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ABSTRACT 

The aim of the project was to investigate the behaviour of 

coar.se and fine c o l l i e r y discards with respect to liquefaction 

potential, using controlled load t r i a x i a l t e s ting. I t was hoped to 

r e l a t e the behaviour in these t e s t s to measured material properties 

such as strength, shape,.chemistry and mineralogy. 

The investigation of coarse discards contrasted the behaviour 

of a weak,- seatearth-rich discard from Gedling C o l l i e r y with that of 

a strong s h a l e - r i c h discard from Abernant C o l l i e r y . The former showed 

some liquefaction potential at low confining pressures, while the 

l a t t e r showed no liquefaction potential. 

A seatearth and a shale from County Durham were used to 

demonstrate any possible l i n k s between these basic materials and the 

'behaviours observed. However, both showed responses s i m i l a r to the 

Gedling discard. Investigation of material properties indicated that 

the strength of material, i t s s t a b i l i t y i n water and i t s f a c i l i t y for 

pore pressure equalisation were the most important factors influencing 

response during controlled load t e s t i n g . The strength and s t a b i l i t y 

of the material are probably related to i t s organic carbon content. 

The Aberrant discard had a high strength and s t a b i l i t y in water and 

showed'good poten t i a l for equalisation of pore pressures during testing, 

i n contrast to the other three materials. Tests on mixtures of Abernant 

discard and the Durham seatearth showed a t r a n s i t i o n between the behaviours 

of the end materials for a mixture containing between 20 and 25 per cent 

seatearth. 

Tests on .fine discard from Peckfield C o l l i e r y showed s i g n i f i c a n t 

differences i n behaviour between samples from the lagoon and those 
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fabricated i n the laboratory. The former showed strong d i l a t a n t 

behaviour, v.uile the l a t t e r showed some potential for liquefaction. 

This i s probably due to differences i n s o i l structure (organisation 

of p a r t i c l e s ) . 

Tests on fine discard from Abernant showed a hxgh potential for 

liquefaction. The most s i g n i f i c a n t difference, possibly a f f e c t i n g 

liquefaction potential, between t h i s discard and that from Peckfield 

was the uniformity of grading, the Abernant discard being considerably 

more uniform. The r e s u l t s for the Abernant fine discard showed no 

correlation with those for the coarse discard from the same c o l l i e r y . 
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CHAPTER 1 

INTRODUCTION 

1 . 1 Aims of Project. 

The aim of t h i s project was to investigate the s u s c e p t i b i l i t y of 

coarse and fine c o l l i e r y discard to liquefaction using the controlled 

load t r i a x i a l t e s t , which i s a suitable means of assessing t h i s 

phenomenon. 

The coarse discards chosen were from two separate areas, South 

Vales and Nottinghamshire< The former i s an example of a sha l e - r i c h 

discard of high rank (rank 1 0 0 ) and the l a t t e r i s an example of a high 

seatearth discard of low rank (rank 8 0 0 to 9 0 0 ) . From the te s t r e s u l t s 

the different behaviours of these two types of discard could be contrasted. 

To investigate further controlled-load behaviour in terms of s p e c i f i c 

rock types a t y p i c a l shale and a t y p i c a l seatearth from Esh Winning and 

Biggin South opencast s i t e s i n County Durham were also tested. For a l l 

the coarse materials tested, variations i n material properties together 

with chnnical and mineralogical composition were used to t r y and explain 

the differences i n behaviour that were recorded. 

Tests were carried out on fine discards again with the object of 

comparing behaviours of di f f e r e n t types of c o l l i e r y t a i l i n g s ( s l u r r i e s ) 

and explaining them in terms of material properties. Developments were 

also made i n the technique used for controlled load t e s t i n g of fine 

grained materials. 

I n the investigation of fine grained dascards i t was al s o hoped to 

show the difference, i f any, between the behaviour of samples taken from 

c o l l i e r y lagoons and those made up (fabricated) in the laboratory. 

(78 J 3 l L l l . l t 

S E P 1978 s 
IfOTlO" 



1 . 2 The Concept of Liquefaction and Floy; S l i d e s 

Concern about liquefaction and flow s l i d e s i n c o l l i e r y discards 

came about as a r e s u l t of the Aberfan disaster of 1 9 6 6,in which 

liquefaction was shov/n to be a major contributory factor. 

Many different d e f i n i t i o n s of liquefaction have been used since 

Terzaghi and Peck (194-8) described i t as "the sudden decrease of 

shearing resistance- of a quick sand from i t s normal value to almost zero 

without the a i d of seepage pressures". 

The de f i n i t i o n used by Castro ( 1 9 6 9 ) , gives a comprehensive 

description of the phenomenon; "The phenomenon by which the s o i l s u f f e r s 

such a su b s t a n t i a l reduction of i t s shear strength that the mass of s o i l 

a c t u a l l y flows, spreading out u n t i l the shear s t r e s s e s acting within the 

mass become so small that they are compatible with i t s ' reduced shear-

strength". 

Although liquefaction can occur i n a dry s i t u a t i o n i n which a i r i s 

the f l u i d , for example avalanches, i t usually occurs i n saturated or 

nearly saturated s o i l s which have a metastable structure . On collapse 

of such a metastable structure the load i s transferred from the s o i l 

skeleton to the pore f l u i d , producing a flow slide,(Bishop et a l . 1 9 6 9 ) . 

The r e s u l t s of liquefaction leading to flow s l i d e s can be rapid 

and disastrous. Many flow s l i d e s have occurred i n sand deposits as a 

r e s u l t of earthquakes. Liquefaction i s generally produced by shock 

loading, such as that r e s u l t i n g from an earthquake, or movement of a 

previous f a i l u r e plane. 

1 . 3 Flowslides i n C o l l i e r y Waste. 

In the case of c o l l i e r y s p o i l heaps, flowslides could po t e n t i a l l y be 

caused by a number of different events such as tremors, or sudden shocks 

caused by mining subsidence, tipping of fresh s p o i l on a po t e n t i a l l y 

V 
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unstable slope, vibrations caused by plant used i n tipping operations 

and shocks r e s u l t i n g from slipping on old f a i l u r e planes. The presence 

of large quantities of water af t e r periods of wet weather i s often a 

major contributory factor i n t h i s type of f a i l u r e . 

Some examples which i l l u s t r a t e a number of the above causes can 

be cited. For example, i n 1969 a ';2m high, 20 year old t i p suffered a 

s l i p due to subsidence. Some time prior to the s l i p a crack 60m long 

with a 200mm step had been noted i n the t i p . In I967 a l i p high lagoon 

bank f a i l e d one week af t e r fresh s p o i l had been tipped over the old 

bank. The f a i l u r e followed a period of heavy r a i n . At Abercynon t i p 

i n South Wales a flowslide occurred i n 1939 i n which a section 110m wide 

flowed LtfOm i n a few minutes, 180,000 tonnes of s p o i l being involved. 

The t i p was on a ground slope of 1 i n 2.6 or steeper. The cause was 

concluded to be water issuing from a fault plane beneath the t i p . These 

f a i l u r e s were documented by the National Coal Board (19?0). At Aberfan 

there had been a history of previous f a i l u r e s . In 19hh another t i p i n 

the Aberfan complex suffered a collapse, which was probably caused by 

spring water seeping into the t i p . In 19o3 there had been a major s l i d e 

i n the t i p v/hich moved again i n the 1966 d i s a s t e r . A l l these s l i d e s 

followed periods of heavy r a i n . The actual flowslide of 1966 was 

triggered by a toe f a i l u r e which reactivated a s l i p along the previous 

f a i l u r e surface. The r e s u l t s were accentuated by large volumes of water 

being released from aquifers beneath the t i p . 

Flowslides are always a potential hazard i n t i p s as has been pointed 

out i n the N.C.B-'s Technical Handbook (I9?0) "Flowsliding should always 

be considered a probable secondary consequence when large quantities of 

material are involved, when the material i s very wet, and where the 



natural ground i n front of the t i p in the probable direction of movement 

slopes steeply away from the t i p " . The worst combination of the hazards 

outlined above occurs i n South Wales where there i s high r a i n f a l l (up to 

2000mm per annum) and the t i p s are often constructed on h i l l s i d e s . 

Although the problem requires s p e c i a l attention in South Wales, i t cannot 

be ignored in other areas. The problems of t i p s and t h e i r possible 

solutions are outlined l a t e r i n t h i s chapter. 

As well as flowslides involving t i p material there have also been 

examples of flowslides involving lagoon sediments. In North Derbyshire 

i n 1966 s l u r r y from a lagoon flowed a distance of 100m following the 

f a i l u r s of a 8m high lagoon bank. F a i l u r e was due to artesian water 

pressures i n the bedrock caused by water seeping from the lagoons and 

also groundwater seepage from higher ground. The lagoon bank was also 

affected by subsidence due to old mine workings. A further danger i n 

the case of lagoon deposits i s the p o s s i b i l i t y of drawdown leading to 

possible f a i l u r e of the lagoon bank. This could occur during the 

excavation of lagoon deposits. 

Further examples of f a i l u r e s involving t a i l i n g s and t a i l i n g s dams have 

occurred outside t h i s country. In 1972 a t a i l i n g s dam near Buffalo 

Creek. West Vir g i n i a f a i l e d a f t e r 9̂ mm of r a i n i n 72 hours. The dara was 

15m high, had a base width of 120m, and was standing at the angle of 

repose. The f a i l u r e released 4.16 x 10 m of wi+.er and k i l l e d 118 

people making /|000 more homeless. Due to inadequate design of the dam 

the f a i l u r e mechanism was complex. I t appeared to be a combination 

of piping in the t a i l i n g s , downstream slipping due to seepage pore pressures 

and overtopping due to lack of overflow works (Bishop, 1975)-

In Chile there are a large number of t a i l i n g s dams b u i l t from m i l l 

t a i l i n g s produced in the extraction of copper. On March 28, 196?» there 
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was a serious earthquake (magnitude 7 to 7-25; 0.l8g peak acceleration 

at 120krn) in Central Chile which led to the f a i l u r e of a number of these 

dams. A number of these f a i l u r e s have been described by Dorby and 

Alvarez (19^7)• The most serious f a i l u r e occurred at E l Cobre, where 

two dams f a i l e d during the earthquake. The f a i l u r e caused 2 m i l l i o n 

tonnes to flow, t r a v e l l i n g 12km in a few minutes. The flow destroyed 

part of the town of E l Cobre and k i l l e d more than 200 people. Accounts 

of the f a i l u r e s indicated that a s l i d e of the frontal slope of the dam 

was followed by the liquefaction and flow of the core. The core 

material was generally very fine, between 45 and 60 per cent passing a 

No. 200 sieve for the materials studied. I t was also very wet and 

uncompacted. These f a i l u r e s i l l u s t r a t e the importance of proper design 

and construction of structures involving tailings,and e s p e c i a l l y i n 

seismic areas. 

1./-I Review of some recent, work. 

Much of the current work i s in the f i e l d of c y c l i c liquefaction 

r e l a t e d to the occurrence of liquefaction i n sand deposits durjjig 

earthquakes. However, i n t h i s work some theories, ideas and techniques 

have been developed which are relevant to the current investigation. 

Some of these are outlined i n t h i s section. 

1,/;.! C r i t i c a l Voids Tfatio, E and F Lines and Flow Structures. 

Casagrande has been involved i n work on liquefaction from an early 

stage (mid nineteen t h i r t i e s ) and has contributed a great deal to the 

current ideas. Much of t h i s work was summarized i n h i s recent 

publication (1976). 

From as early as 1938 Casagrande observed that when a dense sand i s 

sheared i t w i l l d i l a t e (increase in volume) and that a loose sand w i l l 

contract (decrease in volume). From t h i s he developed the concept of 
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1 c r i t i c a l void r a t i o ' , as the void r a t i o at which a sand would neither 

contract nor d i l a t e , but shear at a constant volume. This void r a t i o 

was found to be dependent on the normal pressure and a plot of log 

normal pressure against void r a t i o was produced (Figure l . l ) . The 

l i n e on t h i s plot was called the 'E Line'. 

The response of sand subjected to a shear force w i l l depend on i t s 

position r e l a t i v e to t h i s l i n e . For sand whose state l i e s above t h i s 

l i n e , point a, the natural tendency would be for the sand to densify, 

decreasing the void r a t i o , and to move v e r t i c a l l y down to point b. 

However, i f volume change ir. not possible the tendency i s s t i l l to 

reduce i n volume, but as t h i s i s not possible, the e f f e c t i v e normal 

s t r e s s i s decreased by the transfer of some of the load to the pc? e 

water, and the state moves to the right to point c. This produces a 

r i s e in the pore pressure and a reduction i n the shear strength, i . e . 

the phenomenon of liquefaction i s produced. 

I f a sand below the l i n e was subjected to shear forces the effect 

would be the induction of negative pore pressures, and further load 

would be taken by the sand. Thus i t was shown that a sand above the 

l i n e would be l i a b l e to liquefaction and one below i t would not. However, 

h i s work following the Fort Peck Dam s l i d e of 1938 showed that a sand 

"Ivino- apparentl?/- below the l i n e had liauefied(from f i e l d t e s t s on the 

l i q u e f i e d sand af t e r the f a i l u r e ) . 

However, further work produced the concept of a flow structure. 

He concluded that when a sand l i q u e f i e s and i s flowing i t has a structure 

completely different from that i n the s t a t i c condition forming a flow 

structure. In t h i s structure the grains of sand are rotating r e l a t i v e 

to each other i n such a. way as tc produce minimum f r i c t i o n a l r esistance. 
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This structure spreads by chain reaction and ex i s t s only during flow. 

When the flow stops the grains revert to a s t a t i c structure which i s 

s l i g h t l y denser than the o r i g i n a l structure. This could explain the 

observations concerning the Fort Peck Sand. Thus, a change of structure, 

reducing the s u s c e p t i b i l i t y to liquefaction, could have taken place 

e.g. from an unstable honeycomb structure to a stable single-grained 

structure (Figure 1.2). 

Although Casagrande had made these observations and postulations, 

he was not able to demonstrate them i n the laboratory. This was f i n a l l y 

achieved by Castro (1969), who by using load control t r i a x i a l t e s t s 

instead of the usual s t r a i n control produced Liquefaction and flow 

structures in the laboratory. The success of the load control method 

was due to the fact that i n order to maintain a flow structure the 

driving force must be kept constant* I f a flow structure developed in 

a str a i n - c o n t r o l l e d t e s t the driving force would be relaxed and the 

structure could not be maintained. I n the case of load control there 

would be no relaxation and the structure would be maintained. 

From the r e s u l t s of Castro's and other subsequent t e s t s , Casagrande 

considered the relationship between void r a t i o and log ef f e c t i v e minor 

p r i n c i p a l s t r e s s at f a i l u r e . He found from t h i s plot that there was a 

well defined l i n e which he c a l l e d the 'F Line 1 (the l i n e for which 

liquefaction with a flow structure developed). Subsequently, he 

produced flow structures i n s t r a i n controlled and drained t r i a x i a l t e s t s . 

Again he plotted void r a t i o against log eff e c t i v e minor p r i n c i p a l s t r e s s 

during flow. The re s u l t i n g l i n e s are shown in Figure 1>3> being termed 

E B C ™ d E U « 

The actual position of the E s c l i n e i s thought to be dependent on 

the speed of loading, the F l i n e being an extreme case. As with the load 

maintained the flow structure collapses almost instantaneously. 
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Casagrande define.? three zones on the plot as follows:-

Zone A the d i l a t i v e zone below the F l i n e i n which no liquefaction 

w i l l occur; 

Zone B between the F and E ^ l i n e s , either a d i l a t i v e or contractive 

response may develop depending on the rate of s t r a i n , and on the 

proximity to the F l i n e ; 

Zone C above the E.u l i n e - a contractive response to any s t r a i n w i l l 

develop and liquefaction i s the l i k e l y r e s u l t of any rapid s t r a i n or 

shock. 

Casagran.de then concludes "The F l i n e i s of prime i n t e r e s t for engineering 

applications.- On the basis of my present knowledge and judgement, I 

consider the entire area above the F .line to be a hazard with respect to 

a c t u a l liquefaction "In foundations of dams and important structures in 

highly seismic zones. Below the F l i n e actual liquefaction i s not 

possible, although small s t r a i n s may develop". 

The term "actual liquefaction" used here by Casagrande i s defined by 

him as follows"the response of contractive (loose) sand which r e s u l t s i n 

s u b s t a n t i a l increases in pore pressure and loss of strength that can-

cause a flow s l i d e " . 

1.h .2 Liquefaction and Associated Results. 

In h i s paper of 1973, Youd attempts to c l a r i f y the position regarding 

liq u e f a c t i o n and i t s r e s u l t i n g a f t e r e f f e c t s . Definitions used by Youd 

are as follows: 

Liquefaction "The transformation of a granular material from a s o l i d s t a t e i n 

to a l i q u e f i e d state as a r e s u l t of pore water pressures". 

S o l i d i f i c a t i o n The opposite process to liquefaction. Deformations in the 

s o l i d state are described as p l a s t i c and e l a s t i c s t r a i n s , whereas those i n 

the l i q u e f i e d state are called flow deformations. 

Two types of f!lr>w re s u l t i n g from liquefaction are defined: 

http://Casagran.de
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( i ) Limited Flow -liquefaction i n which flow deformation occurs, but 

which i s subsequently arrested by s o l i d i f : c a t i o n a f t e r movement without 

s i g n i f i c a n t change of t o t a l s t r e s s . This type of liquefaction has also 

been referred to as p a r t i a l liquefaction by Castro (1969). A phenomenon 

known as l a t e r a l spreading landslides can r e s u l t from a number of .limited 

flows occurring during repeated loading, such as i n an earthquake. Tims, 

although a single occurrence may only produce small displacements 

repeated flow can lead to large displacements. 

( i i ) Un-limited flow - the condition in which reductions i n pore pressure 

due to d i l a t i o n are not enough to a r r e s t the flow. I n t h i s case the flow 

deformation continues u n t i l the applied shear s t r e s s e s are reduced to a 

l e v e l l e s s than the viscous shear resistance of the l i q u e f i e d material. 

Landslides produced i n these cases are referred to as 'flow landslides'. 

1.4.3 Sample Preparation and the E f f e c t s of S o i l Structure. 

Professor H.B. Seed of the University, of C a l i f o r n i a has,with a number 

of co-workers, carried out a great deal of work in the f i e l d of c y c l i c 

l i q uefaction. In a paper published recently ( A p r i l , 137?) with Mori 

and Chan, he discusses the effects of s t r a i n history and s o i l structure 

on a s o i l ' s s u s c e p t i b i l i t y to liquefaction. 

