GEOTECHNICAL ENGINEERING

What is Geotechnical Engineering?
When is a rock engineering design acceptable?
Into:	-	no simple rules for acceptability
· No standard factors of safety
· Each design is unique – depends on set of circumstances e.g. rock types, design loads and end uses.

Responsibility of Geotech Engineer
· Find safe and economic solution compatible with all the constraints that apply to the project.
· Such solutions both on engineering judgment guided by practical and theoretical studies viz stability or deformation analyses.

Tables 1-4 Summarizes	 some of the 
· Typical problems 
· Critical parameters
· Analysis methods
· Acceptability criteria applying to different rock engineering criteria.

Purpose:	Demonstrate the diversity of problems and criteria which have to be considered and to emphasize the dangers of attempting to use Standard factor of safety or other acceptability criteria.
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Ground Water Flow, Permeability and Pressure
Done:	Demarcated effect of H20 upon mining programmes
	Ground water flow in Rock means
	 Obtain data in 2 possible ways

(i) Deduction of overall groundwater flow pattern from consideration of permeability of rock mass and sources of ground water.
(ii) Direct measurement of 9-water levels in boreholes or wells or water pressure by means of piezometers. 
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Fig: a
Definition of permeability in terms of Darcy’s Law 
Using Darcy’s Law

		Q = 
Where 	Q= amount of water flowing through the sample in unit time.
		K = Coefficient of permeability
		A = Cross sectional area of the Sample
		(h1-h2) = is the difference in water table elevation between the ends 
			of the sample 
		l = length of the sample








	
	TABLE V – PERMEABILITY COEFICIENTS FOR TYPICAL ROCKS AND SOILS 

	
	K – cm/sec
	Intact rock
	Fractured rock
	Soil

	Practically impermeable 
	
10-10
10-9
10-8
10-7
10-6
10-5
10-4
10-3
10-2
10-1
1.0
101
102

	
Slate
Balomite
Granite 




	






Clay-filled Joints


Jointed rock

Open-joined rock
Heavily fractured rock
	
Homogeneous clay
 below zone of
 weathering 

very fine sands,
organic and inorganic
slits, mixtures of
sand and clay, glacial
till, stratified clay
deposits.

Clean sand, clean
sand and gravel
mixtures

Clean gravel


	Low discharge poor drainage 
	
	
	
	

	High discharge free drainage 
	
	
	
	




Darcy’s Low again 


K =  = 

V= discharge velocity units of K are vitality i.e. length per unit = time

Common to use meters/sec.
Typical layers of permeability are given in Table V.
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Fig: b
The total head h can be expressed in terms of the pressure P or the end of the sample and the height z above the reference datum.  Hence 

h =			Yw = density of water

From Fig a, h is the height to which the water level rises in a borehole stand pipe.

Permeability of Jointed Rock
From Table V – permeability of intact rock is very low and hence poor drainage and low discharge would usually be expected in such material.
On other hand permeability high in discontinuous rock
· Joints, fissures + other discontinuities
· high k	channels or water flow
Flow of water through fissures        Big subject:
Ref:	Huitt, J.L. “Fluid flow in simulated fracture.”
	Journal, American Inst. Chemical eng vol. 2 1956 pp 259-264
	Snow, D.T., Louis, C. 1968 & 1969
Simplify to
Determination of the equivalent permeability of a planar array of parallel smooth cracks.
K parallel to the array is given by 

K = 		Where g = graubitural acceleration 981 cm/sec2
				 e = opening cracks or fissures
				 b = spacing between cracks and 
				 V = coefficient of kinematic viscosity 
					(0.0101 cm2/sec for pure water @ 20oC)

Fig b   Shows that the k of a rock mass is very sensitive to the opening of  discontinuities.  Since the opening change with stress, the k of a rock mass will:- be sensitive to stress.


Louis 	k =  applies only to laminar flow through planar parallel fissures, this does not apply in turbulent flow i.e.  
· high velocity
· rough fissure surfaces
· fissures in infield
NB: Louis equation gives highest equivalent permeability coefficient.
Lowest equivalent permeability coefficient given by 

	K =  (for infilled fissure system)
Where:
 kf = permeability coefficient of the infilling material 
 kr = permeability coefficient of the intact rock.
FLOWNETS
Graphical representation of groundwater flow in a rock or soil mass is known as flownet. 
Several Fetures:
Bernoulli’s Theorem of water flow: is soils deepage velocities are normally so small, the velocity head can be neglected.
Define Water Table W.T.
All soils are permeable H20 being free to flow through the interconnected pores between solid particles.
“The pressure of the pore water is measured in relation to atmospheric pressure and the level at which the pressure is atmospheric (i.e. zero) is defined as the water table (W.T) or the phreatic surface.
Perchea WT
Artesian (under pressure)

FLOW LINES:    are paths followed by the water in flowing through the 
	saturated rock or soil.

Equipotential lines:  These are lines joining points at which the total head 
	is the same.
[image: ]
Fig c 
Water level is the same in boreholes or standpipes which terminate at points A and B on the same equipotential line. 
Permeability
Example of Eq 33

[33]  K = 		g= gravitational acceleration 981cm/sec2
				e= opening of cracks or fissures
				b= spacing between cracks
				v= the coefficient of kinematic viscosity 
				    (0.0101 cn2/sec for pure H20 @ 20oC)
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FIG d
Joint spacing e1=0.10cm
Spacing b1 = 1m
Equivalent permeability K1||to the joints is K1 = 8.1 x 10-2 cm/sec. Minor joing set has a spacing b2 = 1 joing per meter and an opening 
e2 = 0.02cm.
The equivalent permeability of this set is K2 = 6.5 x 10-4 cm/sec i.e. more than 2 orders of magnitude smaller than the equivalent permeability of the major joint set.
Conclusion:  Clearly the ground water flow pattern and the drainage characteristics of a rock mass in which these two joint sets occur would be significantly influenced by the orientation f the joint sets.



One point to keep in mind when using these graphs is that the depth of the tension crack is always measured from the top of the slope as illustrated in Figure 62b-.
Consider the example in which a 100 foot high slope with a face angle of – 60o is found to have a bedding plane running through it at a dip  p = 30o.  a tension crack occurs 29 feet behind the crest of the slope and, from an accurately drawn cross-section of the slope, the tension crack is found to have a depth of 50 feet.  The unit weight of rock y = 160 ib/ft3, that of water is Yw = 62.5 ib/ft3.  Assuming that the cohesive strength of the bedding plane c = 1000 ib/ft2 and the friction angle   = 30o, find the influence of water depth zw upon the factor of safety of the slope.
The values of P and Q are found from Figure 64, for z/N = 0.5 to b:
			P =1.0 and Q = 0.36
The values of R (from equation 52) and S (from Figure 64b), for a range of values of zw/z, are:
	zwz		1.0		0.5		0
	R		0.l95		0.098		0
	S		0.26		o.13		0
The value of 2c/yM = 0.125

Hence, the factor of safety for different depths of water in the tension crack, from equation 48, varies as follows:
		z/z		1.0		0.5		0
	F		0.77		1.10		1.34

These values are plotted in the graph in the margin and the sensitivity of the slope of water in the tension crack is obvious.  Simple analyses of this sort, varying one parameter at a time, can be carried out in a few minutes and are useful aids to decision making.  In the example considered, it would be obviously worth taking steps to prevent water from entering the top of the tension crack.  In other cases, it may be found that the presence of water in the tension crack does not have a significant influence upon stability and that other factors are more important. 

