bhase shear.
If block n tends to slide, the szide forces (), are not

knovn nor are their peints of applicaticon. Assuming Pp, Qne
and Mp were known from the previous calculation step, there
are five new unknowns: forces Qp-1, Pp-], and R, and dis-
tances Lp and Ky (Figure §). Though the problem is indeter-
inate, Pp.j g reguired to prevent sliding of bleck n can be
determined 1? an assumption is made about the magnitude of
On-=1- If we assume that Qp_3] =uW Pp_7 then the normal force
required to prevent sliding of block n is

Wn{u cos o - sin a)
B = p_ - (10)
n-1,s n 1 - uz

P

R, is given by (6) with Pn—l.s n-1,t

=MRn-1- It sheould be noted that the above assumption has
ne effect on the problem as regards the values of forces
within the toppling zone, the conditien for limiting equi-
librium, computation of support force, etc., and identical
results would be obtained adopting any other reasonable
assumption regarding forces in the sliding zone,

If P ).t > P,_1,s Plock n tends to topple and P, =

P...1 ¢+ For analysis of the next block, set p,o=F
F
proceed. If both P

in place of P and Sn_l

n-1 and

n-1,t and Pn-l,s are negative, the slope

iz stable. To determine 1 reguired for egquilibrium, reduce
v and start again at the highest block. If Pp.) is positive
for block 1, the slope is unstable. Start again with a
larger wvalue of i, or compute a support force to achieve
stakility. 1In the examples below, a cable has been in-
stalled through bhleock 1 at a distance L] above its base;

the cable is inclined § deqrees below horizontal, and an-
chored a safe distance below the hase. The tension in this
cable required to prevent toppling cf block 1 is

{wlfh{sinu © y,-cosa- Ax) +P1{y1—uhx] {11)

T =
t L-l

cog (o + &)

while the tension in the cable to prevent sliding of block
1 is 2
Py(1-u%) = w (i cos o - sin a)

Ts = L osin (x + &) + cos (o + &) (12)

These equations show that Ty and Ty are theoretically mini-
mum when § = -4, and 8 =¢ - o respectively. The actual
value of § will depend on practical considerations. The
tension to be installed is the greater of Tt and T, Then
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the normal and shear force at the base of block 1 are
respectively:

+ T sin (o + &) + Wl Ccos o {13)

Rl =uP

1l
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%, Example 1 - Limiting eguilibrium of a
toppling slope.
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and
El = Pl - T cosi{a + &) + w, sin o (14}

with the conditions (B) and (9). :

An idealized example is shown in Figure 9. A rock
slope 92.5 m high is cut on a 56.6° slope in a layered rock
mass dipping 60° into the hill. A regular system of 16
blocks is shown on a base stepped 1 meker in every 5
(B - o= 5.8°). The constants are: aj; = 5.0 m, a2 = 5.0m,
b =1.0m Ax = 10.0 m, and v = 25 kilo Newtons/m’. Block
10 is at the crest, which rises 4° ahove horizontal. ESince
coet o is 1.78, blocks 16, 15, and 14 comprise a stable zone
for all cases in which ¢ > 30°, {(u > 0.577). In example
la, p is set as 0.7855. Pjy3 is then equal to 0 and P12
calculated as the greater of Pj;  and P13,5 given by (3)
and (10) respectively. As shown in Table l Ppno1,¢ turns
cut to be the larger until a wvalue of n =3, whereupon
Ppn-1,s remains larger. Thos blocks ¢through 13 constitute
the pntentlally toppling zone and blocks 1 to 3 constitute
a sliding zone. The force reguired to prevent sliding in
block 1 tends to zerc and the glope is very close to the
limit of equlllhrlum The installed tension required to
ntahlllze block 1 is 0.5 k Mewtons, as compared with the
maximum value of P {in bklock 5) equal to 4836 k Newtons (all
the force calculations assume a meter of slope crest length).