Using a large sc a l e shaking table apparatus in order to eliminate 

the e f f e c t s of boundary conditions, he compared the behaviour under large-

s c a l e c y c l i c loading of two different sand samples. The f i r s t had been 

subject to a number of small vibrations not s u f f i c i e n t to cause f a i l u r e . 

The second had had no previous loading history. The two samples were 

tested i n the same way, and i t was found that the number of cycles to 

cause liquefaction i n the pre-loaded sample was eight times that i n the 

unloaded sample, even though the former had not suffered any s i g n i f i c a n t 

change in r e l a t i v e density. 
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This shows that r e l a t i v e density alone cannot be used as an 

indication of liquefaction potential, and that previous s t r a i n history 

and s o i l structure are also s i g n i f i c a n t . Casagrande's observations 

concerning the state of the Fort Peck Sand a f t e r liquefaction also show 

the effect of s t r a i n h i s t o r y . 

A possible explanation of the change i n s u s c e p t i b i l i t y to liquefaction 

i s that the s o i l undergoes a change i n structure without a s i g n i f i c a n t 

change i n - r e l a t i v e donsity. Seed has shown that a sand sample 

subjected to a number of s t r e s s cycles undergoes a settlement of 0.01 

per cent i n the f i r s t cycle but only 0.002 per cent i n the fifteenth 

cycle, even though the r e l a t i v e density i s not s i g n i f i c a n t l y a l t e r e d . 

This confirms the observations of Mullis, Chan and Seed (1975) that the 

same sand can have the same r e l a t i v e density but different structure which 

w i l l r e s u l t i n different liquefaction c h a r a c t e r i s t i c s . 

These observations r a i s e the question of possible differences between 

s o i l structure i n the f i e l d and those of prepared specimens i n the 

laboratory. Seed has shown that undisturbed samples are l e s s susceptible 

to liquefaction than samples prepared to the same density i n the J aboratory; 

the s t r e s s r a t i o to cause liquefaction being up per cent higher for 

undisturbed samples. He has also shown that samples prepared by tamping 

in a moist condition are s i g n i f i c a n t l y stronger than those prepared by 

sedimentation. Another factor involved i n liquefaction p o t e n t i a l and 

s o i l structure considerations i s the l a t e r a l earth pressure coefficient K Q . 

Seed puts forward f i v e possible explanations for h i s observations: 

1. Natural deposits have- a somewhat more stable structure, perhaps due 

to the greater l a t e r a l movements associated with the deposition 

process, than those of the same sand deijosited i n the laboratory. 
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2. Natural deposits invariably acquire some increase in s t a b i l i t y due 

to small l o c a l seismic events that occur in most environments -

thereby producing a more r e s i s t a n t s o i l structure and an increase 

in K . 
o 

3. Natural deposits acquire some increase i n s t a b i l i t y as a r e s u l t 

of the long periods of sustained s t r e s s to which they are subjected, 

thereby producing some type of "cementation" at p a r t i c l e contacts, 

i n comparison with short term t e s t s on laboratory samples at the 

same density. 

if. S t r a t i f i c a t i o n which i s invariably present to some degree in 

undisturbed samples, may influence the r e s u l t s of t e s t s on these 

materials to some extent. 

5- The vibrations inevitably associated with the extraction of samples 

from the ground are simply another form of seismic history, which 

sometimes tends to make "undisturbed" samples have a higher resistance 

to liquefaction than they would have in s i t u . 

He concludes that there i s a reasonable expectancy that the f i r s t two 

factors w i l l improve the s o i l c h a r a c t e r i s t i c s , and that there i s no 

evidence to support the effect of long term pressures. E f f e c t s of 

vibration could well be off s e t by eff e c t s on density which are also evident. 

Other v/orkers have also shown differences i n behaviour between 

undisturbed and laboratory prepared samples and rJ so v a r i a t i o n s depending 

upon preparation techniques. Oda (1972) showed that i n compressive 

t e s t s the preferred orientation of natural deposits was stronger than the 

random orientation of laboratory samples. Ladd (1977) has shown that 

samples made up dry are weaker than those made up wit. 
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Seed f i n a l l y puts forward the idea that the standard penetration 

resistance could be used to assess liquefrction. p o t e n t i a l . He points 

out that the liquefaction r e s i s t a n c e increases with r e l a t i v e density and 

the penetration resistance also increases with r e l a t i v e density. Also 

the liquefaction resistance increases with the in s i t u value of K and M o 
the penetration resistance also increases with K q. F i n a l l y , both 

liquefaction resistance and penetration resistance increase with 

increasing s t r u c t u r a l s t a b i l i t y of the grains. 

From t h i s he makes a correction for the effect of overburden pressure 

and shows that there i s a good case for using t h i s as a c r i t e r i o n for 

assessing liquefaction c h a r a c t e r i s t i c s . 

1.5 C o l l i e r y Waste Disposal 

L i t t l e attention was paid to the problems attending the disposal of 

c o l l i e r y waste u n t i l they were highlighted by'the Aberfan di s a s t e r of 21st 

October 1966. U n t i l t h i s time l i t t l e attention was paid to the design 

or maintenance of t i p s , and i t has only been as a r e s u l t of the 

recommendations made following Aberfan, that anything has been done about 

t h i s problem. 

There are two types of discard produced i n mining - coarse and f i n e . 

The coarse discard i s partly the run.of mine material and b e l t and table 

pickings removed before washing. I t i s mainly composed however, of 

material above O.Sn™ i n s i z e which i s separated in the washery. Such 

material consists of the rocks associated with the coal seam. These f a l l 

into two categories - roof and floor materials ( i . e . rocks above and below 

the seam). The roof materials are usually mudstones, shales, s i l t s t o n e s 

and minor amounts of sandstones, and the floor material seat earth, which 

i s usually a s p e c i a l variety of the other four. Seatearths,however, 

contain f o s s i l rootlets and are customarily slickensided. The p a r t i c u l a r 

c h a r a c t e r i s t i c s of the coarse discard depend on the area and the seam. 
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Coarse discards were generally placed on the t i p using wagons, tubs 

a e r i a l ropeways, Maclane t i p p l e r s , belt conveyors, l o r r i e s or dump truck; 

Tips were either constructed i n a single l i f t or in layers ranging in 

thickness from Ira to 10 or 20m, the material being loose tipped at the 

angle of repose, although subsequent slipping of wet discard may have 

reduced t h i s angle. Tips constructed in f a i r l y thick layers may contain 

perched water tables. L i t t l e attention was given to the design of the 

t i p or the- provision of drainage. 

The fine discard i s produced from the processing of the coal i n 

coal preparation plants or froth f l o t a t i o n plants. Two types of fine 

discard are produced, s l u r r y and t a i l i n g s . The former i s generally 

produced from a coal preparation plant and has a f a i r l y high carbon 

conr.ent and i s sometimes excavated from lagoons as a low grade f u e l . 

The l a t t e r i s the product of a froth f l o t a t i o n plant and may have a 

lower carbon content, which s t r i c t l y speaking makes i t of l i t t l e value. 

The use of the two terms i s often interchangeable, l i t t l e attention 

being paid to t h e i r true meaning. 

Both types of fine discard are produced i n suspension with water 

and are either f i l t e r pressed or more commonly pumped into lagoons, wher 

they are allowed to s e t t l e out. The supernatant water may then be 

removed from the lagoon surface or be allowed to evaporate. The actual 

state of the material within the lagoon depends very much on the drainag 

conditions within the banks and underlying rocks. As mentioned above, 

s l u r r y has a potential as a fuel and i s often excavated for s a l e . In 

these cases i t only presents a short term storage problem, whereas the 

t a i l i n g s present a long term problem. 
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In the past lagcons have been b u i l t into s p o i l heaps, using 

the coarse discard as the embankment material. As the lagoons have 

been extended, the banks were b u i l t up using the ' f i r t r e e ' or upstream 

method of construction (Figure 1.4)-

The problems involved i n t h i s method of construction are the use 

of lagoon material as part of the support for the new bank, and the 

possible production of perched water tables. The banks were constructed 

i n a s i m i l a r fashion to the t i p s using single l i f t s . When a lagoon f e l l 

into disuse i t was then over-tipped being incorporated into the structure. 

Tlius many old t i p s contain old lagoons within them. 

As an alt e r n a t i v e to placement i n lagoons, fine discard has also 

been F.pread over the surface of t i p s , mixed with coarse discard. 

An indication of the s i z e of the problem i s given by the following 

figures. In 1970 the N.C.B. owned about 2000 t i p s of which 1100 were 

a c t i v e . There were about 720 lagoons of which 200 were i n use. There 

are probably about 3000 m i l l i o n tonnes of material in t i p s . Some 60 

million tonnes of waste per annum i s being produced although coal 

production i s only 120 m i l l i o n tonnes. Of t h i s waste about 55 m i l l i o n 

tonnes i s coarse discard and 5 m i l l i o n tonnes fine discard. 

As a r e s u l t of the Aberfan dis a s t e r and subsequent research there 

has been P. great change i n the attitude to t i p s and t h e i r construction. 

Some of the major changes are outlined below. 

1.6 Revised methods of Waste Disposal. 

The most important change i n attitude a f t e r Aberfan was to tr e a t t i p s 

and lagoons as C i v i l Engineering earthworks, something which had not 

happened before. 
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From the observation of f a i l u r e s i n the past, the serious a f f e c t 

of water i s obvious. Hence the most important factors are to provide 

adequate drainage and to prevent large quantities of water from accumu

l a t i n g i n the t i p . As has been pointed out by McKechnie Thomson and 

Kodin (1972) the object of a t i p i s to store s o l i d s not water.. 

1.6.1 Spoil Pleaps 

One of the f i r s t actions was the phasing out of fresh tipping over 

high faces. Also a l l e x i s t i n g t i p s have been examined and remedial 

work such as regrading of slopes or provision of drainage has la.rge.ly 

•been carried out. 

For the construction of new t i p s i t was recommended that layered 

construction with a reasonable degree of compaction should be used. 

The layers should not exceed 5m i n thickness. Dump trucks and scrapers 

are used i n construction to provide the necessary compaction e f f o r t . 

As well as giving increased s t a b i l i t y the extra compaction has reduced 

the r i s k of burning and decreased the permeability so reducing the 

p o s s i b i l i t y of seepage prooouroo acting through the t i p . 

For moisture contents greater than 10 to lif per cent placement i n 

layers of maximum thickness i s the most common prac t i c e , although thick 

layer construction i s limited to a height of JOm with a maximum outer 

slope o f 1 i n 2 (26-2°).On steeply sloping ground the maximum height i s 

usually reduced to 15m. 

Before building a t i p adequate drainage f a c i l i t i e s should be 

provided. Ex i s t i n g water courses should i f possible be diverted round 

the s i t e of the t i p , or a l t e r n a t i v e l y adequate culverts should be prov ided 

under the t i p . Springs at a t i p s i t e should be dealt with by pipe drains 

and artesian pressures should be controlled by r e l i e f wells or i n c l i n e d 

bored f i l t e r drains. 

http://la.rge.ly


-16-

Decreased permeability due to better compaction leads to a greater 
degree of run off, and i n order to prevent erosion adequate drainage 
should be provided. The recommendations given i n the N.C.B. Technical 
Handbook (1970) are shown i n Figure 1.5* 

In general, t h i s type of drainage f a c i l i t y has not proved e n t i r e l y 

s a t i s f a c t o r y and more conventional berms (te r r a c e s ) with a f a l l towards 

a perimeter drain are favoured i n other countries. The possible 

entrainment of water into the t i p (drain behind the c r e s t ) was o r i g i n a l l y 

adopted to conform with West German practice, where a compacted outer 

bund r e t a i n s a core of uncompacted coarse discard. I n the l a t t e r case 

settlement of the central section necessitates the drainage provision 

shown i n Figure l - 5 » Here, again, the balance between seepage into the 

t i p and erosion would now favour an outwardly i n c l i n e d drainage f a c i l i t y . 

1.6.2 Lagoons 

For economic reasons maximum use of coarse discard i s recommended 

i n the construction of lagoon banks. New lagoons i n B r i t a i n are not 

customarily more than l8m above the existing ground, nor are they constructed 

within a s p o i l heap except under s p e c i a l circumstances. Adequate provision 

i s made for the draw-off of water from the lagoon. To a i d drainage of 

the lagoon the bank should i f possible allow maximum drainage, although 

post-Aberfan observations i n f e r that lagoon embankments are commonly 

impermeable. Foundations would seem to be more permeable than embankments 

(for example, Cobb 1977). Drainage c h a r a c t e r i s t i c s of lagoon sediments 

are improved i f there i s an even d i s t r i b u t i o n of coarser grained material 

throughout the lagoon, and t h i s can be achieved by moving the positions 

of the i n l e t and outlet around the lagoon. 
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At the end of the useful l i f e of a lcgoon i t should be kept free 

of standing water. After an adequate period of time i t can l o g i c a l l y 

be over-tipped, so long as s u f f i c i e n t care i s taken during t h i s process. 

The properties of the lagoon deposits must be adequately investigated, 

to ensure that they have the required bearing capacity. The s t a b i l i t y 

of the lagoon bank i n these circumstances must also be checked, and 

over-tipping with more than J>m of s p o i l should not be undertaken unless 

a thorough investigation of the lagoon and the lagoon banks i s car r i e d 

out. 

I t i s with t h i s question i n mind that the present work on the 

liquefaction potential of both coaree and f i n e discards has been ca r r i e d 

out. 
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CHAPTER TWO 

MATERIALS INVESTIGATED 

2.1 Geographical Locations 

Materials tested were from the following locations:-

Coarse Discard 

Abernant C o l l i e r y , N.C.B., West Wales area. 

Gedling C o l l i e r y , N.C.B. North Nottinghamshire area. 

Comparative Materials 

The shale v/as taken from above the Harvey seam at Esh Winning opencast 

s i t e , Co. Durham, and the seatearth from Biggin South opencast s i t e , 

Co. Durham. Both s i t e s are under the j u r i s d i c t i o n of the N.C.B. Open

cast Executive. 

Fine Discard (lagoon materials) 

Peckfield C o l l i e r y , N.C.B. North Yorkshire Area. 

Abernant C o l l i e r y , N.C.B. West Wales area. 

The locations are shown on the cap (Figure 2.1). 

2.2. General Description of S i t e s 

2.2.1 Gedling 

Gedling C o l l i e r y i s situated 5km north east of Nottingham ( F i g . 2.T) 

i n the bottom of a tributary v a l l e y of the River Trent. There are two 

t i p s at Gedling (West and East) b u i l t on the northern side of the v a l l e y 

(See fi g . 2 . 2 ) . The t i p s are ac t u a l l y founded on the s i t e of three small 

v a l l e y s . The bedrock at the s i t e comprises Waterstones and Keuper Marl 

of the T r i a s s i c system. 

The two t i p s are quite extensive and have been b u i l t up over a number 

of years. The west t i p has been constructed from s e v e r a l small heaps 
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o r i g i n a l l y deposited by a e r i a l ropeway, Maclane t i p p l e r and railway 

wagons. The south western part of the t i p contains a considerable 

quantity of burnt material. One of the v a l l e y s mentioned above was 

dammed and used as a lagoon, being gradually extended by the r a i s i n g 

of the bund. Since being abandoned t h i s lagoon has been extensively 

overtipped. Further lagoons b u i l t on the northern side of the t i p 

have also been subsequently abandoned. Extension of t h i s t i p i s taking 

place and t h i s operation involves the r a i s i n g of the height from 115m 

to 125m AOD, the toe height being 65m AOD. 

The east t i p was o r i g i n a l l y constructed from material transported 

by a e r i a l ropeway and redeposited by scrapers. I t impounded a large 

lagoon complex on i t s northern side, which has now been overtippeu. 

A p a i r of new lagoons are now being constructed above the old ones. 

Trie height of t h i s t i p i s being r a i s e d from 90m to 115m AOD, the toe height 

being 55~60m AOD. The v a l l e y i n which construction i s talcing place 

may have had springs emerging i n i t s floor. 

Both t i p s i l l u s t r a t e the pattern of overtipping and enclosure of 

old lagoons. They are both r e l a t i v e l y high being in the range of 

50 to 60m. I t i s important to note that only 15 per cent of the 

K.C.B.'s t i p s are over 50m high (McKechnie Thomson and Rodin, 1972). 

2.2.2 Abernant 

Abernant C o l l i e r y which l i e s within the N.C.B.'s West V/ales Area i s 

situated about l8km north of Swansea near the town of Pontardawe. I t i s in 

the val?ey of the Upper Clydach River, a tributary of the River Tawe. The 

c o l l i e r y and t i p are adjacent to the M>r/k road from Pontardawe to Ammanford. 

The t i p l i e s to the south of the c o l l i e r y and i s b u i l t on a gently 

sloping area on the eastern side of the v a l l e y , between the main road and 
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the r i v e r . 'The t i p i a about 20m high, the face on the r i v e r side having a 

slope of between 1 i n 3 and 1 in h- There i s no face on the western side as 

the natural ground slopes gently towards the r i v e r . On the eastern side of the 

t i p there are s i x large s l u r r y lagoons,all of which have supernatant water. 

They are marked on the l o c a l Ordnance Survey Map (Sheet 160 1:50,000 F i r s t 

S e r i e s ) as ponds. There are problems with the s e t t l i n g of the sl u r r y and 

floculant has to be spread on the lagoon surface to aid the process. The 

remainder of the t i p i s mainly coarse discard,alt}ough at l e a s t one old lagoon 

i s enclosed i n the t i p . Tipping i s currently taking place on the southern edge 

of the s i t e , where a number of drains have been provided in accordance with 

current regulations. A plan of the s i t e i s shown in F i g . 2.3-

2.2.3 Peckfieid 

Peckfield C o l l i e r y which l i e s within the N.C.B.'s North Yorkshire 

Area i s situated about l6km east of Leeds near the v i l l a g e of Micklefield. 

I t i s close to the Al and M62 and i s adjacent to the Leeds to Hull 

railway l i n e (Fig, 2-k). 

There are two s p o i l heaps ut Peckfield. One to the east of the 

c o l l i e r y area, now disused, and the second which i s i n current use l i e s 

to the south of the c o l l i e r y . Both are b u i l t on f l a t ground and are 

r e l a t i v e l y low. Number one heap has a height of liim and number tv/o heap 

a height of 20m. The area occupied by the t i p s i s quite large, which 

allows for quite gentle slopes. The outer face.? of both heaps have 

been landscaped and No. 1 heap w i l l eventually be completely landscaped. 