Graphical analysis of stability 
As an alternative to the analytical method presented above, some readers may prefer the following graphical method:
a. from an accurately drawn cross section of the slope, scale the lengths 
M, X, D, A, z and zw shown in Figure 65a.

b. calculate the forces W, V and U from these dimensions by means of the equations given in Figure 65a.  also calculate the magnitude of the cohesive force A.C.

c. construct the force diagram illustrated in Figure 65b as follows:

DIAGRAMS


i) draw a vertical line to represent the weight W of the sliding wedge.  The scale should be chosen to suit the size of the drawing board used.
ii) At right angles to the line representing W, draw a line to represent the force V due to water pressure in the tension crack.
iii) Measure the angle p as shown in Figure 65b and draw a line to represent the uplift force U due to water pressure on the sliding surface.
iv) Project the line representing U (shown dashed in Figure 65b) and, from the upper extremity of the line representing W, construct a perpendicular to the projection of the U line. 
v) From the upper extremity of the U line, draw a line at an angle   to intersect the line from W to the projection to the U line.  
vi) The length f in Figure 65b represents the frictional force which realists sliding along the failure plane.
vii) The cohesive resisting force A.c can be drawn parallel to f.  although this step is not essential, drawing A.c on the force diagrams ensures that there is the error in converting to and from the various scales which may have been used in this analysis since it provides a visual check of the magnitude of A.c.
viii) The length of the line marked 5 on the force diagram represents the total force tending to induce  sliding down the plane.
ix) The factor of safety f of the slope is given by the ratio of the lengths (f + A.c) to S.

An example of the application of this graphical technique will be given later to this chapter.

Influence of groundwater on stability.

In the preceding discussion it has been assumed that it is only the water present in the tension crack and that along the failure surface which influence the stability of the slope.  This is equivalent to assuming that the rest of the rock mass is impermeable, an assumption which is certainly not always justified. Consideration must, therefore, be given to water pressure distribution other than that upon which the analysis so far presented is based.

The current state of knowledge in rock engineering does not permit a precise definition of the groundwater flow patterns in a rock mass.  Consequently, the only possibility open to the slope designer is to consider a number of realistic extremes in an attempt to bracket the range of possible factors of safety and to assess the sensitivity of the slope to variations in groundwater conditions.

a. Dry Slopes
The simplest case which can be considered is that in which the slope is assumed to be completely drained.  In practical terms, this means that there is no water pressure in the tension crack or along the sliding surface.  Note that there may be moisture in the slope but, as long as no pressure is generated, it will not influence the stability of the slope. 
Permeability
INSITU METHODS
Lab method reliability depends on extent to which the soil test specimens or representations of the in-situ soil means as a whole. 
For important project, the in-situ determination of permeability may be justified. 
[image: ]
· Well pumping test-used is homogenous course of strained strata
· Continuous pumping – observing water levels in a number of adjacent boreholes.
· Continue pumping until steady seepage conditions become established.
· Section Across Boreholes
Theory analysis based on assumption that the hydraulic gradient at any distance from the well is constant with depth and is equal to the slope of the water table.


i.e. in 
where h = height of the water table or radius f.  this is known s the Dupuit assumption and is reasonably accurate except at point to the well.
At dist. R from the well, the area through which flow takes plafe is 2trh
Apply Darcy’s Law






or K = 

This equation is applied to each pair of boreholes an average value of K is obtained.

Other insitu Methods
(i) Constance hence
(ii) Variable head borehole TESTS.

Constant Head
1. Allow H20 to flow under constant hence (into or out of) the stratum under test through the bottom of the borehole.  
2. Lower end of borehole of not less than 5d from either top or bottom of stratum.
3. Maintain water level in borehole constant.
4. Difference between this level and the water table level being h
5. Rate of flow of required to maintain the constant H20 level is measured
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Coeff. Of permeability K =  		
Developed from electrical analogy experiments.
Note:	ensure no dogging of soil face at the bottom of the borehole.
	If deserved, H2O may be pumped into borehole under pressure.

Variable Head TEST	(2 Cases)
[image: ]

Measure rate of flow from stratum into borehole by observing time (t) for water level in the borehole, relative to the water table level, to change from h1 to a value h2.
Hvvasler, M.J. (951) “Time lag and soil permeability in Grand Water Observation, Bulletin NO. 36, Waterways Experimental Station, V.S. Corps of Engineers, Vicksburg, Mississippi.
Cased Borehole:	internal diameter d
			Penetrating a short distance D (not exceeding 1.5m) below 
			the WT in a stratum assumed to be of infinite depth. 



K=  in 	

Second case			

[image: ]				
Borehole with cased length and an uncased length or perforated extension of length L where L > ed in stratum assumed to be of infinite depth. K for this situation is given as 



K =  in  in 

Course Grained Sorts:

K can also be obtained form insitu measurements of seepage velocity using v1 =		n= porosity
	I = hydraulic gradient (head/length
[image: ]
Seepage takes place from A to B
Hydraulic gradient is given by the difference in the steady state water levels in boreholes divided by the distance AB.

Use dye or other suitable tracer in borehole A and measure time taken for dye to appear in borehole B.

Seepage Velocity in then 
Porosity of soil can be determined from density tests then 

K =  	where 	v = seepage velocity
			n = porosity
			t = hydraulic gradient 
porosity – ratio of volume of voids  to the total vol of the soil i.e.

n = 




MI 561 GEOTENICAL ENGINEERING
Basil Mechanics of Slope Failure

Continuous approach to slope stability
Friction cohesion and density – important material properties and most relevant to slope stability 
Definition-diagram below
[image: ]

Relationship between the shear stress is required to cane solidity along a discontinuity and the normal stress acting across it.
Relationship between shear and normal stresses for a typical rock behavior or soil sample 

	……………………………………………[1]


[image: ]
Table 1:	Typical values for angle of Friction and cohesion which are found in shear tests on range rocks and soils. 


Sliding due to a gravitational loading 
Consider a block of weight W resting on a plane surface inclined at an angle     to the horizontal.
[image: ]

Block weight W acts vertically downwards due to gravity resolve part of W which acts down the slope and which causes the block to slide is 

Competent of W which acts across the plane and which tends to stabilize the block is 
Normal stress acting across the potential sliding surface is given by 

    ---------------------[2]
          where A = base open of the block
Assuming that the shear strength of this surface is defined by eq. [1] and substituting for the normal stress from eq. [2]

	 

  Or  tan   ………………….[3]

where R = cA is the shear force which resists sliding down to plane limiting equilibrium (when the disturbing force is exactly equal to the resisting force.

-   -   -   - [4]

If C = 0, the condition of limiting equilibrium supplies to:
	

 

  or	

	-------------------------------------------------- [5]
Influence of Water Pressure on Shear Strength 
Open beer can filled with water on inclined piece of wood.
[image: ]

Condition same as above. However, assume that c c=0 i.e cohesion between bear can case and wood is zero. According to equation 5 above the can and contents will slide down the plank when .
Puncture can so that water can enter gap between plant and can giving rise to a water pressure in or an uplift force U = uA where A = base area of the can


Normal force   istnow reduced by uplift force U and the resistance to sliding is now:    -    -    -    - [6]

		

Where: =  wgt per unit volume of can + water

	 = wgt per unit volume of water


		Then  and 

  -------------------------------- [7]
Substituting 7 into 6 gives us:



						[8]
And the condition for limiting equilibrium defined in eq. 4 becames:



						[9]
[image: ]

[bookmark: OLE_LINK1]Assuming friction angle of the Can/wood interface is 30o, the Unpunctured can will slide down when the plane is inclined at   (Eqn 5).
The Punctured can      slide at much smaller inclination because uplift force U has reduced the normal force and hence reduced the frictional resistance to sliding.