In contrast, when the friction coefficient, p, is=
0.650, example lb, there are 4 blocks in the toe region, as
shown in Table 2. The reguired tension in a supporting ca-
ble, installed horizontally through block 1, is 2013 k New-
tons (per meter length of slope crest). This is not a
large number, demonstrating that support of the "keystone”
is remarkably effective in increasing the degree of stabi-
lity. Conversely, removal or weakening of the keystone for
a slope near failure can have dire consequences, ultimately
extending wvery far from the point of disturbance. The sup-
port force reguired to stabilize the slope corresponding to
removal of the first n toe blocks can, of course, be calcu-
lated with equations (11) and {12), substituting Pp4] for

Py.

1 Now that the distribution of P forces has been de-
fined in the toppling region, the forces R, and S, on the
bases of columns can he calculated using (6) and ??}. and
assuming Q,_1 =W Pn_1, Rp and 8y can also be calculated by
these equations for the sliding region. Tables 1 and 2,
and Figure % show distribution of forces for both examples
throughout the slope. Conditions (8) and {%) are satisfied
evarywhere. This 12 not the case in the next example.

In example 2Z{(Figure 10 and Table 3}, a 105.6 m high
cut an a A0° slope is comprised aof 13 blocks with a = 20°
and B = 45°. The distribution of block heights, which is
not exactly as given by (3a) and (3b) is listed in Table 3.
With the friction angle of 0.393, blocks 11, 12, and 13 are
stable and only block 1 tends to slide (even through the
first 5 blocks have yn / &x < cot a). The required cable
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10. Example 2 - Limiting equilibrium analysis
of a toppling slope.



21

ROCK TOPPLING

ONIOTTS  ERE0  STLBEE  ©TGLOO  9°PEZI  9°80LE  97HTEY 0 pea 8'0  ¥°8 1
695" 1-  B'00LT- L°0ZOT  $°908f  Z°616T  ¥reoss  L°F e T TTET 2
o 62L1C 8°T65  G'EZPE  DTEVOE  ZUOPBZ  OTEFOE  §°L 6'sT 9T  6°ST €
N BLLZ™G  £°6ZZT  6'pIpe  l°eeGZ  p'szoz  T'8&sz ¢TI 86T ©'E 96T ¥
ﬂ zzof'0 v 09T Z°GZES  BUPIZZ  4T06ST  prplEe  6°PT  ET€Z £°C ©TEZ S
d 4L0E°0 90T  6'Z6LY  8'808T  S°g801 @80T L'8T  0°LE LB 0L 9
wu BLOE"D 6 89TZ BT9r0L LoGFTT 0 EEs LTOPEL F'ee 270f 1" 8°0E L
I BEDE"D S PIFE b FoBEL E°T18 PrOLT- £TIE | =13 'l 42 S'E S°PE o
ODETG  £°PEOT  LUIFEE  9TGWE T'ebe-  9°SET B6Z &S 6'F  TBE &
99%E 0 B PEPT 2 LETL o 0 0 60¢ £tz 1€ 6'0E oI
OP9EO  LTOEEL  9°VOES 0 0 0 9'zz  6°8T €T 9'TT 11
AIAWLE CEaeto O°TEET L PSEL a o a TPl 9 0T P1 £°FT Z1
Ap9ETa £TIS 8 ¥O¥T G 0 0 a'g £°1 g0 0'9 €T
apoy Uy sl g Uy g Sy g Uy Uy xy/MA YR w

e '0=1 — 7 orTduexy - £ FIAVL



222 ROCK ENGINEERING

tension to secure block 1, and conseguently to secure the
whole slope, is 4846 k N. 1In block 2, however, the ratio
of S5n to Rp is -1.6, meaning that this block tends to slide
uphill as it overturns; block 2 sould bump into the next
riser along the base and mobilize the additicnal regquired
base force.