Number one s p o i l heap contains a number of small disused s l u r r y 

lagoons, one of which i s currently being excavated. The samples used 

i n t h i s investigation came from the beach area of \"o. 6 lagoon in number 

one heap. There i s a large lagoon i n current use i n Number two heap, together 

with some smaller lagoons. 
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2 .3 Description of Materials 

2.3 .1 Gedling 

The Gedling material tested was obtained from tippers at the 

s p o i l heap and thus i s representative of the material being placed on 

the heap. As obtained the material had a moisture content of about 

l 6 per cent which reduced to about 11 per cent during storage i n the 

laboratory. 

The material from Gedling t i p i s a seatearth-rich s p o i l and hence 

i s r e l a t i v e l y weak ( c . ^ seatearth content). I t has quite a low 

organic carbon content of about 11 per cent. The material i s l i g h t 

grey i n colour and some fragments are slickensided and fissured. 

Although p a r t i c l e corners are rounded the shape d i s t r i b u t i o n (Fig.2,10) 

shows i t to be quite 'platey 1. The grading curve shows i t to have a 

high fines content (3^ per cent) for a coarse discard, although t h i s 

must be influenced to some extent by breakdown in water during sieving. 

The effect of water i s demonstrated by the slaking t e s t r e s u l t s (Table 

2 . 2 ) . The associated coal has a rank of 800 to 900 ( i . e . the measures 

are of low rank). 

2.3 .2 Abernant 

The Abernant material was obtained as wet bulk samples from the 

tip"with a moisture content of about 15 per cent. I t i s a strong, 

s h a l e - r i c h discard t y p i c a l of those originating from the mining of Welsh 

anthracite. I t has a high organic carbon content of about 35 per cent 

and hence i s black i n colour. I t i s quite angular and the shape 

di s t r i b u t i o n shows i t to be 'platey'. The grading curve i s f a i r l y 

t y p i c a l of a coarse discard with a fines content of 15 per cent. The 

Welsh anthracite has a rank of 100. 
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2 .3-3 The Durham Seatearth 

The Durham seatearth was obtained as large pieces of rock from below 

the Harvey seam at Biggin South Opencast s i t e . I t was broken down i n 

the laboratory and made up to the same nominal grading as Gedling. As 

a seatearth i t was f a i r l y weak and broke down quite e a s i l y . The carbon 

content was very low and the material was 'sandy' i n colour. I t broke 

down to quite angular grains and the shape d i s t r i b u t i o n again shows i t 

to be 'platey'. 

2 . 3 .h The Durham Shale 

The Durham shale was also obtained as large pieces of rock from 

the measures above the Harvey seam at Esh Winning opencast s i t e . I t 

was again broken down i n the laboratory and made up to the same nominal 

grading as Abernant. As a shale i t was stronger than the seatearth 

but was weaker than the more carbonaceous Abernant shale. I t also 

disintegrated extensively i n water.. The carbon content was again very 

low and the appearance was s i m i l a r to that of the seatearth i n terms of 

colour, angularity and shape. 

2 .3 .5 F e c k f i e l d Slurry 

The material tested from Peckfield was obtained from the beach area 

of. No. 6 lagoon. This has since been shown to be unrepresentative 

of the main section of lagoon material at Peckfield, e s p e c i a l l y i n 

organic carbon content, but the material used served the purposes of 

t h i s investigation. The material pumped to the lagoon at Peckfield i s 

from both Peckfield and Ledston Luck c o l l i e r i e s , . o r i g i n a t i n g from the 

Beeston and Flockton Thin seajns, which have ranks of 702 to 802 and 702, 

respectively. 
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The material tested had a t y p i c a l fine discard appearance being 

black in colour and having quite a high moisture content. There 

was some degree of s t r a t i f i c a t i o n i n the sediment with occasional 

l i g h t e r coloured l a y e r s . The material i s r e l a t i v e l y coarse grained 

for a fine discard and i s very non-uniform i n grading as shown by the 

long ' t a i l ' to the grading curve ( F i g . 2 . 9 ) -

2 .3 -6 Abernant Fine Discard 

Due to the fact that the lagoon was submerged (with supernatant 

water overlying the sediment) only a bulk sample could be obtained. 

For t h i s reason nothing can be s a i d about the natural i n s i t u s t a t e 

of t h i s sediment. This material i s also black in colour and s i m i l a r 

i n overall, appearance to the Peckfield s l u r r y . I t i s also r e l a t i v e l y 

course grained for a fine discard, but i n contrast to the Peckfield 

s l u r r y i s very uniformly graded. I t i s unusual i n having a very low 

clay content. 

2. \\ Mineralogy and Chemistry 

2..4.1 Methods of Analysis 

The i d e n t i f i c a t i o n and semi-quantitative a n a l y t i c a l mineralogical 

technique used i n the present work was X-ray d i f f r a c t i o n . D i f f r a c t i o n 

traces w(=re run using a 2kw (jkw generator), Fe f i l t e r e d Co tube at 

50 kVand 30 mA. The scan speed used was 1° of 26 per minute, the 

chart speed being 10mm per minute. 

In order to obtain a semi-quantitative a n a l y s i s 10 per cent boehmite 

was added to the samples which were subsequently made up as smear mounts. 

For c o l l i e r y wastes, ca l i b r a t i o n charts have been i n use i n Durham for 

many years which enables an operator to obtain an estimate of the major 

minerals present. These cali b r a t i o n charts were made up using representative 

minerals such that the percentage of mineral present i s plotted against 
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the r a t i o of the integrated, peak area (measured with a planimeter) 

of the mineral, to the integrated 6.18 X boehmite r e f l e c t i o n . By 

comparing the r e q u i s i t e X-ray r e f l e c t i o n r a t i o (e.g. 10% i l l i t e ) i n 

the unknown with the standard charts an a n a l y s i s i s obtained which i s 

customarily within - 5 per cent of the t o t a l mineral count plus organic 

carbon (coal) content i . e . 100 per cent. 

Major element oxides and sulphur were obtained by means of X-ray 

fluorescence ( P h i l i p s PW 1212 automatic spectrograph), the counts for 

elements i n the unknowns being compared with a wide range of' previously 

wet analysed Coal Measures standards which bracket the percentage ranges 

of elements found i n c o l l i e r y wastes. X-ray fluorescence analyses are 

on an organic carbon, water and carbon dioxide free basis, i . e . the t o t a l s 

obtained exclude the l a t t e r . 

2.^.2 Chemical apportionments i n c o l l i e r y wastes 

Hie semi-quantitative .X-ray analyses and the major element geo

chemistry are given i n Tables 2.3 and 2./+. Diagnosis of c o l l i e r y wastes 

i n terms of mineral constituents i s greatly f a c i l i t a t e d by comparison of 

the d i f f r a c t i o n (X.R.D.) and chemical (X.S.F.) r e s u l t s . Moreover i t i s 

advantageous to r a t i o n a l i s e the chemical oxides by using A1,,0 as the 

common denominator (Table 2 -5)• This i s because other s i l i c a t e s such as 

feldspars are only present as very minor constituents i n argillaceous 

Coal Measures rocks. Alumina (Al^O ) i s therefore the p r i n c i p a l element 

oxide present i n the clay minerals. 

In the l i g h t of the present knowledge the element apportionment can 

f i r s t be discussed in general terms as follows: 

a) t o t a l SiO^ i s app'ortional to quartz (free s i l i c a ) and to s i l i c o n 
combined in the f j i l i c a t e minerals (combined s i l i c a ) - dominantly 
clay minerals; 
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' b) l i k e combined s i l i c a , Al^O^, Na^O and K^O are attributed mainly to 
clay minerals; 

c) both f e r r i c and ferrous iron (reported here as Fe 0,), together 
2 -j 

with CaO and MgO are found in clay minerals other than k a o l i n i t e ; 
d) some ferrous iron, may be combined with S to form p y r i t e i n coaly 

materials, or as s i d e r i t e (FeCO v), p a r t i c u l a r l y i n non-marine shales; 

e) some CaO, MgO, FeO may be combined as either c a l c i t e (CaCO^), dolomit 
(CaCO Mg C0_), or as ankerite ( a ferroan dolomite). I n c o l l i e r y 

3 3 
wastes these carbonates are sometimes associated with the coal, i . e . 
found i n the cleat (small-scale j o i n t s i n c o a l ) . 

f ) TiO^ i s associated with clay minerals, either i n the mineral l a t t i c e 
or as d i s t i n c t r u t i l e needles; 

g) "̂>̂ 5 P 1" 6 3 6 1 1^ a s calcium phosphate, but some ^ m a v 

wel] be part of the organic component. 

h) organic carbon ±a excess of about 5 per cent i s usually present as 
coal. 

2.Zj.3 Discussion of Results 

From Tables 2.3 and 2 . if i t i s clear that i n a l l samples clay minerals 

( i l l i t e and k a o l i n i t e ) are dominant. We know that i n the tv;o rock types 

from the Durham c o a l f i e l d the organic matter present i s not coal. In 

the remainder of the samples, however, organic carbon i s largely coal, 

a t t a i n i n g a very high value of 35 P&J-"' cent i n the Abernant coarse discard. 

I n the two fine discards (Abernant and Peckfield), the organic carbon 

content i s low for c o l l i e r y lagoons - see Taylor and Cobb, (1977)-

I t i s noteworthy that the lowest quartz contents are in the tv/o 

fin e discards. This can best be explained by the fact that the more 

r e s i s t a n t , and hence quartz-rich rocks, have been removed i n the coal 

washing process. Quartz contents of shales and mudstones are commonly 
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between 15 and JO per cent, which i s true for a l l the remaining samples. 

With the removal of organic carbon (coal) from the coarse discards quartz 

w i l l r i s e , p a r t i c u l a r l y i n the strong Abernant shale where i t reaches a 

l e v e l of 20 per cent. The Durham seatearth i s a nuartz-rich variety 

and i t s X-ray a n a l y s i s does not single i t out as a c l a y - r i c h rock ( i . e . 

a f i r e c l a y ) . 

The most s i g n i f i c a n t difference i s that shown between the Durham 

rocks and the remainder - the high k a o l i n i t e content of the former -

which confirms•early work on c o l l i e r y s p o i l s (Taylor and Spears, 1970). 

The combined sili c a / a l u m i n a r a t i o s and the K^O/alumina r a t i o s 

confirm that the two Durham rocks are r i c h i n k a o l i n i t c . A t h e o r e t i c a l 

r a t i o for combined sili c a / a l u m i n a i n k a o l i n i t e i s about 1.18 and t h i s i s 

l i k e l y to be lower when the k a o l i n i t e component i s s l i g h t l y disordered, 

which i s the case for the Durham rocks. I t can also be seen from Table 

2.5 that the K 0/alumina r a t i o i s considerably lower than i n the other 

specimens. The s i d e r i t e component i n the Durham shale i s highlighted 

by enhanced Fe_0_, (and higher jTe_0 ̂ /alumina r a t i o ) i n the chemical 

analyses). 

The higher combined silica/alumina r a t i o s of Gediing coarse discard, 

Abernant and Peckfield fine discards suggest that micaceous minerals 

( i l l i t e and- mixed-layer clay) should be higher i n these specimens. This 

i s true also from the mineralogy, although the mixed-layer clay which i s 

represented by a t a i l and the low 2 6 side of the 10?. peak has tended to 

increase the s i z e of t h i s r e f l e c t i o n i n the case of Peckfield and Abernant. 

In other words, the actual content of mica ( i l l i t e ) per se in the Gediing 
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sample i s probably higher than in the Abernant or Peckfield materials. 

Moreover, the K^O/alumina r a t i o for the Abernant fine discard i n f e r s 

that potassium may have been leached from the l a t t i c e . Here again, 

South Wales micas may be somewhat different i n t h e i r higher sodium 

content (see Nagelscrunidt and Hicks, 1943) t h i s i s brought out 

by the Na 20/alumina r a t i o of Table 2-5. 

One specimen that i s d i f f i c u l t to confirm i n terms of clay mineral 

proportions i s the coarse discard from Abernant. The t o t a l silica/alumina 

r a t i o suggests that k a o l i n i j t : should be the dominant clay mineral. 

X-ray d i f f r a c t i o n analyses show that t h i s i s not the case and i t can 

only be concluded that the 10 ft (micaceous ) minerals i n t h i s material 

are of poor c r y s t a l l i n i t y , to the extent that the r a t i o i s no longer 

a guide to clay mineral composition. Certainly the 10 ft peak i s the 

most ragged of a l l the samples, and t h i s i s a good indication of poor 

c r y s t a l l i n i t y . I t i s pertinent to record that the combined SiO / 

alumina r a t i o of the sodium-rich mica (brammallite) frac t i o n which 

Nagelschmidt and Hicks (1943) analysed i s only 1.47, compared with 2.0 

for more t y p i c a l i l l i c e s . This mica also came from the roof rocks of an 

anthracite coal. 

The higher MgO and CaO/alumina r a t i o s of Gedling and Peckfield 

confirm the presence of dolomite i n these specimens and i t i s of i n t e r e s t 

that sulphur figures for Abernant coarse discard and the Peckfield 

s l u r r y are not i n s i g n i f i c a n t . No sulphates were i d e n t i f i e d i n any of the 

specimens and the amount of organic sulphur present i s probably very 

low. Consequently i t i s l o g i c a l to recast the sulphur as p y r i t e (FeS^) 

i n the coarse discard from Abernant and the Peckfield s l u r r y . The amount 
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present on t h i s basis i s J>.?h per cent (Abernant) and 3«37 per cent 

(P e c k f i e l d ) . High backgrounds on the X-ray d i f f r a c t i o n traces 

precludes confirmation of p y r i t e , but the s e n s i t i v i t y of X.R.F. an a l y s i s 

for i n d i r e c t determination of minerals such as pyrite i s i l l u s t r a t e d by 

these samples i n which the coal content (and hence p y r i t e ? ) i s high. 



Table 2.1 Summary of Material Properties 

Material Maximum 
dry density 

Mg/m3 

Opt. Moisture 
Content 
% 

S p e c i f i c 
Gravity 
Mg/m5 

Carbon 

% 

Liquid 
Limit 
% 

P l a s t i 
Limit 
% 

1 
c P l a s t i c i t y 

Index 
% 

Gedling; 1.820 1Z...0 2.377 l l . l i f 37 23 Ik 

Abernant 
Coarse 1.600 15.0 2.191 55-33 23 19 k 

Seatearth - - 2-591 2.51 - - -

Shale - - 2.652 5.99 - - -

Afcernant 
Fine 1.725 1.5.1 2.536 10.71 17 16 1 

(non-plastic) 

Peckfield 1-655 15.8 2.382 18.35 26 2if 2 
(non-plastic) 

85AS 15 SE 
80AB 20 SE 
75AB 25 SE 
50AB 50 SE 

2.356 
2.399 
2.383 
2.500 



Table 2.2 Results of Impact and Slaking Tests. 

Aggregate Impact Test Slaking Test 

Material Dry Wet No. Ik No. 7 

Abernant 3h% 96.2% 

Shale 39% 52% 96.5% 66.1# 
Sedling 5CP/o - 66.6% -
3eatearth k% - 97.3% -



Table 2.3 Chemistry from X.R.F. 

t 1 
S i O ? 

Al 0 2 3 F e2°3 ' MgO CaO Na 0 K 20 Ti0 2 S P 0 
2 5 

c 

Seatearth 59.24 31.45 3.02 0-54 0.24 0.16 1.67 1.40 0 0.01 2.51 
Shale /.;3,51 29-35 9.60 1-54 0.41 0.21 2.61 1.17 0 0.11 5.99 
Abernant 
Coarse 33-50 19.00 4. 40 0.87 O.38 0.50 3.05 O.85 2.00 0.12 35.33 

Gedling 52.25 22.10 5.78 1.69 1.26 0.51 3.92 1.00 0.30 0.05 11.14 
Peckfield 44-50 23-60 5.15 I.58 1-55 O.36 4.35 0.90 1.80 0.08 16.13 
Abernant 
Fine L6.19 29.91 3.85 1.28 1.10 0.82 4.40 1.04 0.55 0.14 10.71 



Table . 2 . 4 Semi-quantitative Clay Mineralogy 

I l l i t e 

Seatearth 32 

Shale 47 

Abernant Coarse 44 

.Celling 52 

Peckfield 58 

Abernant Fine 53 

K a o l i n i t e Quartz Chlorite 

3k 27 

26 1.5 

6 13 

14 20 

15 12 trace 

3 5 . -

S i d e r i t e Dolomite/Ankerite 

1 

4 

8 

7 

1 



•±laoie d.? Chemical Eatios toxide/aluiriina) 

S i 0 2 Fe 20 

Seatearth 1.88 0.01 

Shale 1.63 0.32 

Abernant Ccarse I.76 0.23 

Gsdling 2.36 0.26 

Peckfield I .89 0.22 

Abernant Fine 1-54 0.13 

MgO CaO Na 20 K 2° TiO ? 

0.02 0.01 0.01 0.05 0.05 

0.05 0.01 0.01 0.09 0.0L 

0.05 0.02 0.03 0.16 0.06 

0.08 0.06 0.02 0.18 0.04 

0.07 0.07 0,02 0.18 0.04 

0.04 0.04 0.03 O.15 0.04 
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Figure 2.17 The Durham Shale 
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CHAPTER THREE 

APPARATUS USED 

3.1 I n t r o d u c t i o n 

I n t h i s Chapter the r i g s used f o r the p r i n c i p a l p a r t s c f the 

i n v e s t i g a t i o n are described together w i t h the associated equipment. 

The two main r i g s used were both developments o f the standard 

t r i a x i a l c e l l customarily used f o r s t r a i n c o n t r o l l e d shear s t r e n g t h 

t e s t s . The devices i n c o r p o r a t e d are f o r the a p p l i c a t i o n o f a 

c o n t r o l l e d load as opposed t o a c o n t r o l l e d s t r a i n ; i n s t r u m e n t a t i o n 

i n t r o d u c e d i s compatible w i t h the po s s i b l e r a p i d events which are a 

f e a t u r e o f these t e s t s . This i n s t r u m e n t a t i o n was common t o the two 

r i g s as was the p r e s s u r i z i n g system. Kence, the c e l l s and "'Oading 

apparatus are f i r s t described i n d i v i d u a l l y and then the i n s t r u m e n t a t i o n 

i s considered. Items mentioned i n the t e x t are r e f e r r e d t o the 

r e l e v a n t Figures. 