Total weight of the can plus water is only slightly greater than the weight of the water.


Assume       and      
From eq. [9], punctured can will slide when the plane is included at 


The Effective Stress Law
[image: ]
							

The normal stress b acting across the failure surface is reduced to the effective stress by the water pressure u. relationship between shear strength and normal stress defined by eq. [1]

Now becomes 			[10]


NOTE: in most hard rocks, many sand soils and gravels C and  not significantly altered by presence of water hence reduction in shear strength is mainly due to reduction of normal stress across failure surfaces.
Therefore, water pressure important than moisture in defining strength characteristics of hard rocks, sands and gravels.
In terms of stability of slopes; in these materials; the presence of a small vol of H2O @ high pressure, trapped in rock mass is more important than a large volume of water discharging from a free draining aquifer. 


In case of Soft rocks e.g. mudstones and shells and also in case and also in case of clays, both cohesion l and friction  can change markedly with changes in moisture content and it is necessary when testing these materials to ensure that the moisture content of the material is as close as to that existing in the field eq. 10 applies here too but note that C and  change.
The Effect of Water Pressure in a Tension Crack
[image: ]
Block resting on inclined plane
Assume block split by tension crack filled with H2O pressure in tension crack increases linearly with depth and a total force V due to this water pressure sets down the inclined plane in the rear race of the block.
Assume H2O pressure transmitted across the intersection of the tension crack and the base of the block, water pressure distribution in the base of the block will be as illustrated above.
This results in uplift force U-which reduces the normal force acing across this surface.  

Condition of this equilibrium for this case; block acted upon by water forces V and U in addition to its own weight W is defined by
Wsin    

 		-  -  -  - [11].
From this eq. can be seen that:
(i) Disturbing force downwards the plane is increased
(ii) Frictional force resisting sliding is decreased, and 
(iii) Hence both V and U result in decreased stability.
Note:	though H2O pressures involved are relatively small; these pressures 
	act over large areas and hence the water FORCES can be very large.
In practice; presence of water in slope giving rise to uplift forces and water forces in tension cracks is found to be CRITICAL in controlling the stability of slopes. 

Reinforcement to prevent sliding 

[image: ]
The most efficient means for stabilizing blocks or slabs likely to slide down inclined discontinuity surfaces are:	(i)	Tensioned rock bolts on 
						(ii)	Cables.
Consider block above
Forces uplift force U
Water pressure force V

Rock bolt tensioned to load T inclined  at angle  to plane as shown.

Resolve components of tension bolt T parallel the plan = 

Resolve components acting across surface upon which block rests =
The condition of limiting equilibrium for the case is defined by 

-  -  -  - [12]
Eq. shows following:
(i) Bolt tension reduces disturbing force acting down plane and 
(ii) Increases the normal force and hence the frictional resistance between the base of the block and the plane.
Minimum bolt tension required:

Re-arrange eq. 12 to give expression for bolt Tension T and then minimizing this expression w.r.t the angle ,    i.e. set  


Set   = 0 which gives 				[13]
FACTOR OF SAFETY
All equations defining stability of a block in an inclined plane have been presented for the condition of limiting equilibrium 
i.e. the “CONDITION AT WHICH THE FORCES TENDING TO INDUCE SLIDING ARE EXCETILY BALANCED BY THOSE RESISTING SLIDING”
Factor of safety:  An index used to compare the stability of slopes under conditions other than those of limiting Equilibrium.
Define a ratio of total forces available to resist sliding to the total forces tending to induce sliding.

In other words F.S = 


Considering block with Tension crack, water forces and stabilized by tensioned bolt, F.S is given by 	 -  -  - -(14)
				
When F = 1	 Slope is on the point of failure, a condition of limiting equilibrium exists in which the resisting and disturbing (driving forces are equal). 
When slope is stable:  	resisting forces are > the disturbing forces and F > than unity.
Practical application 


Eq. 14 Increase F.S by reducing both U and V   drainage or by increasing the value of T by installing bolts or tensioned cables.
Change W: evaluate carefully since both disturbing and resisting forces are decreased by a decrease in W. 

Practical Experience refer to into notes
	Temporally slopes 	F.S. = 1.3
	Permanent slopes	F.S = 1.5
	Consider rate of change of the F.S.
“The function of the design engineer is not to compute accurately but to judge soundly”
Design for worse conditions e.g.	(i)	Lots of Water
				(ii)	Lower values of C and Φ 
Where not clear or in virgin ground.  Learn from experience. 
Slope Failures for which F.S can be calculated
Block sliding simplest possible model of rock slope failure.  In practical cases, more complex failure processed have to be considered. 

[image: ]
[bookmark: _GoBack]NB: Drive mathematical expressions to quantify failure.

DIAGRAMS
Plane failure
· Rare sight 
· Conditions rare to fulfill (Geometrical)
· Wedge type much more general case
· Useful in demonstrating the sensibility of slope failure to changes in shear strength and ground water conditions.

General conditions for plane failure:
Single plane sliding – satisfy the following:
1. Plane or failure to strike 11 or near parallel (apex)
2. Failure plane must “day light” in slope face i.e its dip must be smaller than that of the slope face.

DIAGRAMS


3. Dip of failure plane must be greater than the angle of internal friction of the plane i.e. ψp>Φ
4. The release surfaces which provide negligible resistance to sliding must be present in the rock mass to define the bilateral boundaries of the slide. 

Plan failure Analysis
2 cases must be considered

a. If slope is having a tension crack in its upper surface.
b. If slope with a tension crack in its face.

Transition from one to the other occurs when the tension crack collides with the slope face i.e. when Z/H = (1-                 ) - - - - [1]

DIAGRAMS
[image: ]


Assumptions 

(a) Both failure planes and  surfaces and tension crack strike parallel to the slope surface
(b) Tension crack vertical and filled with H2O to a depth Zw
(c) H2O enter solid surfaces alone, base for the tension crack and sips along the sliding surface – exceptional @ atmospheric pressure where the sliding surface day lights in the slope face.  [Pressure _________ as indicated in figure)
(d) The forces, 	W (weight of sliding block)
			U (uplift force due to water pressure)
			V (force due to water pressure in the tension crack
All act through the centroid of the sliding rock mass i.e. no movement to cause rotation of block and hence failure is by sliding only.
(e) Show strength of the sliding surface is defined by cohesion C and the friction angle Φ as related by T = c + b tan Φ
	diagram 63
(f) Slice of unit thickness is considered and it is assumed that release surfaces are present so that there is no resistance to sliding at the lateral boundaries of the slope.

F.S  Same as for block sliding done before

F.S = cA + (Wcosψp – U – Vsinψp) Tan Φ
		W. Sinψp + Vcosψp
Where from fig. 2
A = (H-Z), cosec ψp -  -  -  -  -  -  -  -  -  -  - [3]
U = ½    w.  Zw (H2). Cosec ψp - - - - - - - - [4]
V = ½   w. Z1w - - - - - - - - - - - - - - - - - - - [5]

From the tension crack in the upper slope surface (Fig 1)


W = ½    H2 (1-  Cotψp – Cot ψf - - - -  [6]
and for the tension crack in the slope face (fig 2).