THE FACTOR OF SAFETY FOR
LIMITING EQUILIBRIUM ANALYSIS

The factor of safety for toppling can be defined by
dividing the friction coefficient believed to apply to the

rock layers (u, . ;j.11e) DY the friction coefficient re-

guired for equilibrium with the g1ven support force T
‘urequlred}'

F.g. = Yavailable iiSJ
urequired

If, for example, the best estimate of the friction
coefficient is 0.800 for the rock layer surfaces sliding on
each other, the factor of safety in example 1A, with the
0.5 K Newton support force in hlock 1, is 0. ﬂﬂﬂfn 7855 =
1.02. With the support force of 2013 K Newtons in example
LB, the factor of safety is increased to 0.800/0.650 =
1.23, Probability of safety can also be introduced, with
the same relationship to factor of safety as discussed by
Goodman (1975}).

Once a column overturns by a small amount, the frig-
tion required to sustain it from turning further increases.
Thus, a slope just at limiting equilibrium is meta-stable.
However, a rotation egual to 2( - 2) will convert the
edge-to-face contacts along the sides of the columns into
continuous face contacts. Accordingly, the friction co=-
efficient reguired to prevent further rotaticn will drop
sharply, possibly even below that regquired for am initial
equilibrium., The cheice of safety factor, therefore, de-
pends on whether or not some deformation can be tolerated.
Many of the natural toppling failures visited in the field
displayed full face-to-face contacts in the lower portions,
suggestive that motion had ended when this condition had
been restored.
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EXAMPLES OF TOFPLING FAILURE

& few examples of toppling failures are discussed in
published literature. 2Zischinsky (1%66) described ancient
flexural-topples of schist, phyllites, and amphibolites in
the Austrian Alps. Zaruba and Mencl (196%) showed two
ancient slide-head-topples in Cgeckoslovakia.* In one, a
slump in horizontal, Cretaceous, clayey marls initiated
block-flexural-toppling above the head scarp, along verti-
cal jeoints in the overlying sandstone. In the second ex-
ample, gliding of large sandstone blocks down the dip of
the uvnderlying claystone created a graben at the head, into
which toppled 50 meter high sandstone columns defined by
parsistent joints. Zaruba and Mencl also give examples of
slide-base-toppling and creep-toppling.

Heslop (1974) described teoppling of schists, cherts,
and serpentinites in the hanging wall of a caving mine in
Swaziland. Undergrcund mining by longwall shrinkage stop-
ing and sub-level caving of a steeply dipping orebody has
produced subsidence by flexural-toppling. Flexural slip
was ohserved underground on the shear surface forming the
sides of columns., In-situ strasses were measuraed and the
major principal stress was determined to be directed per-
pendicularly to the columns.

Bukanovsky, HRodriguez, and Cedrun (1974) described
a block-toppling failure which occurred on bedding in lime-
stone, marl, and sandstone ("flysch deposits") in a Spanish
highwav cut. The beds dipped 56° into the hillside which
was cut at 45° to a depth of 35 meters. Flexural slip was
observed on bedding planes and wide tension cracks deve-
loped as far as 30 meters behind the crest of the cut
slope. The szlope was stabilized by cutting it back to 34°,
s0 as to be normal to the bedding; this increased the cut
height to 35 meters.

Aleng the North Devon seacoast, England, a series of
Carboniferous age sandstone and shale lavers has exper-
ienced a number of toppling failures. ©One of these was
described by de Freitas and Watters (1%973) and others are
discussed by Baynes (1975). Most of the North Devon cases
are block-flexure-topples while in several instances syn-
clinal felds set up slide-toe-topples. Several topples are
intermediate between the three classes as sandstones pre-
sent numerous cross joints while the more compliant shales
tolerate considerakle bending. Sea cliff srosicn, aided by
softening of the shales, triggers toe failure, initiating -
overturning of the strata above. Figure 1l shows several
examples of topples on the North Devon coast. In Figure
12, the slope angles and dips have been plotted for ten
North Devan toppling failures as well as for five safe