3• 2 The Large Control!!.ed Load Rig 

3.2.1 The C e l l 

The c e l l used i n the l a r g e r i g i s an ada p t a t i o n o f a standard 

100mm t r i a x i a l c e l l as'shown i n Figure 3»1- The standard c e l l was 

mod i f i e d by the a d d i t i o n of an ex t r a base r i n g (L,Figi3«3) between the 

c e l l base and top (M,Fig.3-3) i n order t o accommodate an i n t e r n a l load 

c e l l (C, Fig.3.3) i n s t e a d o f an or d i n a r y p i s t o n l o a d i n g device. An 

extended p i s t o n was added t o the load c e l l in order t o a l l o w 

s u f f i c i e n t t r a v e l f o r complete f a i l u r e (extended s t r a i n ) o f the sample. 

As a r e s u l t o f the above m o d i f i c a t i o n s the s i z e o f sample used i n t h i s 

c e l l was approximately l80mm by .100mm as opposed t o the norma]. 200mm by 

100mm. 



The c e l l was plumbed i n t o a Bishop self-compensating pressure 

c o n t r o l system ( s e c t i o n 3«4)s there b e i n ^ four l i n e s connected t o the 

c e l l . Three were f i t t e d v/ith blocks f o r pressure transducers, each 

being f i t t e d w i t h two 'Klinger' taps t o a l l o w the transducer t o be 

i s o l a t e d e i t h e r from the sample or the pressure system. One l i n e 

( l i n e 8, Fig.3.2) was connected i n t o the base o f the c e l l from the 

c e l l pressure p o t , and t h i s l i n e was also connected t o p r e s s u r i z e d 

water tanks (D, Fig.3»2) f o r f i l l i n g the c e l l . Two l i n e s ( l i n e s 1 

and if, F i g . 3-2) were connected t o the base of the sample (one (No.if) 

w i t h o u t a t r a n s d u c e r ) . Both l i n e s were connected t o the back 

pressure pots. The f i r s t (No. l ) was connected d i r e c t l y . The 

second (No. 4) o r i g i n a t e d from the other side o f the sample and had 

two a l t e r n a t i v e paths to the back-pressure system. I t cou-V. e i t h e r 

be connected v i a the volume change apparatus ( l i n e s 6 and 7iFig.3«2) 

or by i s o l a t i n g the volume change, d i r e c t l y t o the back-pressure 

system ( l i n e 3» Fig.3«2). Both paths o r i g i n a t e d from an extension 

of the f i r s t base l i n e (No. i ) . The second l i n e was also f i t t e d w i t h 

a j u n c t i o n t a k i n g a l i n e d i r e c t t o the board t o a l l o w the volume change 

f l u i d t o be moyed during a t e s t ( l i n e 5, Fig.3.2). The- f o u r t h l i n e 

( l i n e 2, Fig.3.2 and J, F i g . 3«3) was a j u n c t i o n from the back 

pressure l i n e (No. l ) through a s m a l l bore nylon tube t o the top 

p l a t e n , a l l o w i n g s a t u r a t i o n o f samples from both top and bottom. 

3.2.2 The Loading Beam. 

As shown i n the photograph ( F i g . 3-1) the l o a d i n g system was a 

p i v o t e d counter-balanced beam, w i t h a hanger a t each end. I t v/as 

p i v o t e d o f f - c e n t r e t o magnify the loads a p p l i e d , the m a g n i f i c a t i o n beinj 

approximately a f a c t o r o f f i v e . The beam was seated on a b a l l bearing 
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placed on top o f the p i s t o n . A sc i s s o r s j a c k was also used i n 

conjuncti o n w i t h the beam, as a support d u r i n g s a t u r a t i o n o f the 

sample and a means o f lowering the beam du r i n g c o n s o l i d a t i o n . The 

counter balance hanger allowed weights t o be a p p l i e d t o counter the 

weight o f the beam before l o a d i n g , and t o l i f t the beam from the 

c e l l d u r i n g preparations f o r a t e s t . 

3.3 The Small C o n t r o l l e d Load Rig. 

3.3.I The C e l l 

I n a s i m i l a r manner t o the l a r g e c e l l the s m a l l one was an 

adapt a t i o n of a standard t r i a x i a l c e l l designed t o take an i n t e r n a l 

load c e l l (C, Fig.3.6), using a s p e c i a l l y extended perspex s e c t i o n . 

A standard sample o f 76mm by 38mm could be accommodated. 

The plumbing was i n p r i n c i p l e the same as f o r the l a r g o r i g , the 

main d i f f e r e n c e i n t h i s case being only one water l i n e ( l i n e 1, Fig.3.5) 

t o the base of the sample. The volume change was taken from a j u n c t i o n 

i n the l a t t e r l i n e ( l i n e 3» Fig.3-5) w i t h no by-pass being provided. 

The base pore pressure transducer (G, F i g . 3-5) was f i t t e d t o the 

second tap i n the c e l l base, and t h i s l i n e ( l i n e 2, Fig.3.5) was 

o r i g i n a l l y used f o r the a p p l i c a t i o n o f a vacuum as explained i n the 

f o l l o w i n g Chapter. A water b o t t l e (L,Fig.3«5) f o r e n t r a i n i n g water 

i n t o the sample was f i t t e d t o an extension o f the back-pressure l i n e 

( l i n e if, Fig.3.5). 

The top p l a t e n (D, Fig.3-6) was made of perspex, being i n the 

form o f a c y l i n d e r w i t h a l a r g e r diameter d i s c attached. The top 

l i n e ( l i n e 3i Fig.3.5 and J,Fig.3.6) v/as side fed i n t o the c y l i n d e r . 

A l a t e r m o d i f i c a t i o n i n v o l v e d the a d d i t i o n o f a f u r t h e r l a r g e r diameter 

disc below the f i r s t , c o n t a i n i n g a c e n t r a l porous p l u g . This was 
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designed t o prevent the a p p l i c a t i o n o f pressure t o the sample w h i l e 

f i t t i n g sheaths and '0' r i n g s , when a vrcuum was no longer being used. 

3«3»2 The Loading System 

The loading system was s i m i l a r t o t h a t o f Castro (1969), 

c o n s i s t i n g of a yoke w i t h a weight hanger beneath (A,Fig.3.6), the 

whole being connected t o a counter-balance hanger (E,Fig.3«6) by a 

cable passing over a b i c y c l e wheel (L,Fig.3.6). A small hole i n the 

top beam o f the yoke allowed i t t o be seated on a- b a l l bearing placed 

on top o f the loading p i s t o n . The p r i n c i p l e of the counter-balance 

i s the same as f o r the l a r g e r i g . 

3.4 The Bishop Self-compensating Pressure C o n t r o l System. 

The p r e s s u r i z i n g system used f o r both r i g s was a Bishop mercury 

pot system, i l l u s t r a t e d i n Figure 3-7 and described i n . d e t a i l i n Bishop 

and Henkel (1962). 

The system c o n s i s t s o f two separate sets of pots each c o n s i s t i n g 

o f upper mobile pots on sp r i n g s and f i x e d lower pots connected by 

f l e x i b l e small bore nylon t u b i n g . The nylon t u b i n g i s mercury f i l l e d 

w i t h a mercury/water i n t e r f a c e i n each pot. 

The lower pots are connected t o the c e l l v i a the j u n c t i o n board, 

which allows the system t o be i s o l a t e d . A hand pump (B, Figs 3*2 and 

3.5) f o r the repumping o f mercury and a gauge (C, Figs 3*2 and 3«5) f o r 

s e t t i n g and reading pressures are i n c o r p o r a t e d . Pressinre i s a p p l i e d 

t o the c e l l by the head d i f f e r e n c e between the upper and lower p o t s . 

When water moves i n or out of a sample during s a t u r a t i o n or c o n s o l i d a t i o n 

i t causes the mercury l e v e l t o change. This i s compensated f o r by the 

springs which, having the c o r r e c t s t i f f n e s s , maintain the o r i g i n a l head. 

The back pressure p o t s , connected t o be c e l l base, have two upper 

and lower pots, t o provide a l a r g e r q u a n t i t y o f mercury, t o a l l o w f o r 
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the l a r g e q u a n t i t i e s of water f o r c e d i n t o a sample during s a t u r a t i o n . 

The c e l l pressure pots j u s t have a s i n g l e upper and lower p o t . These 

are connected i n s e r i e s w i t h the back pressure pots. This a l l o w s the 

same pressure t o be ap p l i e d both t o the c e l l and the sample, or f o r 

s l i g h t d i f f e r e n t i a l s t o be set by r a i s i n g the c e i l pot above i t s 

datura l e v e l . Extra pressure i s a p p l i e d t o the c e l l f o r c o n s o l i d a t i o n 

purposes by r a i s i n g the s i n g l e pot. A m o d i f i c a t i o n of the system 

in c o r p o r a t e s e x t r a pots a t a f i x e d h e i g h t , the head o f which can be 

added t o the v a r i a b l e head of the basic pots. The pressure range i s 
2 2 0-600 kN/m f o r back pressure and 0-1200 kN/ra f o r c e l l pressure. 

3.5 Volume Change Apparatus 

Both r i g s were f i t t e d w i t h a volume change apparatus f o r measurement 

of volume changes during c o n s o l i d a t i o n . The p r i n c i p l e o f op e r a t i o n i s 

the same i n both cases although t h e r e are v a r i a t i o n s i n d e t a i l due t o the 

d i f f e r e n t order of volume changes obtained. 

As shown i n the photographs (Figs J?.l and 3*4) the apparatus 

co n s i s t s o f a tube (J,Figs 3*2 and 3<5) and a r e s e r v o i r ( I , Figs J/.2. 

and 3-5) c o n t a i n i n g dyed petroleum s p i r i t . When a sample consolidates 

i t d i s s i p a t e s the excess pore pressure b u i l t up by the a p p l i c a t i o n of 

ext r a pressure by f o r c i n g the water out of the sample, t h i s water causes 

the dye t o be moved up the tube i n t o the r e s e r v o i r . On the sm a l l r i g 

the amount of volume change i s read d i r e c t l y i n the c a l i b r a t e d b u r e t t e 

( J , Fig.3»5)' However, due t o the much l a r g e r volume changes f o r the 

la r g e sample a l a r g e r diameter tube (<J, Fig.3*2) i s needed on the l a r g e 

r i g . The distance moved by the dye/water i n t e r f a c e up t h i s tube i s 

measured by the r u l e s f i x e d t o the board, and the volume c a l c u l a t e d from 



the known dimensions of the tube. The tube used v/as o f 19mm i n t e r n a l 

diameter. Two tubes are provided on both boards t o gi v e e x t r a 

capacity f o r l a r g e volume changes. During volume change the systems 

are back-pressurized from the p o t s , the water being f o r c e d back i n t o 

the p ots. 

3»6 I n s t r u m e n t a t i o n ' 

Because of the r a p i d changes during t e s t s i n which l i q u e f a c t i o n 

occurs, a re c o r d i n g system w i t h f a s t r e a c t i o n time was r e q u i r e d f o r 

m o n i t o r i n g data. Hence transducers were used i n connection w i t h an 

u l t r a - v i o l e t recorder. 

•3.6.1 The U.V. Recorder 

The U.V. recorder used f o r most o f the t e s t s v/as an SE3006, 12 

channel recorder w i t h a paper speed range from ^ma/mixi t o 125mm/sec, 

although an SE 6008, 12 channel recorder was used f o r some of the 

e a r l i e s t t e s t s . 

Four channels were used i n the t e s t s , one each f o r l o a d , s t r a i n , 

c e l l and pore pressures. The p r i n c i p l e o f opera t i o n i s t h a t the 

vo l t a g e from the transducer i s f e d t o a galvanometer on which i s 

suspended a m i r r o r . This m i r r o r r e f l e c t s TTV l i g h t on t o the photo

s e n s i t i v e paper, producing a t r a c e of the v a r i a t i o n o f the e x c i t i n g 

v o l t a g e . 

The same galvanometers were used throughout the i n v e s t i g a t i o n , 

since although galvanornebers o f the same type have the same nominal 

s e n s i t i v i t y , there can be s i g n i f i c a n t v a r i a t i o n s between i n d i v i d u a l 

galvanometers. The same fo u r galvanometers were used i n the same 

fo u r p o s i t i o n s when using both r i g s . Two types o f galvanometer were 

used; SE labs type B100 o f nominal s e n s i t i v i t y ; 0.20 mV/cm f o r the 



load and s t r a i n and Southern Instruments Type SM1V o f nominal 

s e n s i t i v i t y 0.132 mV/cm f o r the c e l l and pore pressures. Both types 

of galvanometer have a n a t u r a l frequancy o f 100 Hz. 

As v/ell as producing a t r a c e , the UV recorder also produces a 

g r i d and t i m e r bars ( a t i n t e r v a l s of e i t h e r 1 minute or 1 second 

.depending upon s e t t i n g ) , both o f which are of great importance i n 

i n t e r p r e t i n g and c a l c u l a t i n g r e s u l t s from the t r a c e s . 

3.6.2 A m p l i f i c a t i o n 

Before the s i g n a l s could be fed i n t o the galvanometer they had t o 

be e i t h e r a m p l i f i e d or att e n u a t e d so as t o g i v e a vo l t a g e and voltage 

v a r i a t i o n a p p r o p r i a t e t o the range and s e n s i t i v i t y of the galvanometer. 

Since d i f f e r e n t ranges of pressures were being used, and hence 

d i f f e r e n t loads expected, v a r i a b l e a m p l i f i e r s were used f o r these 

s i g n a l s , so t h a t the f u l l - s c a l e d e f l e c t i o n o f the t r a c e was produced 

by the k i n d o f v a r i a t i o n produced i n t h a t p a r t i c u l a r t e s t . I n t h i s 

manner i t was always p o s s i b l e t o achieve maximum s e n s i t i v i t y and 

accuracy from the t r a c e . The a m p l i f i e r s used were Fylde type 25~1GA 

Mini-Amps s u p p l i e d i n a set of s i x a m p l i f i e r s . Each had a v a r i a b l e 

s e n s i t i v i t y and s h i f t o f zero, which were preset t o g i v e maximum range 

and the c o r r e c t order of v o l t a g e f o r the galvanometers a t the 

p a r t i c u l a r s e t t i n g s used. These s e t t i n g s v/ere not a l t e r e d throughout 

the i n v e s t i g a t i o n . Each a m p l i f i e r had 6 d i f f e r e n t s e t t i n g s , although 

2 o f these s e t t i n g s proved s u f f i c i e n t f o r the range of values experienced 

i n the t e s t s : C a l i b r a t i o n f o r each transducer was c a r r i e d out a t 3 

s e t t i n g s t o cover any change o f range. The c a l i b r a t i o n s are shown i n 

Appendix 1. 

For the s t r a i n , the same values o f s t r a i n v/ere expected f o r each 
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t e s t on a p a r t i c u l a r r i g , and hence no v a r i a t i o n i n range v/as r e q u i r e d . 
I t was found t h a t the s i g n a l from the s t r a i n transducer r e q u i r e d 
a t t e n u a t i n g , and t h i s was achieved by use of an i n l i n e r e s i s t a n c e 
o f the c o r r e c t value i n the output l i n e . This was placed i n the 
j u n c t i o n box used. I n i t i a l l y separate r e s i s t a n c e s were used f o r the 
two r i g s , but i t was found t h a t on the sma l l r i g much l a r g e r percentage 
s t r a i n s occurred, so t h a t the r e s i s t a n c e f o r the l a r g e r i g was 
s u f f i c i e n t t o give f u l l - s c a l e d e f l e c t i o n ( f . s . d . ) i n both cases. The 
r e s i s t a n c e used was 150 kJL as t h i s gave an f . s . d . f o r a d e f l e c t i o n o f 
about 50mm, which was the range r e q u i r e d . 

3.6.3 Power supply 

The power supply r e q u i r e d f o r a l l the transducers v/as 10v d . c , as 

was t h a t f o r the load c e l l s - The L.VDT had a nominal supply v o l t a g e o f 

12V, but I0V proved s u f f i c i e n t f o r s a t i s f a c t o r y o p e r a t i o n . A common 

power supply of 10V was used f o r a l l the instruments. The power supply 

type was a F a r n e l l S t a b i l i s e d Power Supply Type L30B w i t h a range o f 

0-30V and capable o f w i t h s t a n d i n g a mains var i a t i . o n o f - 1G$. 

3.6.4 large• Big Load C e l l (C, Fi<;. 3.3) 

This load eel 1 was ar_ i n t e r n a l t r i a x i a l load c e l l from Transducers 

(CEL)Ltd., Reading, s e r i a l no. 4438, w i t h a load range o f 0-2000 kg and 

an output o f 0-25 m v a t an e x c i t i n g v o l t a g e of 10V. 

The c e l l was c a l i b r a t e d onto a D i g i t a l Voltmeter (D.V.Mr) and 

d i r e c t on t o the U.V. a t the a p p r o p r i a t e a m p l i f i c a t i o n s . These 

a m p l i f i c a t i o n s were n e c e s s a r i l y h i g h due t o the l a r g e range of the c e l l 

compared t o the loads used. This had the disadvantage of producing 

•noisy' load traces from t h i s r i g , due t o background mains which 

could not be e l i m i n a t e d . The c a l i b r a t i o n was c a r r i e d out against the 



proving r i n g on a standard t r i a x i a l machine, readings being taken both 

ascending and descending the load range. The c a l i b r a t i o n graphs are 

shown i n Appendix 1. A c e r t a i n amount o f n o n - l i n e a r i t y i s present a t 

low loads. However, as the c e l l i s not compensated agai n s t c e l l 

pressure a load already e x i s t s on the c e l l p r i o r t o l o a d i n g i n a t e s t , 

which r e s u l t s i n subsequent readings being i n the l i n e a r range. 

3.6.5 Small Big Load C e l l (C, Fig.3.6) 

The -Load C e l l used i n the small r i g i s also an i n t e r n a l t r i a x i a l c e l l , 

designed a t I m p e r i a l College and supplied by Wykeham Farence L t d . 

I t i s a h i g h s e n s i t i v i t y load c e l l w i t h a range o f output o f 120mV w i t h a 

power supply of 10V and a load range of 0-500 kg. 

This c e l l was a l s o c a l i b r a t e d against a pro v i n g r i n g on t o a D-y-M. 

ana d i r e c t on t c the U.V. The c a l i b r a t i o n graph i s produced i n Appendix 1. 