    W = ½    H2 (1-  Cotψp (Cotp Tanψf -1]- - - - -  970

When geometry of slope is known and Zw in the tension crack are known ____ of F.S sin simple.
However: desirable to compare a range of slope geometrics, water depths and the influence of diff. shear strengths for the cases, solutions to eqn 2-7 can become quite ____________.

In order to avoid this, re-arrange eqn2 as follows:-  (aimensunless form).
F.S = (2c/  H).  P + [Q.cotψp – R (P + S) Tan Φ	- - - - - - -[8]
		   Q + R.S Cot ψ
Where P = (1 – 1/H).  cosec ψp - - - - - - - - - - - - - - - - - - - [9]
When Tension crack is in the upper slope face:
    Q = [(1- (2/H2) Cot ψp – Cot ψf] Sin ψP - - - - - - - - - - - - -[10]
When the tension crack is in the slope face:
   Q = [(1-2/H)2 Cos ψp (Cot 4p . Tan ψf – 1)] - - - - - - - - - - [11]		



R =   - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -[12]


S = .  Sin ψp  - - - - - - - - - - - - - - - - - - - - - - - - - - - [13]

The Ratios P. Q, R and S are all dimensionless-meaning they depend upon slope geometry and not upon size of the slope.
In cases where C = 0, F.S is independent of the size of the slope.
Principle or dimensionless grouping is a useful tool in rock engineering.
Facilitation of these equations to practical problems .
(Fig 64) pages 155 and 156.

NOTE:	After both tension crack positions are included in the graphs for the ratio Q and hence the values of Q may be determined for any slope configuration without having first to check on the tension crack position.
Always remember that:  depth of the tension crack is  measured from the top of the slope.  e.g. [image: ]
NOTE:	Sensitivity of the slope to water in tension crack is obvious.
	Investigate influence of other parameters by varying them.
	In this example, it is obviously worth taking steps to prevent water 
	entering the top of the tension crack.

Examples of Calculation of F
F2 = (2c/  H). P + (Q cot42 – R (P + S) Tan ψ
	   Q +.S cot ψp

@  = 1
F = (0.125.(1) + (0.36 x 1.7321 – 0.195 (1 + 0.26) x 0.5774
		=0.36 + 0.195 x 0.26. x1.7321

= (0.125 + (0.624 – 0.246) 0.5774
	0.36 + 0.0878Tan 30o = 0.5774
Cot 300 = 1.732

= 0.2904
   0.4478
   0.648
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DIAGRAMS

Graphical Solution
This is an alternative.
Procedure:

(a) From an accurately drawn cross-section of the slope, scale the lengths H, X, D, A, Z and Zw shown in figure.
(b) Calculate the forces W, V and U from theory.
Figure :  	wgt of sliding medge
			W = ½    (HX – DZ)
Horizontal ratio force:  V = ½     Zw2
Uplift force U = ½     Zw.N
Also calculate the magnitude of the cohesive force A.C.

(c) Construct the force diagram s illustrated and as follows:
(i) Draw a vertical line to represent the weight W of the sliding wedge.  The scale should be chosen to suit the size of the drawing board used.
(ii) At high angles to the line representing W, draw a line to represent the force V due to water pressure in the tension crack.
(iii) Measure the angle ψp as shown in FIGURE and draw a line to represent the uplift force U due to water pressure on the sliding surface.
(iv) Project the line representing U (shown dashed in figure) and from the upper extremity of the line representing W, construct a perpendicular to the projection of the V-line.
(v) From the upper extremity of the U line, draw a line at an angle Φ to interest the line from W to the projection of the line.
(vi) The length f in the figure represents the friction force which resists sliding along the failure plane.
(vii) The cohesive resisting force A.c can be drawn parallel to f.  although this step is not essential, drawing A.c on the force diagram ensures that there is no error in converting to and from the various seals which may have been used in this analysis since it provides a visual check of the magnitude of A.c
(viii) The length of the line marked (S) on the force diagram represents the total force tending to induce sliding down the plane.
(ix) The factor of safety F of the slope is given by the ratio of the lengths f+A.c to s.

Influence of groundwater on stability.

DIAGRAMS

Assumed water only in Tension Crack     implying the rest of the rock as impermeable     not always true. 
Currently state of knowledge in rock Engineering does not permit a precise definition of groundwater flow pattern in a rock mass.
- causes sensitivity of slope in variation in groundwater condition.

(a) Day Slopes	-	Simplest case
			-	there may be moisture in slope, but as long as there is 
				no PRESSURE (water) stability will not be affected.
Under these conditions, the forces V and V are both zero:
Equation [ F = c.A + (W COSψP – U –V.Sin ψp) Tan Φ  [42 in text0
                              W.  Sin ψp + V.Costψp  - - - - - - - - - - - - - --  [14]
Becomes or 

Reduces to:		F =  + Cot4p. Tan Φ
Alternatively equation [(8)] reduces to [ 48 in TEXT]


F = .  + CotψP Tan Φ   - - - - - - - - - - - - - - - - - - - - - - - - - -  [15]

(b) Water in Tension Crack Only
Heavy rain storm – fills up crack only, damage not established – therefore immediately after rain storm no uplift pressure present.  Uplift force U =0.
Uplift force – reduce to zero or nearly zero if failure of surface was impermeable as a result of clay filling.
In either case F.S of the slope would be given by:
F. C.A + (W cosψp + V cos
	W Sin ψP + V cos ψP
					
		on alternatively
F=2C/rH. P + (Q cot ψP - RS) Tan Φ
	Q + R.S cot ψP

(c) Water in Tension Crack and on sliding surface
These are the conditions assumed in delivering the general solutions presented here.  Assumed ________ is reasonable.

Possible that a non dangerous water distribution could exist especially in frozen conditions.  Keep these possible variation in mind.

(d) Saturated slope with heavy recharge.
If rock mass heavily fractured     becomes relatively permeable, a ground water flow pattern as occurs in a porous system would develop. i.e. 

DIAGRAMS

Equipotential distributions in slopes with various permeability configuration

The most dangerous conditions which would develop in this case would be those given by prolonged heavy rain.

How nets used for saturated slopes
F.S for permeable slope can be calculated from equation 2 and 8 assuming that the tension crack is water-filled Ze Sw = Z

- Uncertain – the associated with the actual water pressure distribution in rock slopes. No need for further detailed analysis


Critical Tension Crack Depth
- position of T.C may not be known due to = presence of a waste dump for e.g.

Fig 66  Influence of tension crack depth and depth of H2O in Tension Crack 
            upon the factor of a slope.  (from example solution).

When slope is dry or nearly dry – F.S reaches _____________ value which in 
           example considered corresponds to a tension crack depth of 0.42H.


find the by minimizing r.h. side of following equation w.n.t 

F.S =  + cotψP.Tan Φ		9 
Critical tension crack depth as:

Zc/H = 1 -  - - - - - - - - - - - - - - - - - - - - - - -  [16]

From the Geometry of the slope, the corresponding position of the tension crack is 

bc/H =  - cot 4f

Critical tension crack depths and locations for a range of dry slopes are in future 67.