*
Pages 178 and 187; pages &, 35, and 36.
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12. Flot of slope angle versus dip of the strata for
toppled and stable slepes along the North Devon Coast.

slopes in the same formation. Baynes (1975) determined the
friction angle of saw-cut sandstone surfaces in these rocks
to be 26° while the residual friction angle of unsheared
sandstone surfaces was found to be 31°. Equation (1) with
$ equal to 30° is represented by a line on Figure 14, pro-
ducing a surprisingly successful division between safe and
unsafe slopes.

A large, post-glacial tension-crack-topple in South
East Wales was also described by de Freitas and Watters.
This occurred in flat-lying Carbonifercus sandstenes and
shales 40 meters thick overlying a coal seam. A rock
block of perhaps 40,000 cubic meters was partially under-
mined by a slide of softened shales in the toe of the bluff
below the coal seam. The block then overturned through 20°
and s1id downwards., In 1967, a somewhat similar class of
topple occurred about one year after excavation of a 20 me-
ter deep building foundation in Dallas, Texas. A&n eight
meter high block of Austin chalk, resting on Eagleford
shale, and bounded by a tension crack 5 to 6 meters behind
the face, toppled forward about 3°, undermining a part of a
downtown street. Water pressure accumulating in the ten-
sion crack may have heen a factor in that case.

Slate and schist are especially prone to toppling
failures because well develaped cleavage or gchistocity is
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cften steaply inclined. Several sizable topples in slate
ocour in Cottonwood Canyon, near Salt Lake City. Topples
up to 200,000 cubic meters in volume can be found in the
Vishnu Schist near Clear Creek, in the Grand Canyon, Ari-
zona; flexural toppling occurs in the grand Canvon where
the schistocity dips steeply into the hillside while slide-
toe~toppling occurs where the schistocity dips toward the
creek bottom. In each case, lateral release of the top-
pling mass was permitted by erosion of tributary wvalleys
perpendicular to the strike.

De Freitas and Watters described a natural topple
over 1000 meters long in schists and more massive metamor-
phic rocks (granulites) at Glen Pean, Scotland. The schis-
tocity is inclined 80° into the hillside and the surface
averages 45° in its lower half, flattening abave. The
bases and tops of columns are formed by continuous joints
inclined about 38° towards the valley. A block roughly
200 meters long has slid along these joints at the toe of
the slope and the columns abowve rotated forward through
30°; toppling columns developed numercus obsequent Scarps,
some of which traverse the entire width of the topple. The
Glen Pean topple is estimated to encompass some 30 million
cubic meters. The authors presumed it resulted from valley
deepening by an advancing glacier, fcllowed by removal of
toe support as a consequence of glacial retreat.

Large flexural topples occur in slate guarries of
Horth Wales. Figure 13a shows a4 topple in Dnorwic gquarry
on steeply plunging slaty cleavage. The wide, deep tension
crack of this topple continues beyond its lateral houn-
daries all the way to the distant ridge; surface or under-
ground excavation in the toe of that ridge {off the photo
to the right} could thus trigger an even larger topple.
Figure 13b is z view of the topple from below, showing
the back face of the tension crack and the overturned slate
columns. The destruction of leading columns by flexural
cracking is alsco evident. It can he appreciated that per-
sons unfamiliar with this mode of failure might choose to
refer to this cliff as "talus" and to the failure mode as
"rock falls." Some features of topples in Penn Rynn guar-
ry, Morth Wales, are shown in Figure 14. Rotated cnlumns
at the head of a large tension crack are shown in Figure
l4a. Below the scarp, the coclumns are broken and resemble
a talus. Figure l4b shows a wide tension crack at the head
of a develeoping topple. Individual topples invalwve rack
volumes of up to 50,000 cubic meters. Since the strike of
the slaty cleavage parallels the long dimensions of the
guarry, there are many instances of toppling. Accerding
to quarryman Ted Qliver, the formation of tension cracks
gives ample warning of the toppling failure to come and
the accelerated rock movemsnt occurs over a minimum period
of four hours.* Figure l4c shows obsequent scarps up to

*The Welsh quarrymen refer to these topples as "Toflu
dros el dreolud” meaning "toppling over the foot,"
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1 meter in height on a toppling bench.