I t has good l i n e a r i t y except a t very small loads and the r e t u r n curve 

shows some degree of h y s t e r i s i s a t higher loads. The c e l l i s nominally 

compensated f o r c e l l pressure, but observation has shown t h a t there i.3 

some e f f e c t due t o v a r y i n g c e l l pressure. Hence, l i k e t h e Large i t s 

t e s t o p e r a t i o n i s probably w i t h i n the l i n e a r range. 

3.6.6 Pressure Transducer:; (i*',G & K, Figs 3-2 & 3>!?) 

The pressure transducers used on both r i g s were o f type P721-0002 

manufactured by Electromechanisms L t d . They had a pressure range o f 

0-100 p . s . i (69O kN/nO and an output range o f 0-25 mV f o r an 

e x c i t i n g v o l t a g e of. 10 V.d.c. 

Three transducers were used on each r i g , one f o r c e l l pressure, one 

f o r top pore pressure and one l o r bottom pore pressure, although only 

one pore pressure transducer (the bottom one) was monitored during t e s t s . 



-64-

Each transducer used was c a l i b r a t e d on t o a D.V.M. and d i r e c t on 

t o the U.V. recorder. They were c a l i b r a t e d i n p o s i t i o n on the r i g , by 

ap p l y i n g pressure using the hand pump on the board (B, Figs.3.2 and 3-5). 

Each was c a l i b r a t e d a t three d i f f e r e n t a m p l i f i c a t i o n s g i v i n g t h r ee 

pressures ranges. A l l - c a l i b r a t i o n s were c a r r i e d out w h i l s t ascending 

and descending the pressure range. The c a l i b r a t i o n curves are again 

shown i n Appendix 1. A l l show good l i n e a r i t y over the whole range. 

When used i n t e s t s the transducers were notnmitored from zero, but from 

the f i n a l s a t u r a t i o n pressure t h a t v/as a p p l i c a b l e . 

3-6.7 The S t r a i n Transducer (3, Figs 3.3 & 3.6) 

Linear s t r a i n was recorded using a d.c. l i n e a r v a r i a b l e d i f f e r e n t i a l 

transformer (LVDT) made by Sensonics. The same LVDT ( s e r i a l no.102^) 

was used f o r both r i g s . The LVDT had a maximum e x c i t i n g v o l t a g e o f 12V, 

but as mentioned e a r l i e r worked s a t i s f a c t o r i l y a t 10V. The output 

range v/as +3V t o ~3V over the l i n e a r o p e r a t i n g range o f - 25mm. This 

range s t a r t e d from the lower l i m i t o f the t r a v e l . 

The LVDT was c a l i b r a t e d against a d i a l gauge on a standard t r i a x i a l 

machine, both on t o a DVM and the UV recorder, and was found t o have good 

l i n e a r i t y over the s p e c i f i e d range. The c a l i b r a t i o n graph i s shown i n 

Appendix 1. 

On both r i g s the LVDT v/as attached t o the top o f the p i s t o n , measuring 

displacement r e l a t i v e t o the top o f the t r i a x i a l c e l l (see Figs 3«li 3«3«i 

3.4 and 3-6). 

3.7 The C o n t r o l l e d S t r a i n Rig 

A number of consolidated undrained t r i a x i a l t e s t s w i t h pore 

pressure measurement were performed on coarse d i s c a r d s . These t e s t s were 

performed using a standard s t r a i n c o n t r o l t r i a x i a l machine manufactured by 
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Wykeham Farance L t d . 

The c e l l used was a standard 4" (lOOmm) t r i a x i a l c e l l which was 

plumbed t o the same system as t h e l a r g e C o n t r o l l e d Load Rig (Fig.3.2), 

except t h a t no top l i n e was used. Due t o the much slower r a t e s of 

change i n v o l v e d , more conventional m o n i t o r i n g techniques could be used. 

Pressure transducers were used on the pressure l i n e s , being used f o r t h e 

B-te s t . During the t e s t s , c e l l pressure was not found t o vary very 

g r e a t l y , being checked on the gauge on the board. The pore pressure 

was monitored from the transducer using a DVM. The load was measured 

using a pr o v i n g r i n g and l i n e a r s t r a i n was measured using a conventional 

d i a l gauge. 
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CHAPTER FOUR 

EXPERIMENTAL PTCTHOD 

4.1 Soils C l a s s i f i c a t i o n Tests 

For the purposes of c l a s s i f i c a t i o n and comparison, a l l materials 

were subjected to the following standard s o i l s t e s t s : 

( i ) p a r t i c l e size analysis (a) sieving 
(b) pipette analysis 

( i i ) l i q u i d and p l a s t i c l i m i t s 

( i i i ) compaction test 

( i v ) specific gravity. 

The methods used for these tests were the standard ones given i n 

B r i t i s h Standard 1377 (l975)» Certain extra tests were carried out on 

the coarse materials and are b r i e f l y described here. 

i\. 1.1 Shape analysis 

I n order to be able to draw comparisons between the shape of the 

pa r t i c l e s and the possible effects of shape on liquefaction p o t e n t i a l , 

measurements were taken of the three dimensions of p a r t i c l e s passing a 

19mra si^ve and retained on a 13mm sieve using vernier calipers. 

L 

Approximately average values were taken i n a l l cases. The results were 

pl o t t e d as B/L against T/L and are produced i n Chapter 2 (Figs 2.10 to 2.13)-

4.1.2 Slaking Test 

The effect of water on the coarse materials studied was explored by 

means of a simple slaking test.Material passing a 6.35>™ sieve and retained 

on a 4.76mm sieve was caref u l l y brushed to remove f i n e material from the 
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surface and then weighed out accurately. The material was placed on e 

B.S. No. 14 sieve which was l e f t standing i n d i s t i l l e d water f o r about 

30 minutes. The sieve v/as then placed i n the oven u n t i l dry. The 

weight retained on the No. 14 sieve was then accurately measured and the 

degree of breakdown expressed as the weight retained over the o r i g i n a l 

weight. For the Abernant material and Durham Shale the same method 

v/as used with a No. 7 sieve. The technique used was essentially similar 

to that of Taylor and Spears (1970). 

Zf.1-3 Aggregate Impact Test 

The strength of the coarse materials was measured i n d i r e c t l y by means 

of the 'aggregate impact t e s t , as described i n B r i t i s h Standard 8].?. (1967., 

section 34)- These results are also given i n Chapter 2. 

A modification to t h i s t e s t (a saturated impact t e s t , Shergold and 

Hosking( 1963),was carried out to f i n d the effe c t of water saturation on 

strength. Material of the usual size was weighed out, and soaked i n 

water f o r 30 minutes, followed by t e s t i n g i n the usual way. The results 

were expressed i n the conventional fashion, although the accuracy waj 

much less because material was l o s t through splashing out of the 
« j ^ „ .. 

I 

4.1.4 Organic Carbon Determination 

The organic carbon content of the materials used was determined 

using a simple oxicxtion method (Keeling, 1962). About 0.5 gm of 

oven dried ground material (passing No. 36 sieve) was placed i n a small 

test tube which had been accurately pre-weighed. The tube v/as then 

re-weighed with the sample and placed i n a Furnace set at a temperature 

of 350°C for 48 houre.. After removal the tube was allowed to cool i n a 

desiccator and then re-weighed. The percentage of organic carbon v/as 
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expressed as the weight loss divided by the o r i g i n a l weight. 

4.2 The Large Controlled Load Rig Method 

Before every test was carried out or the sample set up, the r i g 

had to be prepared. The main operation carried out was the de-airing 

of the water l i n e s . This was done by pumping water through the lines 

by means of the hand pump (B, Fig.3-2). Also, the dye i n the volume 

change tubes was moved back down the tubes ( J , Fig.3.2) so that there 

v/as s u f f i c i e n t volume i n the tubes to accommodate the expected volume 

change. 

4.2.2 Sample Preparation 

A l l tests were carried out on samples screened through a B.S.19nim 

sieve. The sample was prepared to a nominal size of l80mm by 100mm. 

Assuming t h i s approximate size the weight of material needed for the 

p a r t i c u l a r dry density required was calculated. In general, the aim 

was to produce a sample as loose as possible which would s t i l l stand up 

during preparation, and which would have reasonable uniformity. This 

was found to be i n the order of 75-85 per cent, B.S. Standard Compaction 

density ( B r i t i s h Standard,1377, 1975). 

I f the sample had been obtained from the c o l l i e r y i n a wet condition, 

and had been kept wet,it was made up i n t h i s s t ate, the moisture content 

being estimated from previous measurements f o r the calculation of density. 

However, some samples were obtained i n a dry condition and a d i f f e r e n t 

method had to be employed for the i n i t i a l preparation. The sample was 

weighed out, and then 10 per cent by weight of water was added and 

thoroughly mixed i n t o the sample by hand. After t h i s stage the methods 

of preparation did not d i f f e r . 

The sample was prepared i n a 100mm i n t e r n a l diameter s t e e l tube, with 

a screw thread at one end f o r placement on the hydraulic jack. A metal 
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platen was placed i n the bottom of the tube, and the sample was then 

care f u l l y placed i n the tube. A second metal platen v/as then placed 

on top of the sample. The tube v/as then placed on the Denison compression 

machine; a heavy c y l i n d r i c a l piece of st e e l was then placed on top of 

the upper platen. On the cylinder there was a band of tape which had 

been positioned so that when i t v/as i n l i n e with the top rim of the 

tube, the separation of the platens would be l80mm. The ram of the 

machine was then lowered onto the cylinder, and allowed to compress the 

sample u n t i l the tape band and the tube rim were i n l i n e . The ram 

was then raised and the cylinder removed from the tube. 

The tube was removed and screwed onto the hydraulic jack. The 

sample was then jacked u n t i l the top platen could be removed, leaving 

the top surface of the sample j u s t below the rim of the tube. A 

t r i a x i a l specimen mould of 105mm i n t e r n a l diameter and 230mm length, 

v/ith rubber membrane was placed over the sample, and jacking was then 

continued u n t i l the top of the sample v/as close to the rim of the mould. 

While s t i l l sucking, four s t r i p s of f i l t e r paper approximately 25mm wide 

and 200mm long were slipped down between the membrane and the sample, 

at approximately 90° i n t e r v a l s around the sample. The top ends of the 

papers were folded over onto the top of" the sample. Thesestrips acted 

'as. drains to aid i n saturation. 

I d e a l l y they should be placed v/et on the outside of the sample 

without the presence of the mould. However, due to the granular and 

loose nature of the samples used i t was not possible to leawe them 

standing without the mould. A ci r c u l a r piece of f i l t e r paper which 

had been soaked i n water was then placed on top of the sample, making 

contact v/ith the folded tops of the side drains. The top platen was 

then replaced and the mould removed from the jack and car e f u l l y inverted. 
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The second platen was then removed, and the protruding ends of the 

side drains folded over t h i s end of the sample. A second soaked 

ci r c u l a r f i l t e r paper was placed on t h i s end and the platen replaced. 

The mould was then carefully removed from the jack. As a check on the 

I n i t i a l weight of material, the mould was weighed at t h i s stage, the 

t o t a l weight of mould, membrane, platens and f i l t e r s having been taken 

previously. 

4.2.3 Mounting of Sample 

Once the sample bad been prepared i t had to be transferred from 

the mould to the c e l l . I n order to aid saturation and to prevent f i n e 

material blocking the sample l i n e s , top and bottom porous discs (I,Fig.3-3) 

were used. These discs had been boiled for about 20 minutes to remove' 

any a i r from the voids. 

One of the platens was removed from the sample and a porous disc 

placed over the end of the mould. The sample was then allowed to sl i d e 

gently down the mould u n t i l i t was resting on the porous disc. 'The 

mould was then placed on the sample base i n the c e l l (N, Fig.3-3) and 

the bottom of the membrane ca r e f u l l y taken from the mould over the 

sides of the base. The top of the membrane was also removed from the 

mould, which was gently s l i d o f f the sample. A second membrane was 

placed i n the mould i n the same way as the f i r s t , and while sucking, the 

mould was carefully s l i d over the sample, the membrane being removed 

i n the same way as for the f i r s t membrane. Two membranes were used i n 

order to prevent leaks caused by sharp edges puncturing the inner 

membrane. Two '0' rings (E, Fig. 3*3) were placed around the bottom of 

the membranes by stretching them over the mould and s l i d i n g i t back over 



- 7 8 -

t h e sample ?nd removing the rings at the bottom. The tops of the 

membranes were gently folded over the top of the sample and the second 

metal platen removed. The second porous disc was placed on the top of 

the sample followed by the top platen (D, Fig.3.3) the side of which 

had been greased i n order to achieve a good seal between i t and the 

membranes. The membranes were l i f t e d back over the disc and platen and 

the top two '0' rings (E, Fig. 3*3) which had been placed over the top 

l i n e (J, Fig. 3-3-) were stretched over the top platen. The tops of 

the membranes were folded down i n such a way as not to be protruding over 

the top of the platen or giving extra thicknesses on the sample. This 

ensured that there was no obstruction to v i s i b i l i t y at the top of the 

sample during t e s t i n g . 

Once t h i s was completed the sample dimensions were taken. Four 

heights were measured using a stee l rule and nine diameters using vernier 

calipers accurate to 0.02mm. A b a l l "bearing v/as placed i n the hollow i n 

the centra of the top platen and the c e l l top (M, Fig.3-3) fastened down 

af t e r the additional base r i n g (L, Fig.3*3) had been placed and care f u l l y 

tightened down. In doing t h i s i t had to be ensured that the load c e l l 

(C. Fig. 3*3^ w a s seated on. the sample. This wan achieved by gently 

lowering the load c e l l u n t i l i t j u s t rested on the b a l l bearing and then 

placing the c e l l top gently while keeping the load c e l l i n contact. The 

piston of the load c e l l was then locked, and the c e l l top tightened down. 

The jack was put i n po s i t i o n and the beam (A,Fig.3.3) lowered by removal 

of the counter balance weights; extra weights were added to the loading 

end to ensure that the piston v/as not able to be l i f t e d by the c e l l 

pressure. The jack was screwed down u n t i l the beam j u s t rested on the 

b a l l bearing on top of the piston. The c e l l v/as then f i l l e d from the 
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water tanks (D, Fig. 3-2), the c e l l tap and a i r bleed (0,Fig.3-3) being 

closed when f u l l - the a i r bleed being closed s l i g h t l y a f t e r the tap, 

to ensure that no pressure was applied to the sample at t h i s stage-

if.2.4 Saturation 

Once the sample had been mounted, saturation could begin. The 

back pressure pots v/ere raised to give a pressure of 70 kN/m11, with the 

sample isolated from the board. The c e l l pressure pot was then raised 

a small distance to give a small excess pressure of betv/een 5 and 10 
2 

kN/nr , t h i s was to ensure that the sample was held i n a v e r t i c a l p o s i t i o n 

during saturation and to ensure that there was no danger of volume 

increase i n the sample due to excess back pressure. 

A l l the taps to the sample were then opened followed by the taps 

on the board. The pressure on the gauge (C, Fig.3«2) returned to zero 

at t h i s stage, gradually building up as watei 5 was forced i n t o the sample. 

I t was generally found that mercury had to be pumped back i n t o the upper 

pots at least once before t h i s f i r s t pressure was f u l l y e f f e c t i v e on 

the sample. Further increments of 70 kN/m v/ere added to the back 
p 

pressure at about 30 minute i n t e r v a l s up to 350 kN/m'". The increments 

and time delay had been shown to be s u f f i c i e n t for pressure to equalise 
'tlirOUgjiOU't a t > a i i i p l c O f U i i i y c i j - i i e . T i i t ; cicUuplc; wturf l e f u uO tifci Luifci Lfc; a L 

• 2 
350 kN/m overnight, although with some l a t e r samples being consolidated 2 2 at only 50 kN/m 1 an extra increment to M-20 kN/m ' was add>3d to a i d 

saturation. 

If.2.5 The B-Test 

Before the sample could be tested i t had to be f u l l y saturated. 

I n order t o f i n d the degree of saturation a B-Test was carried out. This 

measures the pore pressure B parameter defined as: 

3 _ pore pressure change _ 
~ t o t a l stress change A a 
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Water has a high compressibility and hence in a saturated s o i l a l l 

the voids should be f u l l of water and the B value should be close to 

1.0, i . e . a change i n confining pressure should produce an equal change 

i n pore pressure. 

To perform the B-test the sample was isolated from the back pressure 

system, the pore pressure transducer (G, Figs 3*2 and 3*3) being l e f t 

open to the sample, and readings taken on a D.V.M. of c e l l and pore 

pressures. The c e l l pressure was then raised s l i g h t l y and the changes 

i n c e l l and pore pressure readings measured, and hence the B-value 

calculated. 

When testing specimens from Gedling Co l l i e r y i t was found that 

a f t e r overnight saturation B-values only reached 0.90- 0.92, and subsequent 

B-tests produced lower values. I t was also found that even a f t e r 

prolonged saturation f o r 3 -4 days there was s t i l l no increase i n B-value, 

and hence these samp]es were tested when B-values of t h i s order were 

obtained. Possible explanations of t h i s phenomenon are discussed i n 

Chapter 8. 

4.2.6 Instrument preparation 

Once the sample was saturated i t could be consolidated. Prxor to 

consolidation the instrumentation was prepared for the t e s t . The 

transducers(F & G, Figs 3-2 and 3«3) load c e l l (C, Fig.3-3) and LVDT 

(B, Fig. 3.3) were plugged i n t o the junction box, the required ampli

f i c a t i o n s selected =ond the U.V. recorder and power supply turned on. 

When the U.V. had waited up and the trace spots were v i s i b l e the galvano

meters were adjusted to bring the spots to t h e i r required po s i t i o n . The 

load and s t r a i n traces were placed near to the edge of the paper to allow 

them f u l l d e f l e c t i o n o The pressure traces were placed near to the centre 

of the paper to allow them to move i n either d i r e c t i o n depending upon 
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t e s t behaviour. For calculation of the actual pressures the two 

pressure traces were made to coincide at a common pressure. This was 

achieved by i s o l a t i n g the sample completely, and opening the transducers 

to the board. The back- pressure was then registered on the gauge 

(C, Fig.3-2) and the pots shut o f f . The c e l l pressure l i n e was then 

connected to the gauge so that the same pressure was on both l i n e s . 

The two spots were then made to coincide. One of the lines to the 

gauge wa.s shut o f f , the pots connected, and the taps to the sample, re

opened. The U.V. was kept on a f t e r t h i s as a check on events during 

consolidation. 

4-2.7 Consolidation 

To consolidate the sample the sample lines were a l l shut o f f , with 

the pore pressure transducer (G, Figs 3-2 & 3-3) l e f t open to the sample. 