DIAGRAMS

Depth and location of the tension crack are however independent of he groundwater conditions and are as defined by eqn3 55259


 = 1 -  - (55) - - - - - - - - - - - - - - - - - - - - - - - -  [20]


 =   - (59) - - - - - - - - - - - - - - - - - - - - - - - - - - - - [21]
Equation 58 and 59 no longer apply in a newly formed tension crack as those that form after a heavy rain storm
DIAGRAM

Figure 66:	Influence of tension crack depth and of depth of water in the 
	tension crack upon the factor of safety of a slope.  (slope geometry and material properties as for example on page 154)


THE TENSION CRACK AS AN INDICATOR OF INSTABILITY
· Tension cracks are frequent occurrences
· Can exist for years (observation)

Barton   Tension crack generated as a result of small shear movements within rock mass.
· Small movements but numerous          significant displacement of slope faces
· Fact tension crack caused by shear movements means that when tension cracks appear, it must be assumed there shear failure has initiated in the rock mass.
· Not possible to quantify ___________ of this failure.

Recommendation

· Presence of T.C to be taken as an indication of potential instability.
· Presence should signal the need for detailed investigation into the stability of the slope.

Critical Failure Plane Inclination
How to determine when not visible or indicated?
In soft rock or soil slope __________ slope face i.e. ψP <450.  The failure plane would be ____

In sleep rock slopes, failure surface is almost planar 
Indication of such plane can be found by partial differentiation of Eqn 42 wnt ψp
Then F.S = _CA + (Wcon4p – u-v sin 4p) Tan Φ
	      W. sin 4p + V cos 4p

and by equating the resulting differential to zero.  For dry slopes, the critical failure plane inclination ψp is 
ψp  = ½ (ψp + Φ)  - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -  [17]

presence of H2O in slope will cause the failure plane inclination to be reduced by up to 10%.

DIAGRAM			

· Slope failure before left tension crack Z1, left a face included at ψf 
· As a result m – undercut DM inclined at angle ψo, a new failure across on a plane inclined at ψp and involves the formation of a new tension crack of depth Z2.
Geometry of undercut Slope

Not unusual for a tie of a slope to be underwent.
· Intentionally
· Natural agencies/weathering of underlying state.
· Sea cliffs    by action of waves, epision. 
Influence of undercutting on slope stability is important.  42

F.S given by eqn 	modified for the weight term as follows:-


Note that for ψo>0
DM = (H2 – H1)Cot ψ0

The critical tension crack depth, for  a day under-cut sloe is given by:

Z2 = C. Cos Φ
        Cos ψp. Sin (ψp – Φ) -----------------------------------------------[18b]
The critical failure plane inclination is:-

  P = ½ (Φ + Arctan 	
Reinforcement of a Slope

DIAGRAM

· Establish instability
· Consider stabilizing by 	-	drainage
			-	application of external loads

External loads 	Application of installation rock bolts or c_______ 
		__________ into the rock.
		Construction of a waste rock _____ to support the toe
		of the slope.
The F.S of a slope with external loading of magnitude T inclined at an > 0 to the failure plane as shown in the sketch above is 

The F.S = C.A (W/cos ψp – U - VSin ψp + T. cos ) TanΦ
	WSin ψp + V cos ψp + T. cos ) – T.Sin  ------------------------------ [25]

Equation I, correct for the condition of limiting
Problems in using it for other values of F.S (these problems are discussed fully in Appendix 3).

Analysis of failure on a rough plane
Most rocks surfaces exhibit a mass-linear relationship between shear strength and effective normal stress.
The relationship is defined by Ladanyi and Anchambants’ equation 
	L= (l-as) (v + Tan Φ) + as.tr
	     1 – (1 – as) v Tan Φ

Where: as 	is the proportion of the discontinuity surface which is sheared 
	through projection of intact rock material 

            v 	is the dilation rate  at peak shear strength and 
            Tr	is the shear strength of the intact material 
  OR  but Barton’s equation 
	l =  Tan (Φ JRC. Log10          )
where JRC is the joint roughness coefficient which is defined as in Figure 
	below.

Examples of Roughness Profiles
                   500m                                                        500m

		





A:	Rough undulating – tension joins, 				JRC = 20
B:	Smooth undulating, smooth sheeting 			JRC = 10
	hm planar foliation, undulating loading
C:	Smooth nearly planar – planar shear joints, planar
foliation, planar bedding  					JRC = 5

	= Joint Compressive strength
	= Effective normal stress.

DIAGRAMS


Effective normal stress acting on the failure surface can be determined from Equations 3 – 7 notes
	      43 – 52 text

b = (Q cot 4p – R (P+S)

having determined the value of    , the shear strength L of the failure surface is calculated from equation 	  on 				26
21


	Text		Text
				    Barton’s equation 

                        Ladanyi and 
                       Archandanlts 

The factor of safety of the slope is given by modifying equation 
8
2


142
148

                             and 	             as follows:-	
             
	     Text		     Text	

F.S  ----------------------------------------------------------------[23]
OR
F = 	    2 P.I             	
             H (Q + R.S. CotψP ----------------------------------------------------------[24]
Application  Best Illustration 
Chalk Cliff failure @ Joss Bay Iste of Thanet, England.
· Failure indirect by undercutting action of the sea
· Failure in cots fig 87
· Cross-section of cliff.
· H2O measurements 	-	fully drained
· No heavy rain fall
· Water filled tension crack:-  empty not considered in analysis (though interest can check on route influence.)
Laboratory tests on Cliff face samples
      	density 1.9 tonnes/m3
	friction angle Φ 42o for peak strength
	                         30o for residual strength 
Cohesive strength C range 13.3 tonnes/m2 peak
                                               0 tonnes/m2 residual
Purpose:  	Determine the shear strength mobilized in the actual failure and to 		compare this with the lab values.

Summary of available input data:
H – Slope height (H1 = H2)		15.4m  (no tension crack considered)
Z1 – Original tension crack depth 	6.8m
Zz – New tension crack depth 		7.8
DM – depth of undercut			0.5m
Ψ0 – inclination of undercut		0o
Ψf – Slope face angle			80o
ΨP – failure plane angle			67o

[a]	The effective friction angle of the chalk mass can be determined by re-arranging equation [19] notes
			   [64] Text

Φ = 24p – Arcton 
_____________ give Φ=49.9o – Note significantly higher than the friction angle measured is lab – 42o
-	_____ influence of the roughness of the 						actual failure surface should be taken into 
						account in comparison.

From ____ - note that face is very rough – diff in Φ not surprising.
[b]	The cohesion ___________ @ failure can be established by rearranging 	equation [186] Notes
		     [63  ] Text

	C=
Sus___________ Z2 = 7.8m, ψp = 67o and Φ = 49.9o gives C = 2.64 tonnes/m2
[i]	What will happen if the Joss Bay Cliff conti.  It is instructive to consider what will happen to the Joss Bay Cliff as the sea continues to undercut in to Influx data for this next step in the failure process as follows:
	H = Slope height (H1 – H2) = 154m
	Z1 = Original tension crack d = 7.8m
	Ψf = Slope face angle	        = 67o
	C = cohesive strength of the chalk mass 2.65 tonnes/m2
	Φ = friction angle of chalk mass 49.9o

The unknown in this analysis are:-
Z2 = New tension crack depth
Ψp = failure plane angle
DM = depth of undercut

Note:  3 unknowns and only 2 equations viz recall

[65] Z2 =          and 

Ψp = ½ (Φ + Arctan  
Obtain solution in the following matter:
(a) From eqn b	(i)	calculate depth of tension crack Z2 for a range of 
			possible failure plane angles ψp
		(ii)	Plot as in figure (90)
(iii) Since Z2 must lie between Z1 and H1 fig 90 shows that the angle of the failure plane ψp must lie between 67o and 56o.