Figure 15 shows part of the wall of a limestone
guarry about 120 meters deep, near Philadelphia. The
guarry was being used for water supply and & water treat-
ment plant, seen at the top of Figure 15a, had been in-
stalled at the gquarry's edge. Water was lifted into the
plant by means of four wells with submersible turbine
pumps intercepting a tunnel at the foot of the slope.
These were destroyed in a failure which extends up to 14
meters behind the original face. The thin-bedded Elbrook
limestone under the plant, forming this wall of the guar-
ry, contacts the more massive Ledger dolomite about 25
meters below the crest. The beods strike parallel to the
wall and dip 53?2 to 57° intao the face. Twelve, and then,
three days before the failure, there were episodes of un-
usually high turbidity and after the fajlure several new
sink holes appeared. Tweo boreholes drilled within the
cracked zone intersected the water table at a depth of 31
meters=--still 33 meters above the level of water in the
quarry lake. Filgure 15b shows the stepped surface across
the layers, which resembles that of new flexural cracking.
$light bending of one layer, and cantilever support of the
clay owverburden by the top-most layer cen also be seen.
These featureg all point towards toppling as the failures
made in this case.

DISCUSSION AND CONCLUSIONS

Toppling of rock layers ig an important mode of
potential failure which must not be overlooked. It can
involve a large volume of rock in sericons deformations far
distant from a slope face, e.g. up te four times the
slope height. Toppling is distinct from conventional sli-
ding modes in that there is no single, basal sliding sur-
face; however, sliding must occur simultaneously with over-
turning between the columns as well as at the bases of
blocks in the toe region. Toppling of rock slopes is ac-
companied by distinctive geomorphic features which make it
possible to identify it as the applicable mechanism in
most cases. These include obseguent scarps, deep tension
cracks, flexural cracking, and normal fault type flexural
slip. Maoreover, as opposed to sliding, displacements are
greater at the slope crest and show forward rotation.
Nevertheless, toppling has been appreciated as a relevant
mode of behavior only rather recently and relatively few
cases have been published. The authors have begun a world-
wide inguiry for additional cases and would welcome infor-
mation on new examples. The catalogque of experiences now
includes toppling failures in California, Arizona, Utah,
Texas, Colorado, Pennsylvania, Wisconsin, Manitoba, British
Columbia, Ontario, Guatemala, Colombia, Britain, Sweden,
Italy, Spaln, Czeckoslovakia, Rustria, Swaziland, Australia
and China. These failures involwve shale, sandstone, slate,
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{e)

14. Toppling in Penn Bynn slate quarry, N. Wales: a) Rotated
aolumns at the hsad and breken columms below: b) A tension
erack; ¢) Cbsesguent scarps on 2 toppling bench,
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(a)

{b)

Slope failure in the wall of a limestone quarry being used for
water supply: a) Note contact of thin-bedded and thick-bedded
formations: b) Close up of upper part of slope suggests toppling
mechanism.
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schist, amphibolite, granitics, serpentinite, limestone,
and voleanics. Toppling is especially important in steep
slopes in layered or foliated rock. Thus it is particu-
larly important in quarries and open pit mines but signifi-
cant toppling failures also occur in natural slopes. Top-
pling can be combined with sliding modes in a variety of
wavd, as indicated by the discussion of "seccondary toppling
modes" and it relates not only to slopes but to structural
foundations and underground openings. Suffice it to say
that our understanding and appreciation of this behavioral
mode is but in its infancy.
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