The sample taps on the board were shut and the c e l l pressure pot raised 

to give the required pressure above the back pressure. This pressure 

v/as then applied to the sample. Once the pressure had equalized as 

shown on the gauge (C, Fig.3-2) and the pressure spots on the U.V., the 

volume change could take place. The volume change tube was opened to the 

back-pressure and the d i r e c t path from the second sample l i n e closed 

(Line 3> Fig.3.2). An i n i t i a l reading on the tube was taken and the 

sample l i n e (Line 4, Fig. 3«2) opened at a fixed time. Readings on the 

tube (J, Fig.3-2) were taken at times appropriate f o r a root time p l o t 

used f o r consolidation curves, readings being taken u n t i l the volume 

change stopped, showing the complete dissipation of excess pore pressure. 

The time taken depended greatly on the material and consolidation 

pressure used, varying from a few minutes to over two hours. In the 

case of large volume changes the second tube had to be used, the 
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consolidation being stopped to effect the change over. Also, when large 

volume changes occurred the amount of mercury i n the pot v/as often not 

s u f f i c i e n t to apply the f u l l pressure and consolidation had to be stopped 

to repump the mercury. Throughout the consolidation the seating of the 

load c e l l on the sample had to be maintained, otherwise the sample 

might consolidate out of the v e r t i c a l and the test could not be run. 

To do t h i s the jack was gently screwed down as the sample moved, while 

the load spot on the U.V. was watched to ensure that no load v/as applied 

to the sample. When consolidation had finished the sample l i n e (Line if, 

Fig. 3.2) was closed and the volume change shut o f f (Lines 6 & 7, Fig.3«2) 

and the spot positions checked. The sample was then ready for t e s t i n g . 

i.L.2.8 Testing 

Before t e s t i n g the jack had to be removed. The weights on the 

loading hanger v/ere removed, and 7kg placed on the counter balance hanger, 

i n which state the beam applied no load to the piston and maintained i t s 

pos i t i o n . The jack was removed and the piston unlocked, the screw of the 

locking device being completely removed to ensure that i t did not s t i c k 

at the j o i n i n the piston. 

The U.V. paper was then started at a slow speed (5mn./sec or 125mm/min) 

and weights added to the load hanger continuously, ensuring that there 

was no swinging of the hanger.When f a i l u r e appeared imminent from the 

behaviour of the traces, the paper speed was increased to either 12-5?nm/sec 

or 50mm/se-c depending upon the r a p i d i t y of events and the size of load 

increments was decreased. The p a r t i c u l a r load increments used depended 

on the expected size of f a i l u r e load. The paper speeds were selected 

so as to provide reasonable d e t a i l combined with economic use of paper. 

After f a i l u r e had occurred the U.V. recorder was switched o f f and 

the instruments unplugged. The pressure on the c e l l was reduced by 

lowering the pots, and the c e l l emptied by allowing the water to syphon 



back to the tanks (D, Fig.3.2). The loads were taken from the hanger 

and the beam allowed to l i f t from the piston. The c e l l was removed 

and the sample c a r e f u l l y removed, placed in a tray and weighed p r i o r to 

placing i n the oven to dry overnight. I t was then re-weighed to 

obtain a dry weight of sample for use i n density cal c u l a t i o n s , 

if.3 Controlled-Strain Tests. 

The methodsused for the consolidated undrained t e s t s with pore 

pressure measurement were i d e n t i c a l to those used for the controlled 

load t e s t except for the loading stage and the maintenance of seating during 

saturation and consolidation. This l a t t e r v/as achieved by winding the 

machine up u n t i l the small section protruding from the proving ring 

was in contact with the top of the piston. 

Loading was achieved using the automatic driving mechanisr: of the 

machine at a rate of 0.3mm/min. Readings were taken as described at 

selected values of s t r a i n representing \ per cent s t r a i n up to 6 per 

cent and then 1 per cent up to 25 per cent s t r a i n . 

i t . 4 The Small Controlled Load Rig Method 

The p r i n c i p l e s behind the methcc1 used on the small r i g were very 

s i m i l a r to those for the large r i g . there being certain differences i n 

d e t a i l . As a r e s u l t of problems encountered during the investigation, 

certain a l t e r a t i o n s were made to the method and are discussed here. 

The method o r i g i n a l l y used was based on that of Castro (1969) and 

incorporated the use of a vacuum applied to the inside of the sample to 

hold i t up during mounting and measuring. However, during some t e s t s on 

loose Leighton Buzzard Sand, the samples were found to show very strong 

d i l a t i v e tendencies when a liquefaction was expected. I t was suspected 

that t h i s might be due to densification caused by the application of the 

vacuum. I t was therefore decided to attempt s e t t i n g up the sample without 

the use of the vacuum. 



A second function of the vacuum was to de-air the sample, and without 

a vacuum some al t e r n a t i v e method had to be t r i e d . This involved passing 

water from the water bottle (L, Fig.3«5) through the bottom of the sample 

using i t s own head. The a i r bleed on the top l i n e (Line 3> lrig«3«5) was 

removed u n t i l water started coming out when i t was replaced and the water 

turned off. This method was found to work s a t i s f a c t o r i l y . I t was also 

found that when the Leighton Buzzard Sand was set up without vacuum i t 

could be l i q u e f i e d . 

I t was therefore decided to abandon the vacuum and use the 

a l t e r n a t i v e technique outlined above. The main problem when not using 

a vacuum was i n measuring of diameters of soft or very loose samples, as 

the vernier c a l i p e r s tended to squeeze the sample. However, for 

ca r e f u l l y made up samples there i s l i t t l e v a r i a t i o n i n mean sample 

diameter from sample to sample and so estimated values are generally 

good enough i n these cases. I n the case of in s i t u samples the 

uniformity of diameter i s not as good, and some a l t e r n a t i v e measuring 

system which does not apply pressure needs to be devised, 

if./f.l Sample Preparation. 

Three different methods of sample preparation were used for three 

d i f f e r e n t possible cases: 

(a) In s i t u samples 

(b) Made up dense samples 

(c ) Made up loose samples. 

k.k.l.l In S i t u samples 

In s i t u samples were taken from UlOO's which had been taken from the 

s i t e i n question. In order to obtain 38!ran diameter samples from a 100mm 

diameter tube, three 38mm diameter tubes were screwed i n a s p e c i a l j i g to 

the top of the U100 on the hydraulic jack. The material was then jacked 



out, f i l l i n g the three tubes. The material was jacked from the 38mm 

diameter tubes into a mould of 76mm length s i m i l a r to the one used i n 

preparation of the large samples. I n order to make a check, on the sample 

moisture content the remaining content of the tube v/as weighed i n a t i n 

and placed in the oven to dry. Also the sample was weighed i n the 

mould and sheath to obtain i t s o r i g i n a l weight. Once i n the mould, the 

sample was ready for mounting. 

4.if.l.2 Made up Dense Samples 

For made up dense samples a method s i m i l a r to the one used for the 

large r i g v/as used. The calculated weight was weighed out and thoroughly 

mixed with water. The material was placed i n a thick-walled metal tube 

of - 36mm i n t e r n a l diameter, f i t t e d with two. end stops which when f u l l y i n 

position gave a separation of 76mm. The lower stop v/as placed in the 

bottom of the tube and held out from the tube by means of a nut. When 

f u l l the top stop was put i n place and the nut removed from the lower one. 

The tube v/as placed i n the Denison compression machine and compressed u n t i l 

the stops were f u l l y i n the tube. The sample was jacked from the tube 

into the same mould as that used for the i n s i t u samples and was weighed 

i n a s i m i l a r way. 

4.4-1-3 Made up loose Samples 

Loose made up samples were made up i n a position on the r i g . The 

correct quantity for the required dry density v/as weighed out and 

thoroughly mixed v/itl. water (usually at 10$ moisture content). 

One membrane was placed over the base platen (N, Fig.y.G) and secured 

by 2 '0' rings- The bottom porous disc ( I , Fig.3.6) 

(pre-boiled) was placed inside the membrane on the bottom platen. 
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A longitudinally s p l i t mould i n two sections held together by 

tape was placed over the membrane. The two '0' rings for the top 

platen were stretched over the top section of the s p l i t mould. The 

material v/as placed i n the mould in ten la y e r s , each layer being tamped 

ten times with a metal rod. When the sample was complete the top v/as 

c a r e f u l l y flattened off. 

I n samples prior to modification of the method the top porous disc 

was placed and the top platen (D, Fig.3-6) placed on top of i t . The 

platan v/as gently pressed down while the top of the membrane was 

c a r e f u l l y brought onto the platen. The vacuum v/as gradually applied 

using a screw tap ( M, Fig.3-5) i n the vacuum l i n e (Line 2, F i g . J . 5 ) While 

s t i l l gently pressing on the platen the top '0' rings were gently brought 

onto i t . The s p l i t mould v/as then untaped and removed. 

In samples made up a f t e r the modification to the method, the wider 

top platen (D, Fig.3.6) with a porous plug was used, and so no top porous 

disc v/as needed. The wider platen v/as used as i t v/as f e l t that pressing 

on the sample with the narrower platen (which did not r e s t on the mould) 

might be a further source of d e n s i f i c a t i o n . The membrane and '0' rings 

v/ere taken onto . the top platen i n a s i m i l a r fashion to previously,except that 

more care was needed as the sample was not held r i g i d by the vacuum. 

^. it.2 Mounting the Sample 

The i n s i t u and denser made up samples were mounted i n a s i m i l a r 

fashion to the samples on the large r i g . 

The lower porous disc ( I , F i g . 3*6) v/as placed on the end of the 

sample, which was placed on the bottom platen (N, F i g . J>.&.). The 

bottom of the inembraiic was c a r e f u l l y taken onto the bottom platen and 

the top of the membrane v/as removed from the mould, which v/as c a r e f u l l y 

taken from the samp.i • . ) . A. second membrane was placed in the mould and 
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c a r e f u l l y taken over the sample. Two sheaths were used on these samples 
as a precautionary measure, but not on the loose samples made up i n 
position as there was no opportunity for putting one on without potential 
damage to the sample. The bottom '0' rings were then put 
on. The s p l i t mould was next placed over the sample with the top '0' 
rings on the top section. From t h i s point the methods used were the 
same as described in Section ^.4.1.3« 

For some l a t e r samples a single section s p l i t mould v/as used i n 

conjunction with samples of s l i g h t l y reduced diameter (36mm), which were 

produced for the made up samples and could also be produced using 36mm 

diameter sampling tubes for i n s i t u samples. This was done to prevent 

possible damage to the sample caused by r e l a t i v e movement between the 

twr- sections of the double s p l i t mould. 

After the samples had been mounted the dimensions v/ere taken i n the 

same way as for the large samples. The c e l l top (M, Fig.3-6) was 

positioned and tightened down ensuring that the load c e l l (C, Fig.3-6) 

was seated on the b a l l bearing on the top platen (D, Fig.3.6). The c e l l 

was f i l l e d nearly to the top and a thick o i l v/as then fed into the top 

of the c e l l to form an o i l s e a l between the piston and i t s bush, as t h i s ha 

been found tc leak considerably when f i r s t used, leading to pressure l o s s . 

V/hen s u f f i c i e n t o i l was in place, the c e l l was f i l l e d r i g h t up and the 

water l i n e (Line 7, Fig.3.^) and a i r bleed shut (0, Fig.3.6). 

The piston was locked and the LVDT (B, F i g . 3-6) putin position. 

The loading yoke (A, F i g . 3-6) v/as seated on the b a l l bearing on the top 

of the piston and screwed down u n t i l the bottom of the yoke was locked 

r i g i d l y on the bottom of the supporting structure. This ensured that the 
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piston was not able to l i f t due to eff e c t s of c e l l pressure. 

When ir. t h i s state v/ater was either sucked through by the vacuum 

or passed through under i t s own head depending upon the method used. 

When de-aired the sample, was ready for saturation. 

k-k'3 Saturation 

In the case of samples set up without the vacuum the saturation-

pro cess was the same as for the big r i g except that pressure increments 

of 100 kN/m were used as i t was thought that the smaller sample could 

equalize s a t i s f a c t o r i l y under t h i s larger increment. Saturation was 

generally quicker and a sample set up in the morning would be saturated 

by the afternoon. Samples set up i n the afternoon were l e f t overnight. 
2 2 

F i n a l saturation pressures were either 300 kN/m or '-|00 kN/ro . 

When the vacuum was being Uded t h i s had to be released before 

saturation could begin. This was done i n two stages. The screw tap 

(M, Fig.3.5) i n the vacuum l i n e (Line 2, Fig.3-5) was p a r t i a l l y opened, 

allowing h a l f the vacuum to di s s i p a t e . A c e l l pressure of hal f the 

vacuum, was then applied. The f u l l vacuum was then released and a second 

increment of c e l l pressure applied up to the vacuum value. This ensured 

that the equilibrium of the sample was maintained. After allowing a short 

time for the pressure to become f u l l y e f f e c t i v e , the sample was i s o l a t e d 

and the f i r s t increment of saturation pressure applied i n the normal way. 

Zf. 4. k Consolidation 

Saturation was checked by a B-Test i d e n t i c a l to the one used for 

the large r i g . The preparation was i d e n t i c a l except that i t was not 

possible to apply the back pressure' d i r e c t to the pore pressure transducer 

(G, Fig.3-5)- Thfi pressure was applied bo the sample and the pore pressur 

spot positioned. The sample was then i s o l a t e d and the same pressure 

applied to the c e l l pressure transducer (F, Fig.3.5) in the same manner 



as on the large r i g and the spot moved to the same position as the 

pore pressure spot. 

The consolidation could then be carried out in the same way as on 

the big r i g , except that due to the much smaller volume change no values 

were taken for consolidation curves. Consolidation was complete when 

the reading did not change over a period of 5 minutes. The duration, of 

volume change was generally only a few minutes, and the movement of the 

sample small enough for there to be no danger of loss of seating, 

if. if. 5 Testing 

The t e s t i n g procedure was very s i m i l a r to that used on the large 

r i g , the U.V. recorder was used in an i d e n t i c a l way. I n i t i a l l y any 

remaining v/eights in the counter balance (E, Fig.3«6) were removed 

and the piston unlocked. large increments were applied to the hanger 

u n t i l there was movement of the load trace, (i-.e. weights to eou/itei- the 

c e l l pressure). After t h i s smaller weight'increments were added 

continuously, the increments being reduced when f a i l u r e seemed imminent. 

For samples showing strong d i l a t i v e tendencies there was often not enough 

room on the hanger and the extra load had to be applied by pressing on 

the top of the yoke. 

Once the t e s t was complete the pressure was released and the c e l l 

drained, care being taken not to allow any of the o i l to pass into the 

water l i n e s . The sample was f i n a l l y removed for weighing. 
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CHAPTER FIVE 

CALCULATION OF PFSULTS 

5.1 Presentation of Controlled Load Test Results 

I t was decided that a convenient way of presenting the r e s u l t s of the 

controlled load t e s t s v/as to plot the r e q u i s i t e e f f e c t i v e s t r e s s paths. 

The Stress Path method i s described i n d e t a i l by Lambe (1967) and the 

basis of the technique i s outlined here. 

5-1.1 F a i l u r e Envelopes 

The most common way of showing the state of s t r e s s i n a t r i a x i a l t e s t 

i s by plotting Mohr's Stress c i r c l e s on plots of shear s t r e s s against 

p r i n c i p a l e f f e c t i v e s t r e s s . 

For a s e r i e s of t r i a x i a l t e s t s the state of s t r e s s at f a i l u r e can be 

plotted as a s e r i e s of Mohr's c i r c l e s (Fig. 5«l)« 

Kohr's Failure anveloc 

K Line 

1 

P r i n c i p a l effective Stresis 

Figure 5.1 Mohr F a i l u r e Envelope and K Li: 
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From these c i r c l e s two f a i l u r e envelopes can' be drawn. The f i r s t i s 

tangential to the c i r c l e s and i s the Mohr f a i l u r e envelope, i t s intercept 

with the x axis i s the cohesion and i t s slope the angle of shearing 

resistance of the materia 1 0';so that : 

x = c 1 + o tan 0' 
The second envelope passes through the top points and i s designated 

the Kj. l i n e . This has a slope , re l a t e d to 0' as: 

tan °< = s i n 01 and c' = — — 

cos 0' 
Both of these envelopes can be curved implying a reduction i n f r i c t i o n 

angle at high values of normal pressure. 

5.1.2 Stress Paths 

A s t r e s s path i s a plot of the successive states of s t r e s s existing i n 

a sample during a t e s t , as represented by the top point of the Mohr's c i r c l e 

( F i g . 5.2) 

(US 
\ 7. J 

P r i n c i p a l affective otre 
(X 

Figure 5.2 Definition of p and q 



The coordinates of t h i s point are as shown above. 

q i s h a l f the deviator s t r e s s . 

This plot i s obviously much clearer than plotting a large number of 

c i r c l e s for each t e s t . I t i s also possible to plot t o t a l s t r e s s paths and 

paths of ( t o t a l s t r e s s ) - ( s t a t i c pore pressure). 

These s t r e s s paths w i l l a l l tend to the K^. l i n e at f a i l u r e . 

The s t r e s s paths for normality- and over-consolidated clays are shown 

i n Figure 5*3 to i l l u s t r a t e some important points: 

E f f e c t i v e Stress Path (ESP) 

Total Stress Path (TSP) 

Total minus S t a t i c Pore Pressure Stress Path '! - u )SP 

q 
Line f 

p 

) Normally Consolidated (b) Over •isoJ.Lo.atea 

l i g u r e 5 o Typical Stress Paths for Clay 



Points to note are: 

q i s both t o t a l and e f f e c t i v e . 

A negative value of q indicates horizontal s t r e s s greater than v e r t i c a l 
s t r e s s . 

T.S.P. to the right of E.S.P. indicates positive pore pressure. 

T.S.P. to the l e f t of E.S.P. indicates negative pore pressure. 

(T - U ) SP to the l e f t of E.S.P. indicates negative excess pore s 

pressure. 

Fine?/ (1973) showed the c l a s s i c s t r e s s paths for controlled load t e s t s 

these are reproduced i n Figure 5. if. 

a shows large build up in pore pressure and a large l o s s i n s t r e s s ; 

b shows a build up i n pore pressure and some loss in strength, followed 

by a f a l l i n pore pressure and a gain in strength 

c shows a f a l l i n pore pressure and a large gaiti i n strength. This 
i l l u s t r a t e s that a di l a t a n t f a i l u r e w i l l move up the K_ l i n e . 

a - Liquefaction 
b - P a r t i a l L.iquev'aT • '..on 
0 - d i l a t i o n 

P 

Figure 5-4 Controlled-Load Stress Paths. 
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5»2 Calculation of Results 

The r e s u l t s were calculated using a programme written for a Hewlett 

Packard programmable calculator. The programme was written to convert 

the measurements taken from the Ultra Violet Trace into a d i r e c t read out 

of p, q and percentage s t r a i n . 