DIAGRAMS

Solving for a range of corresponding values of ψp and Z2 gives the depth of the undercut shown in Fig. 90b.
Clear that:
(i) Further cliff failure will occur when undercut reaches a depth of approx. 0.9m, and that two corresponding failure plane angle will be ψp = 60o and new tension crack will be (Z2) = 10.2m.

Consequences:  serious for property owners on cliff tops cliff failure: -
Consider stabilization
Analysis assumed chalk mass dry
		Presence of H20       serious reduction of face stability 
Steps to stabilize (i)  drainage 	-	complete
						-	no pools of water
						-	horizontal ____________ into 
							face to allow free drainage.

Fact	Stability of this slope extremely sensitive to u/cutting.
	Prevent by provision of concrete wall along the toe of the cliff – may be  
	practicle solution (in some cases) – 	may be impossible to provide secure foundation for such a wall. 

If not possible
	Only way is to stabilize by reinforcement material failure involved – assume 50 tones for water or slope – small stabilisation ______
	Failure process distant        suggest fully grounded belts or cables, lightly ____ ____ to ensure all contacts are closed.

Load capacity of bolts should be     25% of the mass of the material which could fall. 
· Use pattern of 2o tones bolts or cables each 5m long installed on 5m ____.
· If chalk mass is closely jointed and reveling in- use closer pattern, or conation free __________________________

Practical Example 2
Rock Sliding on clay layers

In mining a horizontal bedded coal deposit, sliding at blocks of material on clay occurs, during periods or high fall:  Clay seams have a high __________ content and that clay, slicken sided by previous shear displacements.

Consequently very low residual shear strength values of C = 0 and Φ = 10o are common and considered appropriate for analysis of such failures.  Ref 114.
Ref 114:  Stimpson, B. and Walton G.
	“Clay mylonites in English Coal Measures”
Proc.  1st Congress, International Association of Engineering Geology.  Paris Vo. 2 1979 pages 1388-1393
			        1388-1393
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Table 3 : Typical problems, critical parameters,

methods of analysis and acceptability criteria for underground civil engineering excavations.

STRUCTURE

TYPICAL PROBLEMS

CRITICAL PARAMETERS

ANALYSIS METHODS

ACCEPTABILITY CRITERIA

Pressure tunnels in
hydro-power projects.

Excessive leakage from
unlined or concrete fined
tunnels.

Rupture or buckling of
steel fining due to rock
deformation or external
pressure.

« Ratio of maximum hydrafic pressure

in tunnel to minimum principal stress
in the surrounding rock.

« Length of steel lining and effectiveness
of grouting.

» Groundwater levels in the rock mass.

Determination of minimum cover depths
along pressure tunnel route from accurate
topographic maps.

Stress analyses of sections along and across
tunnel axis.

Comparison between minimum _principal
stresses and maximum dynamic hydraulic
pressure to determine steel lining lengths.

Steel lining is required where the minimum
principal stress in the rock is less than 1.3
times the maximum static head for typical
hydroelectric operations or 1.15 for opera-
tions with very low dynamic pressures.
Hydraufic pressure testing in boreholes at
the calculated ends of the steel lining is
essential to check the design assumptions.

o

Soft rock tunnels.

Rock failure  where
strength is exceeded by
induced stresses.
Swelling, squeezing o
excessive closure if sup-
port is inadequate.

« Strength of rock mass and of indi-
vidual structural features.

« Swelling potential, particularly of sed-
imentary rocks.

o Excavation method and sequence.

o Capacity and installation sequence of
support systems.

Stress analyses using numerical methods to
determine extent of failure zones and prob-
able displacements in the rock mass.
Rock-support interaction analyses using
closed-form or numerical methods to deter-
mine capacity and installation sequence for
support and to estimate displacements in
the rock mass.

Capacity of installed support should be suffi-
cient to stabilize the rock mass and to limit
¢losure to an acceptable level. Tunnelling
machines and internal structures must be
designed for closure of the tunnel as a result
of swelling or time-dependent deformation.
Monitoring of deformations is an important
aspect of construction control.

)

Shallow tunnels in
jointed rock.

Gravity driven falling or
sliding wedges o blocks
defined by intersecting
structural features.
Unravelling of inade-
quately supported sur-
face material.

o Orientation, inclination and shear
strength of structural features in the
rock mass.

« Shape and orientation of excavation.

« Quality of drilling and blasting during
excavation.

o Capacity and installation sequence of
support systems.

Spherical projection techniques or analytical
methods are used for the determination and
visualization of all potential wedges in the
rock mass surrounding the tunnel.

Limit equilibrium analyses of critical wedges
are used for parametric studies on the mode
of failure, factor of safety and support
requirements.

Factor of safety, including the effects of rein-
forcement, should exceed 1.5 for sliding and
2.0 for falling wedges and blocks.

Support installation sequence is critical and
wedges or blocks should be identified and
supported before they are fully exposed by
excavation.

Displacement monitoring is of little value.

Gravity driven falling or
sliding wedges or tensile
and shear failure of rock
mass, depending upon
spacing of structural
features and magnitude
of in situ stresses.

 Shape and orientation of cavern in
relation to orientation, inclination and
shear strength of structural features in
the rock mass,

o In situ stresses in the rock mass.

« Excavation and support sequence and
quality of drilling and blasting.

Spherical projection techniques or analyt-
ical methods are used for the determination
and visualization of all potential wedges in
the rock mass. Stresses and displacements
induced by each stage of cavern excavation
are determined by numerical analyses and

An acceptable design is achieved when
numerical models indicate that the extent
of failure has been controlled by installed
support, that the support is not overstressed
and that the displacements in the rock mass
stabilize.
Monitoring of dis

s is ial to

are used to estimate support req
for the cavern roof and walls.

confirm design predictions.

Underground nuclear
waste disposal.

Stress and/or thermally
induced spalling of the
rock surrounding the
excavations resulting in
increased  permeability
and higher probability of
radioactive leakage.

« Orientation, inclination, permeability
and shear strength of structural fea-
tures in the rock mass.

« In situ and thermal stresses in the rock
surrounding the excavations.

« Groundwater distribution in the rock
mass.

Numerical analyses are used to calcu-
late stresses and displacements induced by
excavation and by thermal loading from
waste canisters. Groundwater flow patterns
and velocities, particularly through blast
damaged zones, fissures in the rock and
shaft seals are calculated using numerical
methods.

An acceptable design requires extremely low
rates of groundwater movement through the
waste canister containment area in order
to limit transport of radicactive material.
Shafts, tunnels and canister holes must
remain stable for appraximately 50 years to
permit retrieval of waste if necessary.
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Table'4 : Typical problems, critical parameters,

methods of analysis and acceptability criteria for u

nderground hard rock mining excavations.

STRUCTURE

TYPICAL PROBLEMS

CRITICAL PARAMETERS

ANALYSIS METHODS

ACCEPTABILITY CRITERIA

Progressive spalling and
slabbing of the rock
mass leading to even-
tual pillar collapse or
rockbursting.

« Strength of the rock mass forming the
pillars.