The i n i t i a l part of the programme read i n the sample measurements and 

calculated the i n i t i a l sample volume. Trie next section calculated the 

actu a l volume and height of the sample during the t e s t using the volume 

change. This was done assuming the s t r a i n to be equal i n a l l three 

directions using the rel a t i o n s h i p : 

L„ = L. (1 - 5VC ) 
o 

where L^. = f i n a l length 
= i n i t i a l length 

BV c = volume change 
V = o r i g i n a l volume, o & 

The next section read i n the constants needed to convert the measurements 

from the trace i n millimetres into a c t u a l loads and pressures. The two 

pressures had been zeroed to the same point at a known pressure and t h i s 

pressure was read i n and the measurements given r e l a t i v e to t h i s pressure. 

Having calculated the values of pressure the main calculation was 

performed. Constant volume was assumed for the t e s t , and the deformation 

assumed to be as a right cylinder, producing a uniform area throughout the 

sample. The v e r t i c a l ueformation was subtracted from the t e s t length and 

divided into the t e s t volume to give the area. The load v/as then divided 

by t h i s area to give the applied s t r e s s . This v/as added to the c e l l 

pressure to give o^. This produced the t o t a l values of o^ and o^. The 

pore pressure v/as then subtracted from these to give the e f f e c t i v e pressures 

from which the values of p and q were calculated and printed out. 
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The percentage s t r a i n was also calculated and printed out. From these 
the s t r e s s paths were plotted and also plots of q against percentage s t r a i n 
( s t r e s s - s t r a i n curves). 

Although the assumption concerning the deformation during the t e s t i s 

obviously not accurately true, any accurate estimation of the true deformation 

would be very d i f f i c u l t . This method does give a good idea of the changes 

i n the state of s t r e s s within the sample, and i s probably as accurate as 

any a l t e r n a t i v e method. 

5-3 Rubber Membrane Correction 

In the case of 38mm diameter samples, the strength of the rubber 

membrane can have a s i g n i f i c a n t effect on the measured value of load, and 

so a correction has to be introduced. I n the case of the 100mm diameter 

sample the effect i s very much l e s s s i g n i f i c a n t and no correction was used. 

A standard t e s t , described i n B r i t i s h Standard 1377 (1975) was 

performed to find the correction, which must be applied to the value of q; 

to allow for the compressive strength of the membrane(s)= The compression 

modulus could not be measured d i r e c t l y but was assumed to be equal to the 

extension modulus. 

The t e s t involved loading a s t r i p of membrane, 25mm wide, supported 

between two glass rods. The contact faces between the rods and the 

membrane were dusted with French chalk to reduce f r i c t i o n . The extension 

was measured for increasing loads, giving the extension modulus as 
M _ Force per millimetre 

s t r a i n 

The correction factor was 

me (1 - e) 
D 

where D = i n i t i a l sample diameter (mm) 

c = a x i a l s t r a i n at maximum p r i n c i p a l s t r e s s difference. 

Values were calculated and the correction applied to the r e s u l t s of 

the controlled-load t e s t s . For 20 per cent s t r a i n i t was found that a 
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2 2 correction of approximately l\ kN/m was required for 2 sheaths and 0.8 kN/m 

for one sheath._ 

5.h Coefficient of Consolidation 

As a further indication of differences i n the properties of the coarse 

materials, the value of the consolidation constant c^ during the consolidation 

stage was calculated from curves plotted using the volume change readings 

(Figs. 6.1.5-6.17). 

The value of c^ was calculated according to a formula given by Ackroyd 

(1957) for t r i a x i a l consolidation of a sample including r a d i a l drains and 

having only one l i n e open to the volume change. 

From t h i s : • 2 
, ° ' 3 Z k * - x 60 x 2h x 365 m 2/year c = , 

where E i s the mean radius of the sample during the t e s t i n metres and 

t n r i s defined as shown i n F i g . 5-5-

Vol L i l ^ f t 
r>s,. ,-, 

Figure 5>5 Definition of t n n 

The values of c^ were calculated using a programme on the Hewlett Packard 

calcu l a t o r . 



CHAPTER SIX 

RESULTS FOR COARSE DISCARDS 

The r e s u l t s for the controlled s t r a i n and controlled s t r e s s t r i a x i a l 

t e s t s are presented here as s t r e s s paths and s t r e s s - s t r a i n curves. Also 

plotted are the consolidation curves for the various materials. 

The numbers i n brackets a f t e r Test numbers on Figures 6.2, 6«/|, 

6.11, 6.15, 6.16, 6.17 represent the consolidation pressures used. 
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CHAPTER EIGHT 

DISCUSSION FOR CPABSE DISCARDS 

8.1 General 

A l l the t e s t s were c a r r i e d out on remoulded ( f a b r i c a t e d ) samples which 

had been screened through a 19mm s i e v e ; the Gedling m a t e r i a l was obtained 

wet from the c o l l i e r y , and t e s t e d i n t h i s s t a t e . This was a l s o t r u e f o r 

l a t e r samples from Abernant. E a r l i e r samples from Abernant and the 

shale and se a t e a r t h from County Durham were dry and were re-wetted before 

t e s t i n g . The question a r i s e s as t o the v a l i d i t y o f t e s t s under these 

c o n d i t i o n s as compared t o the a c t u a l c o n d i t i o n s i n which t h e r e would be 

considerable amounts of m a t e r i a l of gr e a t e r s i z e than 19mm. 

The N a t i o n a l Coal Board's Review o f Research on P r o p e r t i e s o f S p o i l 

T i p m a t e r i a l s (1972), gives the r e s u l t s o f t e s t s performed on Gedling 

m a t e r i a l . I t compares l a b o r a t o r y shear s t r e n g t h r e s u l t s on screened 

m a t e r i a l w i t h f i e l d shear box r e s u l t s . The r e s u l t s o f t h i s comparison 

show a very good c o r r e l a t i o n betv/een l a b o r a t o r y and f i e l d shear s t r e n g t h s , 

suggesting t h a t the e f f e c t o f screening i s not very g r e a t . The Review 

concludes t h a t the standard lOOmra diameter t r i a x i a l t e s t does g i v e a good 

i n d i c a t i o n o f the a c t u a l f i e l d behaviour. 

The Review also shows t h a t the e f f e c t o f v a r i a t i o n s i n r e l a t i v e d e n s i t y 

f o r values below B r i t i s h Standard Compaction was very s m a l l . 

8.2 C o n t r o l l e d S t r a i n Test Results 

8.2.1 Gedling 

During the c o n t r o l l e d - s t r a i n t e s t s there was a considerable and r a p i d 

b u i l d up i n pore pressure d u r i n g the e a r l y stages. This was accompanied by 

a b u i l d up i n the load.- The i n i t i a l p e r i o d was f o l l o w e d by a long p e r i o d 



•of steady load, d u r i n g which the pore pressure continued t o r i s e , but more 

slo w l y than a t f i r s t . I n the l a t e r stages o f the t e s t the pore pressure 

began t o f a l l o f f s l o w l y w h i l e the load increased again. This basic type o f 

behaviour was the same f o r a l l three c o n s o l i d a t i o n pressures used. 

The s t r e s s paths show the e f f e c t o f the pore pressure b u i l d up and 

steady load by moving t o the l e f t a t an almost constant value o f q. The 

f a i l u r e envelope was reached a t a considerably lov/er e f f e c t i v e stress' than 

the o r i g i n a l c o n s o l i d a t i o n pressure. The f i n a l f a l l i n pore pressure and 

r i s e i n load are shown by the movement of the s t r e s s path up the f a i l u r e 

envelope i n d i c a t i n g a ga i n i n s t r e n g t h and c h a r a c t e r i s i n g a d i l a t i o n . 

The l i n e produced from these t e s t s shows s very considerable degree 

of curvature from o<- 30° a t the o r i g i n t o =•< - 17° a t p --- JOOkN/m^ (0' = 35° 

t o 0' = 19°)• I t also i m p l i e s t h a t cohesion i s zero. Kesults given i n 

the N.CB.'s Review a l s o show some degree of curvature f o r Gedling, from 

0' = 32° t o 0' = 23°. 
The r e s u l t s presented h e r t (Figure 6.1) confirm the general observation 

o f a curved envelope f o r Gedling m a t e r i a l . However, the degree o f 

curvature i s considerably g r e a t e r , • g i v i n g a lov/er value which i s w e l l 

o u t s i d e the general range o f 0" values f o r s p o i l s i n England (39° t o 25.5°)• 

Two main reasons have been suggested f o r the curvature o f f a i l u r e envelopesr 

F i r s t l y the breakdown o f i n t e r - p a r t i c u l a r contacts a t higher c o n f i n i n g 

pressures, l e a d i n g t o reduced shearing r e s i s t a n c e , and secondly lack of 

f u l l s a t u r a t i o n ( T a y l o r , 1973)- I t i s l i k e l y t h a t the f i r s t o f these 

e f f e c t s i s a c t i n g i n Gedling m a t e r i a l , l e a d i n g t o some curvature of the f a i l u r 

envelope, and t h i s w i l l be discussed l a t e r i n t h i s chapter. The over

emphasis o f the e f f e c t producing the low value of 19° could probably be due 

t o the samples not being f u l l y s a t u r a t e d , as mentioned i n Section 4«2.5« 



The lack o f t o t a l s a t u r a t i o n could be due t o a i r trapped w i t h i n the 

p a r t i c l e s , which are r e l a t i v e l y f i s s u r e d . This could also e x p l a i n the 

observation o f a decrease i n B value a f t e r the i n i t i a l B t e s t . A f t e r a 

B t e s t the back pressure i s reduced t o i t s o r i g i n a l value and t h i s could 

lead t o some o f the a i r w i t h i n the p a r t i c l e s coming out o f s o l u t i o n and thus 

decreasing the degree o f s a t u r a t i o n . 

The s t r e s s - s t r a i n curves (Figure 6.2) show the l e v e l l i n g o f f o f the 

s t r e s s a f t e r the i n i t i a l r a p i d increase, f o l l o w e d by a smaller r i s e i n 

s t r e s s v/hen the f a i l u r e envelope i s reached. The s t r a i n a t t a i n e d a value 

o f 25 per cent w i t h o u t any s i g n i f i c a n t f a l l i n s t r e s s l e v e l , i n d i c a t i n g a p l a s t i 

mode of f a i l u r e . 

8.2.2 Abernant 

I n the t e s t s on t h e m a t e r i a l from Abernant (Figs 6.3 and 6.4) there 

was a l s o a f a i r l y r a p i d r i s e i n pore pressure i n the i n i t i a l stages. The 

r a t e o f t h i s increase was less than f o r Gedling. The s t r e s s rose f a i r l y 

r a p i d l y i n t h i s i n i t i a l stage, reaching a higher value than f o r the Gedling 

specimens a t the same c o n s o l i d a t i o n pressure. The s t r e s s and pore pressure 

continued t o r i s e a t a slower r a t e a f t e r the i n i t i a l p e r i o d . At the end 

of the t e s t t h e pore pressure l e v e l l e d o f f and the s t r e s s f e l l s l i g h t l y . 

The t e s t s were terminated when the s t r e s s l e v e l f e l l . 

The s t r e s s paths show the smaller l e v e l o f pore pressure b u i l d up than 

f o r Gedling as they reach the f a i l u r e envelope much closer t o the o r i g i n a l 

c o n s o l i d a t i o n pressure, w i t h o u t the f l a t s e c t i o n moving t o the l e f t . 

However, there was not the same movement up the f a i l u r e envelope a f t e r 

t h i s p o i n t had been reached, althougi7 f u r t h e r s t r a i n i n g might have produced 

t h i s e f f e c t a f t e r the small drop i n s t r e s s on reaching the f a i l u r e envelope. 

The f i r s t t e s t proved an exception t o t h i s general t r e n d o f behaviour. 

The s t r e s s rose continuously throughout th« t e s t and a f t e r an i n i t i a l e a r l y 



b u i l d up o f pore pressure there was a f a l l o f f , producing a movement up 

the K̂ . l i n e . 

There was no n o t i c e a b l e curvature o f the l i n e , which had a slope 

o f = 31° (0' = 37°). . This f a l l s w e l l w i t h i n the range o f 25.'5° t o 

given by the N.C.B. Review f o r Welsh s p o i l s . As there were no 

problems 'with s a t u r a t i o n , there should have been no envelope curvature 

due t o t h i s . From these r e s u l t s i t would appear t h a t t h e r e i s no 

s i g n i f i c a n t crushing out o f i n t e r - p a r t i c u l a r contacts i n t h i s m a t e r i a l . 

I n a s i m i l a r manner t o Gedling there appeared to be no cohesion i n t e r c e p t . 

The Abernant m a t e r i a l would appear t o have a g r e a t e r shear s t r e n g t h than 

Gedling, as shown by the higher s t r e s s l e v e l s reached and the higher value 

o f 0', e s p e c i a l l y a t higher c o n f i n i n g pressures. These r e s u l t s are i n 

l i n e w i th the f i n d i n g s o f Taylor -•\nd Cobb (1977), who have shown t h a t Mohr 

envelopes are s e n s i b l y l i n e a r ( u i t h c'=0)in the case o f burnt shales and s t r o n g 

b r i t t l e shales, whereas those of the weaker s p o i l s are more d i s t i n c t l y curved. 

The s t r e s s s t r a i n curves f o r Abernant (Fig.6.^) show the steady 

s t a t e o f s t r e s s reached and the extent t o which i t was maintained d u r i n g 

t h e major p a r t o f the s t r a i n i n g . Although a drop i n s t r e s s l e v e l 

occurred a t the end of the t e s t s , t h e re was no s i g n o f f a i l u r e , other 

than the b a r r e l l i n g e f f e c t o f a p l a s t i c f a i l u r e . 

8.3 Gedling C o n t r o l l e d Load Tests 

8.3*1 C o n s o l i d a t i o n 

The Gedling samples ( F i g . 6.15) e x h i b i t e d i n i t i a l l a r g e and. r a p i d 

volume changes l a s t i n g f o r about 5 minutes. This was f o l l o w e d by a 

c o n t i n u i n g slower volume change l a s t i n g up t o about an hour or an hour and 

a h a l f . The amount o f volume change increased w i t h consolidation, pressure, 

reaching a ' c u t - o f f f o r pressures i n the r e g i o n o f 200 t o 300 kN/m . 



There was a c e r t a i n amount o f s c a t t e r i n the f i n a l d e n s i t i e s and v o i d 

r a t i o s reached, but t h e r e was a general increase i n f i n a l d e n s i t y w i t h 

c o n s o l i d a t i o n pressure, as would be expected. The values o f c v c a l c u l a t e d 

g i v e an average of about 1?0 m /year, which represents a r e l a t i v e l y low 

r a t e of pore pressure d i s s i p a t i o n . 

8.3.2 Behaviour d u r i n g Testing 

For the samples teste's a t a c o n s o l i d a t i o n pressure o f 50 kN/m there 

was a steady r i s e i n pore pressure from the s t a r t of l o a d i n g , becoming 

g r e a t e r j u s t before the sample s t a r t e d t o s t r a i n . The r a t e o f increase 

l e v e l l e d o f f during s t r a i n i n g and the pore pressure f i n a l l y reached a steady 

value somewhat below the c e l l pressure. Towards the end of s t r a i n i n g the 

pore pressure decreased s l i g h t l y . The c e l l pressure remained g e n e r a l l y 

f a i r l y constant, although there was some r i s e d u r i n g the s t r a i n i n g p e r i o d 

due t o p i s t o n plunge. The s t r a i n i n g p e r i o d was about 25 seconds from the 

s t a r t o f s t r a i n i n g t o 20 per cent s t r a i n , which although f a i r l y r a p i d i s 

not p a r t i c u l a r l y so i n terms o f the time periods associated w i t h l i q u e f a c t i o n 

f a i l u r e s (see F i g . 6.5). The specimen which was d r i e d out and then r e -

wetted (specimen DO F i g . 6.5) showed the same basic behaviour although 

i t s t r a i n e d more q u i c k l y ( 1 1 seconds t o 20 per cent s t r a i n ) . 

As the c o n s o l i d a t i o n pressure increased, the basic t r e n d o f behaviour 

was maintained. However, the degree o f pore pressure b u i l d up became l e s s , 

reaching l e v e l s v/ell below the c e l l pressure. The load r e q u i r e d t o produce 

s t r a i n i n g increased, and the r a t e o f s t r a i n i n g decreased; the s t r a i n 
2 

talcing k5 seconds t o reach 20 per cent s t r a i n a t 250 kN/ra . The g r e a t e r 

l o a d and the smaller pore pressure b u i l d up w i t h higher c o n s o l i d a t i o n pressures 

v/ould be expected. I n the t e s t performed a t 217 kN/m the specimen took a l l 

th e load t h a t could be added w i t h o u t showing any s i g n o f s t r a i n i n g or pore 

pressure b u i l d up. This sample had a s l i g h t l y h igher f i n a l d e n s i t y than 



other samples, and would t h e r e f o r e have had an e s p e c i a l l y s t a b l e s t r u c t u r e 

(see Table 6.1). 

There d i d not appear t o be any k i n d o f shearing d u r i n g these t e s t s . 

The samples a l l showed a ' b a r r e l l i n g ' type o f deformation, associated w i t h 

a p l a s t i c f a i l u r e . 

8.jJ.3 Stress Paths and S t r e s s - S t r a i n Curves. 

The s t r e s s paths and s t r e s s s t r a i n curves shown i n Figures 6.5 t o 6.9 

are those from t h i s i n v e s t i g a t i o n , together w i t h r e s u l t s from some previous 

t e s t s c a r r i e d out on Gedling m a t e r i a l . These e a r l i e r t e s t s were c a r r i e d 

out on the same r i g , but w i t h an e x t e r n a l load c e l l , and a smaller s t r a i n 

c a p a c i t y . 

The s t r e s s paths from the c u r r e n t i n v e s t i g a t i o n ( F i g . 6.5) f i t q u i t e 

w e l l w i t h the f a i l u r e envelope obtaxned from the c o n t r o l l e d s t r a i n t e s t s . 