« Presence of unfavourably oriented
structural features.

+ Pillar geometry, particularly width to
height ratio

+ Overall i
extraction ratio.

including

geometry

For horizontally bedded deposits, pillar
strength from empirical relationships based
upon width to height ratios and average
pillar stress based on tributary area calcula-
tions are compared to give  factor of safety.
For more complex mining geometry, numer-
jeal analyses including progressive pillar
failure may be required.

Factor of safety for simple pillar layouts in
horizontally bedded deposits should exceed
1.6 for “permanent” pillars.

In cases where progressive failure of complex
pillar layouts is modelled, individual pillar
failures can be tolerated provided that they
do not initiate “domino” failure of adjacent
pillars.

Caving of surface crown
pillars. for which the
ratio of pillar depth to
stope span s inade-
quate. Rockbursting or
gradual spalling of over-
stressed internal crown
pilars.

o Strength of the rock mass forming the
pillars.

« Depth of weathering and presence of
steeply dipping structural features in
the case of surface crown pillas.

o In situ stress levels and geometry of
internal crown pillars.

Rock mass classification and imit equilib-
fium analyses can give useful guidance on
surface crown pillar dimensions for different
rock masses.

Numerical analyses, including discrete ele-
ment studies, can give approximate stress
levels and indications of zones of potential
failure.

Surface crown pillar depth to span ratio
:hofu be large enough to ensure very low
probability of failure.

Internal crown pilars may require extensive
support to ensure stability during mining
adjacent stopes. Careful planning of mining
sequence may be necessary to avoid high
stress levels and rockburst problems.

Falls of structurally
defined  wedges and
blocks from stope backs
and  hanging _walls.
Stress induced failures
and rockbursting in high
stress environments.

« Orientation, inclination and shear
strength of structural features in the
rock mass.

« In situ stresses in the rock mass.

« Shape and orientation of stope.

« Quality, placement and drainage of fill.

Numerical analyses of stresses and displace-
ments for each excavation stage will give
some indication of potential problems.
Some of the more sophisticated numerical
models will permit inclusion of the support
provided by fil or the reinforcement of the
rock by means of grouted cables.

Local instability should be controlled by the
installation of rockbolts or grouted cables to
improve safety and to minimize dilution.
Overall stability is controlled by the geom-
etry and excavation sequence of the stopes
and the quality and sequence of filling.
Acceptable mining conditions are achieved
when all the ore is recovered safely.

Non-entry stopes.

Ore dilution _resulting
from  rockfalls  from
stope back and walls.
Rockbursting o pro-
gressive failure induced
by high stresses in pillars
between stopes.

« Quality and strength of the rock.

o in situ and induced stresses in the rock
surrounding the excavations.

« Quality of drilling and blasting in exca-
vation of the stope.

Some empirical rules, based on rock mass

Classification, are available for estimating

safe stope dimensions.

Numerical analyses of stope layout and

mining sequence, using three-dimensional

analyses for complex orebody shapes, wil
ferlbieianih P

A design of this type can be considered
acceptable when safe and low cost recovery
of a large proportion of the orebody has
been achieved. Rockfalls in shafts and
haulages are an unacceptable safety hazard
and pattern support may be required. In

high stress local destressing

provide
and estimates of support requirements.

may be used to reduce rockbursting.

Drawpoints and ore-
passes.

Local rock mass failure
resulting from abrasion
and wear of poorly sup-
ported  drawpoints or
orepasses. In extreme
cases this may lead
to loss of stopes or
orepasses.

« Quality and strength of the rock.

« I situ and induced stresses and stress
changes in the rock surrounding the
excavations.

« Selection and installation sequence of
support.

Limit equilibrium or numerical analyses are
not particularly useful since the processes of
wear and abrasion are not included in these
models, Empirical designs based upon pre-
Vious experience or trial and error methods
are generally used.

The shape of the opening should be main-
tained for the design life of the drawpoint or
orepass. Loss of control can result in serious
dilution of the ore or abandonment of the
excavation, Wear resistant flexible rein-
forcement such as grouted cables, installed
during excavation of the opening, may be
successful in controlling instabil

w
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Figure 47 : Simplified representation of a hydrologic cycle showing some
typical sources of groundwater.
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PLANNING A SLOPE STABILITY PROGRAMME

1. Preliminary collection of geological
data from air photos, surface mapping
and borehole cores.

2. Preliminary analysis of geological data|
to establish major geological patterns.

ion to proposed pit slopes to assess

Examination of these patterns in relat-f

probability of slides developing.

3. Slopes in which no unfavourable
discontinuities exist or slopes
in which failure would not
matter identified. No further
stability analysis of these
slopes required. Slope angles
determined from operational
considerations.

4. Slopes in which unfavourable discontin=

uities exist identified and those slopes
in which failure would be critical at
any stage of the mining operation marked

for detailed study.

5. Detailed geological investi-
gation of critical slope areas
on basis of surface mapping
and drill core logging. Spec-
ial drilling or adits outside

Shear testing of Ies
discontinuity surf-
aces - particularly
if clay covered
or slickensided.

Installation of piezometers
in drill holes to establish
groundwater flow patterns

and pressures and to monitor
changes in groundwater levels

orebody may be required.

during mining.

8.

Reanalyse critical slope areas on basis
of detailed information from steps 5,6
and 7. using limit equilibrium techniques
for circular, plane or wedge slides
Examine possibility of other types of
failure induced by weathering, toppling
or damage due to blasting.

LT

Examine slopes in which risk of failure
is high in terms of open pit design.
Options are :

a. Flatten slopes.

b. Stabilise slopes by drainage or, in
special cases, by rock bolts or tens-
ioned cables.

c. Accept risk of failure and implement
monitoring programme for failure pre-

diction.

=

10. Stabilisation of slopes by drainage or
reinforcement feasible if cost saving
resulting from steepening of slopes
exceeds cost of designing and construct-
ing stabilisation system. Additional
field measurements required to estab-
lish drainage characteristics of rock
mass.

11. Accepting risk of failure on basis
of ability to predict and to accom-
modate slide without endangering
men and equipment. Most reliable
prediction method based upon
measurement of slope displacements.

Figure 6

: Analysis of the stability of slopes in open pit mines.
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Table 1 : Typical problems, critical parameters, methods of analy‘n and acceptability criteria for slopes.

STRUCTURE

TYPICAL PROBLEMS

CRITICAL PARAMETERS

ANALYSIS METHODS

ACCEPTABILITY CRITERIA

2

Landslides.

Complex failure along 2
circular or near circular
failure surface involving
sliding on faults and
other structural features
as well as failure of
intact materials.

« Presence of regional faults.

o Shear strength of materials along
failure surface.

« Groundwater distribution in slope, par-
tieularly in response to rainfall or to
submergence of slope toe.

« Potential earthquake loading.

Limit equikbrium methods which allow for
non-ciecular failure surfaces can be used to
estimate changes in factor of safety a5 a
result of drainage or slope profile changes.
Numerical methods such as finite element
or discrete element analysis can be used to
investigate failure mechanisms and history
of slope displacement.

Absalute value of factor of safety has little
meaning but rate of change of factor of
safety can be used to judge effectiveness of
remedial measures.

Long term monitoring of surface and subsur-
face displacements in slope is the only prac-
tical means of evaluating slope behaviour
and effectiveness of remedial action.

Soil or heavily jointed
rock slopes.

Circular failure  along
a spoon-shaped surface
through soil or heavily
jointed rock masses.

« Height and angle of slope face.

o Shear strength of materials along
failure surface.

« Groundwater distribution in slope.

o Potential surcharge or earthquake
loading.

Two-dimensional limit equilibrium methods
which include automatic searching for the
critical failure surface are used for para-
metric studies of factor of safety.
Probability analyses, three-dir 1 limit

Factor of safety > 13 for “temporary”
slopes with minimal risk of damage.

Factor of safety > 15 for “permanent”
slopes with.significant risk of damage.
Where dis are critical, numer-

equilibrium analyses or numerical stress
analyses are occasionally used to investigate
unusual slope problems.

ical analyses of slope deformation may be
required and higher factors of safety will
generally apply in these cases.

Jointed rock slopes.

Planar or wedge sliding
on one structural fea-
ture or along the line
of intersection of two
structural features.

» Slope height, angle and orientation.

« Dip and strike of structural features.

« Groundwater distribution in slope.

« Potential earthquake loading.

» Sequence of excavation and support
installation.

Limit equilibrium analyses which determine
three-dimensional sliding modes are used for
parametric studies on factor of safety.

Failure probability analyses, based upon dis-
tribution of structural orientations and shear.
strengths, are useful for some applications.

Factor of safety > 1.3 for “temporary”
slopes with minimal risk of damage.

Factor of safety > 15 for “permanent”
slopes with significant risk of damage.
Probability of failure of 10 to 15% may be
acceptable for open pit mine slopes where
cost of clean up is less than cost of stabi-
lization.

Vertically jointed rock
slopes .

Toppling of columns
separated from the rock
mass by steeply dip-
ping structural features
which are paraliel or
nearly parallel to the
slope face.

+ Slope height, angle and orientation.
« Dip and strike of structural features.
» Groundwater distribution in slope.

« Potential earthquake loading.

Crude limit equilibrium analyses of simpli-
fied block models are useful for estimating
potential for toppling and sliding.

Discrete element models of simplified slope
geometry can be used for exploring toppling
failure mechanisms.

No generally acceptable criterion for top-
pling failure is available although potential
for toppling is usually obvious.

Monitoring of slope displacements is the
only practical means of determining siope
behaviour and effectiveness of remedial
measures.

Loose boulders on
rock slopes.

Sliding, rolling, falling
and bouncing of loose
rocks and boulders on
the slope.

« Geometry of slope.

» Presence of loose boulders.

« Coefficients of restitution of materials
forming slope.

o Presence of structures to arrest falling
and bouncing rocks. s

Calculation of trajectories of falling or
bouncing rocks based upon velocity changes

Location of fallen rock or distribution of a
large number of fallen rocks will give an

at each impact is generally ad
Monte Carlo analyses of many trajectories
based upon variation of slope geometry and
surface properties give useful information on
distribution of fallen rocks.

of the of the poten-
tial rockfall problem and of the effectiveness
of remedial measures such as draped mesh,
catch fences and ditches at the toe of the
slope.
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Table 2 : Typical problems, critical parameters, methods of analysis and acceptability criteria for dams

and foundations.

STRUCTURE

TYPICAL PROBLEMS

CRITICAL PARAMETERS

ANALYSIS METHODS

ACCEPTABILITY CRITERIA

Zoned fill dams.

Circular or near-circular
failure of dam, par-
ticularly during _rapid
drawdown. Foundation
failure on weak seams.
Piping and erosion of
core.

o Presence of weak or permeable zones
in foundation.

« Shear strength, durability, gradation
and placement of dam construction
materials, particularly filters.

o Effectiveness of grout curtain and
drainage system.

« Stability of reservoir slopes.

Seepage analyses are required to_deter-
mine water pressure and velocity distribu-
through dam and abutments.

Limit equilibrium methods should be used
for parametric studies of stabilty.
Numerical methods can be used to investi-
gate dynamic response of dam during earth-
quakes.

Safety factor >1.5 for full pool with steady
state seepage; >1.3 for end of construction
with 8o reservoir loading and undissipated
foundation porewater pressures; >1.2 for
probable maximum flood with steady state
seepage and >1.0 for full pool with steady
state seepage and maximum credible hori-
zontal psuedo-static seismic loading.

=N
A

Gravity dams.

Shear failure of interface
concrete and
rock or of foundation
rock. Tension crack for-
mation at heel of dam.
Leakage through foun-
dation and abutments.

« Presence of weak or permeable zones
in rock mass.

o Shear strength of interface between
concrete and rock.

« Shear strength of rock mass.

o Effectiveness of grout curtain and
drainage system.

« Stability of reservoir slopes.

Parametric studies using limit equilibrium
methods should be used to_investigate

Safety factor against foundation failure
should exceed 1.5 for normal full pool oper-

sliding on th erface between
and rock and sliding on weak seams in the
foundation. A large number of trial failure
surfaces are required unless a non-circular
failure analysis with automatic detection of
critical failure surfaces is available.

ating provided that

shear strength values are used (<’ =0).
Safety factor > 1.3 for probable mximum
food (PMF).

Safety factor > 1 for extreme loading - max-
imum credible earthquake and PMF.

Arch dams.

Shear failure in foun-
dation or abutments.
Cracking of arch due to
differential settlements
of foundation. Leakage
through foundations o
abutments.

o Presence of weak, deformable or per-
meable zones in rock mass.

« Orientation, inclination and shear
strength of structural features.

» Effectiveness of grout curtain and
drainage system.

» Stability of reservoir slopes.

Limit equilibrium mathods are used for para-
metric studies of three-dimensional sliding
modes in the foundation and abutments,
including the influence of water pressures
and reinforcement.

Three-dimensional numerical analyses are
required to determine stresses and displacs-
ments in the concrete arch.

Safety factor against foundation failure >1.5
for_normal ful pool operating conditions
and >1.3 for probable maximum flood con-
ditions provided. that conservative shear
strength values are used (' 0).

Stresses and deformations in concrete arch
should be within allowable working levels
defined in concrete specifications.

Slope failure resulting
from excessive founda-
tion loading. _Differen-
tial settlement due to
anisotropic deformation
properties of foundation
rocks.

 Orientation, inclination and shear
strength of structural features in rock
mass forming foundation.

« Presence of inclined layers with sig-
nificantly different deformation prop-
erties.

 Groundwater distribution in slope.

Limit equilibrium analyses of potential
planar or wedge failures in the foundation
orin adjacent slopes are used for parametric
studies of factor of safety.

Numerical analyses can be used to deter-
mine foundation deformation, particularly
for anisotropic rock masses.

Factor of safety against sliding of any poten-
tial foundation wedges or blocks should
exceed 1.5 for normal operating conditions.
Differential settlement should be within
limits specified by structural engineers.

Foundations on soft
rock or soil.

Bearing capacity failure
resulting from  shear
failure of soils or weak
rocks underlying foun-
dation slab.

« Shear strength of soil or jointed rock
materials.

o Groundwaterdistribution in soil or
rock foundation.

. ion loading conditions and

Limit equilibrium analyses using inclined
slices and non-circular failure surfaces are
used for parametric studies of factor of

safety.
Nummnl analyses may be required to

potential for earthquake loading.

particularly for
anisotropic foundation materials.

Bearing capacity failure should ot be per-
mitted for normal loading conditions.
Differential_settlement should be within
limits specified by structural engineers.
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