- A l l except t h a t f o r t e s t No. 5 (P - 217 lcN/ru ) show a movement to_ the 

l e f t e x h i b i t i n g a long f l a t section-, c h a r a c t e r i s i n g pore pressure b u i l d up. 

The form o f the s t r e s s paths above e f f e c t i v e c e l l pressure o f about 100 kN/m' 

was very s i m i l a r t o those produced from the c o n t r o l l e d s t r a i n t e s t s , except 

t h a t t h ere was no d i l a t i o n a t the end of the t e s t . I n these t e s t s a s t r e s s 

l e v e l close t o the f a i l u r e envelope was reached i n the e a r l y stages o f 

s t r a i n i n g and was maintained w i t h very l i t t l e change i n s t r e s s l e v e l s . I t 

i s p o s s i b l e t h a t i n s u f f i c i e n t load was added t o produce d i l a t i o n . * The 

previous t e s t s a t these pressures had shown l a r g e r stresses and had reached 

the l i n e near the o r i g i n a l c o n s o l i d a t i o n pressure. I t i s probable t h a t 

t h i s m a t e r i a l was taken from the bunker or when the wasliery was producing 

somewhat d i f f e r e n t m a t e r i a l . This demonstrates the danger o f p o s s i b l e 

v a r i a t i o n s i n the c h a r a c t e r i s t i c s o f mate r i a ] taken from the same t i p . The 

m a t e r i a l f o r t h i s previous i n v e s t i g a t i o n was rewetted before t e s t i n g and 



t h i s could also have had some e f f e c t on the behaviour. 

The samples t e s t e d a t lower c o n s o l i d a t i o n pressures show some d i f f e r e n c e s 

i n behaviour. The sample from the previous i n v e s t i g a t i o n t e s t e d a t 50 kN/m" 

and sample No. 2 o f the c u r r e n t i n v e s t i g a t i o n ( F i g . 6.7) show a maximum 

s t r e s s l e v e l which i s f o l l o w e d by a f a l l - o f f down the K̂ , l i n e , which i s 

eq u i v a l e n t t o a drop i n s t r e n g t h of about 10 per cent. This drop i n s t r e n g t h 

was followedby a f u r t h e r uicr©3S6 i n s t r e n g t h , t o a steady s t r e s s l e v e l , 

which was maintained f o r t h e major p a r t of the s t r a i n i n g p e r i o d . Other 

t e s t s a t t h i s c o n s o l i d a t i o n pressure do not show any s i g n i f i c a n t drop i n 

strength-, although the m a j o r i t y o f t h e paths i n d i c a t e t h a t during t h i s time 

the s t r e s s l e v e l i s o s c i l l a t i n g around a constant s t r e s s l e v e l close t o 

the f a i i j j e envelope. The two t e s t s showing a drop i n s t r e s s suggest t h a t 

p a r t i a l l i q u e f a c t i o n i s o c c u r r i n g . The f i n a l gain i n s t r e n g t h and r e l a t i v e l y 

long time p e r i o d i n v o l v e d however, show t h a t they are not t o t a l l i q u e f a c t i o n s . 

These r e s u l t s demonstrate t h a t t h e r e i s some p o t e n t i a l danger o f p a r t i a l 

l i q u e f a c t i o n a t low c o n f i n i n g pressures. For a bulk d e n s i t y of around 
•z 

1.6 Mg/m t h i s represents a depth of a p o i l equivalent t o about ?ia i n depth. 

The general t r e n d i s f o r t h i s m a t e r i a l t o reach a steady s t a t e o f s t r e s s 

w i t h o u t s i g n i f i c a n t r i s e s or f a l l s . I n order t o produce a s i g n i f i c a n t 

drop i n s t r e n g t h the r a t e o f s t r a i n i n g would need t o be g r e a t e r . The t e s t 

performed a t an in t e r m e d i a t e cor.sclidaticr. prsssure o f SO kN/ni , shores a ruuue 

o f behaviour s i m i l a r t o specimens t e s t e d a t higher c o n f i n i n g pressures. 

The s t r e s s - s t r a i n curves (Figs 6.8 and 6.9) i n d i c a t e t h a t s t r e s s l e v e l s 

are maintained over most o f the s t r a i n i n g p e r i o d . Test No. 6 shows a gradual 

r i s e i n d e v i a t o r s t r e s s d u r i n g t h i s p e r i o d . Test No. 2 shows a peak s t r e s s 

f o l l o w e d by a f a l l and then a f i n a l increase. Ti.-.e form o f the s t r e s s - s t r a i n 

curves i s the same as those obtained i n the c o n t r o l l e d s t r a i n t e s t s , and 

th e d e v i a t o r stresses reached are about the same a t eq u i v a l e n t c o n s o l i d a t i o n 
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pressures. The observation o f s i m i l a r i t y between the stress-paths and 

s t r e s s - s t r a i n curves from c o n t r o l l e d s t r a i n and c o n t r o l l e d load t e s t s 

when l i q u e f a c t i o n does not occur conforms w i t h the f i n d i n g s o f H i r d and 

Humphries ( i n press),who show t h a t a s i m i l a r behaviour a p p l i e s t o mica residues 
from the China Clay i n d u s t r y . 

8.3«*f Possible i m p l i c a t i o n s o f a P a r t i a l L i q u e f a c t i o n 

The demonstration o f a p o t e n t i a l f o r p a r t i a l l i q u e f a c t i o n o f Gedling 

s p o i l a t low e f f e c t i v e c o n f i n i n g pressures poses the question as t o what 

e f f e c t t h i s might have i n the f i e l d . 

I n the l a b o r a t o r y t e s t the p a r t i a l l i q u e f a c t i o n produces a drop i n 

s t r e n g t h which i s f o l l o w e d by a f i n a l increase i n s t r e n g t h ( d i l a t i o n ) . 

The question a r i s i n g i s t h e pertinence o f t h i s f i n a l d i l a t i o n i n a 

l i q u e f i e d m a t e r i a l . Assuming t h a t the m a t e r i a l flows as a r e s u l t of the 

i n i t i a l l i q u e f a c t i o n w i l l the d i l a t i o n a r r e s t t h i s flow? The aAswer t o 

these questions i s considerably more complex than might a t f i r s t meet the 

eye. 

For the case of a t i p which i s b u i l t on f l a t ground, the e f f e c t o f a 

t o t a l l i q u e f a c t i o n i s t o produce a flow which only stops when the slope 

angle of t h e t i p i s eq u i v a l e n t t o the reduced shear s t r e n g t h of the m a t e r i a l . 

I n the case o f p a r t i a l l i q u e f a c t i o n i n these circumstances the f r i c t i o n 
angle o f the m a t e r i a l w i l l increase when the d i l a t i o n occurs and hence the 

a t 

.slope/which i t w i l l come t o r e s t i s equivalent t o t h i s f r i c t i o n angle 

r a t h e r than the very much reduced one associated w i t h the l i q u e f i e d s t a t e . 

A more complex problem i s i n v o l v e d i n the case o f a t i p which i s b u i l t 

on s l o p i n g ground. This was the case a t Aberfah (a slope o f 12-5°) and 

i s a l so t r u e a t Gedling. I n these circumstances the m a t e r i a l w i l l be 

f l o w i n g d o w n h i l l and not on the f l a t (Figure 8.1). 



Tip 

Possible Flowslide 

Watural Slope 

Figure.3.1 Tip Founded on a Slope. 

The m a t e r i a l i n t h i s case w i l l be a c c e l e r a t i n g under g r a v i t y down 

the slope. Thus, by the time a p o s s i b l e d i l a t i o n occurs i t w i l l have 

developed considerable momentum. I n t h i s case one has t o determine 

whether the d i l a t i o n w i l l be s u f f i c i e n t t o a r r e s t the f l o w on the slope. 

I n considering t h i s problem i t i s necessary t o know a t v/hat stage 

the d i l a t i o n occurs so as t o c a l c u l a t e how much momentum w i l l have been 

achieved. Another important f a c t o r i s a t what r a t e does the increase i n 

s t r e n g t h of t h e m a t e r i a l occur. When considering the p o s s i b l e a r r e s t o f 

the f l o w i t i s not the s t a t i c f r i c t i o n as measured by the f r i c t i o n angle 

which i s i n v o l e d but the k i n e t i c f r i c t i o n which i s g e n e r a l l y l e s s . Another 

problem i s t h a t o f consi d e r i n g a 'tongue' o f m a t e r i a l r a t h e r than a s i n g l e 
i 

mass. 

Tlie p o i n t s mentioned above show the complexity o f t h i s problem and 

t h a t i t i s not p o s s i b l e t o do a simple c a l c u l a t i o n t o produce an answer. 

A considerable amount o f work would be needed t o r e l a t e the readings 

from the l a b o r a t o r y t e s t t o the f i e l d s i t u a t i o n i n order t o answer the f i r s t 

two p o i n t s . As w e l l as t h a t the c a l c u l a t i o n s which would be i n v o l v e d i n 

the second p a r t of a s o l u t i o n are beyond the bounds o f elementary mechanics, 
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and were not t h e r e f o r e p o s s i b l e i n the time a v a i l a b l e d u r i n g t h i s 

i n v e s t i g a t i o n . 

I t seems q u i t e p o s s i b l e t h a t the gradual increase i n s t r e n g t h l i k e l y 

t o occur i n such circumstances would not be s u f f i c i e n t t o stop a la r g e mass 

o f r a p i d l y moving s p o i l when i t i s f l o w i n g d o w n h i l l . I f t h i s i s the case 

the dangers o f a p a r t i a l l i q u e f a c t i o n are much the same as f o r a t o t a l 

l i q u e f a c t i o n . I n many respects t h i s i s also the conclusion drawn by 

Casagrande (1976). 

At; w e l l as a slope reducing the l i k e l i h o o d o f a d i l a t i o n a r r e s t i n g a 

f l o w once i t had s t a r t e d , i t also increases the p o s s i b i l i t y o f a p a r t i a l 

l i q u e f a c t i o n o c c u r r i n g since a smaller p r o p o r t i o n o f the loa d needs to be 

t r a n s f e r r e d t o the pore water before s t r a i n i n g can s t a r t (Bishop et a l . 

1969). 

Bishop drew the l o g i c a l conclusion t h a t the r e d u c t i o n i n the p r o p o r t i o n 

of the load t h a t needed to be c a r r i e d by the pore water would be equivalent 

t o : 

tan 6 , n n a / 

tHnl?< X 1 0 ° % 

where 6 = angle o i slope 

0' = f r i c t i o n angle o f m a t e r i a l . 

Using t h i s approach the percentage r i s e i n pore pressure r e q u i r e d t o 

cause s t r a i n i n g can be c a l a i l a t e d . 

I n t e s t No. 2 i n which a drop i n s t r e n g t h v/as recorded, the value o f 0' 

a t peak was 28°, and the s t r a i n i n g s t a r t e d when the r i s e i n pore pressure 

was 50 per cent o f the o r i g i n a l e f f e c t i v e c o n s o l i d a t i o n pressure. Figure 

8.2 i l l u s t r a t e s the r e l a t i o n s h i p of slope angle versus percentage pore pressure 

increase r e q u i r e d t o s t a r t s t r a i n i n g . 



This shows t h a t the e f f e c t o f a slope angle on the r e q u i r e d pore 

pressure increase i s very great and t h a t the p o t e n t i a l f o r a l i q u e f a c t i o n 

induced f l o w s l i d e i s enhanced i n these circumstances. 

For example, i n the case o f a slope angle o f 12-J° the b u i l d up o f 

pore pressure r e q u i r e d i s only 29-4 per cent o f the c e l l pressure. Thus, 

f o r an e f f e c t i v e c o n s o l i d a t i o n pressure o f $0 kN/m , the pore pressure 

o n l y needs t o increase by 14«7 kN/m t o induce s t r a i n i n g . 

8.4 Abernant C o n t r o l l e d Load Tests 

8.'|.I- C onsolidation 

For the Abernant specimens ( F i g . 6.16) the i n i t i a l r a p i d p e r i o d o f 

volume change l a s t e d f o r about one or two minutes. The p e r i o d o f f u r t h e r 

volume change depended on the c o n s o l i d a t i o n pressure, being about 10 minutes 
2 2 a t 50 lcN/m and about an hour a t 200 kN/m • O v e r a l l the volume change was 

quicker than t h a t f o r Gedling and produced values between a t h i r d and a 

h a l f o f those f o r Gedling at the same c o n s o l i d a t i o n pressure (Table 6.2). 

The amount o f volume change increased w i t h c o n s o l i d a t i o n pressure reaching 

a constant value a t around 200 t o 250 kN/n: . The change i n d e n s i t y was 

a c c o r d i n g l y smaller than f o r Gedling. The f i n a l d e n s i t i e s v/ere again 

r a t h e r v a r i a b l e , but tended t o increase w i t h c o n s o l i d a t i o n pressure. The 

sample was made up t o a higher d e n s i t y (No. 2) and showed a reduced degree 

o f c o n s o l i d a t i o n , as would be expected. The average value o f c was about 
2 

550 m /year, which i s s i g n i f i c a n t l y higher than f o r Gedling, and i s more i n 
2 

l i n e w i t h drainage r a t e s measured i n the large Rowe C e l l (7OO-8OO m /year; 

Taylor and Cobb, 1977). 

8.^.2 Behaviour during; Tests 

The behaviour of the Abernant m a t e r i a l , although showing some s i m i l a r i t i e s 

i n basic c h a r a c t e r i s t i c s , d i d show some s i g n i f i c a n t d i f f e r e n c e s from the 
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Gedling m a t e r i a l . 

As f o r Gedling t h e r e was a pore pressure b u i l d up d u r i n g the i n i t i a l 

stages o f l o a d i n g . The r a t e increased before the s t a r t o f s t r a i n i n g , 

and then dropped reaching a steady l e v e l d u r i n g s t r a i n i n g . The pore 

pressure f i n a l l y f e l l towards the end o f s t r a i n i n g . I n general the r a t e 

of b u i l d up was much l e s s than f o r Gedling a t t h e same c o n s o l i d a t i o n pressure 

and the f i n a l value reached was much f u r t h e r below the c e l l pressure. 

The r a t e o f pore pressure b u i l d up i n the t e s t s a t h i g h c o n s o l i d a t i o n 

pressures was very slow. The amount o f load r e q u i r e d t o produce s t r a i n i n g 

was considerably g r e a t e r than f o r Gedling and a t h i g h c o n s o l i d a t i o n pressures 

i t exceeded the amount t h a t could be added t o the hanger. Extra load was 

added by a p p l y i n g pressure t o the l o a d i n g beam. The load was g e n e r a l l y 

maintained d u r i n g s t r a i n i n g and e x t r a load could s t i l l be taken d u r i n g t h i s 

p e r i o d . The p e r i o d taken during s t r a i n i n g was considerably longer than f o r 

Gedling, being about a minute even a t a c o n s o l i d a t i o n pressure o f 30 kN/m11, 

and. reaching 3 minutes a t 235 kN/m • There d i d not appear to be any 

s i g n i f i c a n t d i f f e r e n c e s i n behaviour between samples made up frcm wet 

m a t e r i a l , and those which were re-wetted. 

Like the Gedling rpeciwens the deformation g e n e r a l l y took the form o f 

b a r r e l l i n g , although a t l e a s t one sample (No. 9, F i g . 6.10) f a i l e d i n shear. 

8.4*3 Stress Paths and S t r e s s / S t r a i n curves 

The s t r e s s paths ( F i g . 6.10) from the c o n t r o l l e d load t e s t s agree very-

w e l l w i t h the f a i l u r e envelope from t h e c o n t r o l l e d s t r a i n t e s t s . The type 

of behaviour shown i s b a s i c a l l y the same throughout the range o f c o n s o l i d a t i o n 

pressures used. 

The d e v i a t o r s t r e s s increases throughout the t e s t s , except a t the very 

end when i t i s not p o s s i b l e t o apply s u f f i c i e n t load t o maintain the increase. 



The f a i l u r e envelope i s reached a t e f f e c t i v e pressures close t o the 

o r i g i n a l c o n s o l i d a t i o n pressures. The amount o f movement t o the l e f t i s 

g r e a t e r a t higher c o n s o l i d a t i o n pressures, showing the pore pressure 

increases t o have a g r e a t e r . e f f e c t a t these pressures. On reaching the 

l i n e the s t r e s s paths e x h i b i t d i l a t i o n . This t r e n d o f behaviour i s 

maintained down t o a c o n s o l i d a t i o n pressure o f JO kN/m . This shows t h a t 

t h e re i s not l i k e l y t o be any drop i n s t r e n g t h or s i g n i f i c a n t pore pressure 

b u i l d ups t o lead t o l i q u e f a c t i o n f a i l u r e phenomena, hence t h i s m a t e r i a l 

i s safe from l i q u e f a c t i o n . 

Despite v a r i a t i o n s i n the d e n s i t i e s achieved the type of behaviour and 

the p r o x i m i t y t o t h e K„ l i n e do not seem t o be s i g n i f i c a n t l y a f f e c t e d , 

c onfirming t h e observations r e f e r r e d to by McKechnie Thomson and Rodin (1972) 

concerning t h e e f f e c t s of d e n s i t y v a r i a t i o n and the r e s u l t a n t e f f e c t i v e 

shearing r e s i s t a n c e . 

The sample which was f a b r i c a t e d t o a s i g n i f i c a n t l y higher d e n s i t y 

(No. 2, F i g . 6.10) (close t o the maximum dry d e n s i t y ) , shows a higher l o a d 

and a smaller e f f e c t due t o pore pressure b u i l d up, reaching the K„ l i n e a t 

a higher d = v i a t c r s t r e s s than i n the more conventional t e s t a t a s i m i l a r 

c o n s o l i d a t i o n pressure (No. 1. F i g . 6.10). I t also crosses the K̂ , l i n e , 

i n f e r r i n g t h a t a t higher d e n s i t i e s the shear s t r e n g t h p o s s i b l y increases 

somewhat. 

The s t r e s s - s t r a i n curves ( F i g . 6.11) g e n e r a l l y confirm the gradual 

continued r i s e i n d e v i a t o r s t r e s s throughout the t e s t s . They a l s o show 

the s i g n i f i c a n t l y higher loads a t t a i n e d than samples from Gedling. The 

l a r g e r load c a r r i e d by the denser sample i s c l e a r l y shewn. The form o f 

the curves i s again very s i m i l a r t o those from the c o n t r o l l e d s t r a i n t e s t s , 

and the stresses achieved are also very s i m i l a r * The two sets o f s t r e s s 

paths also show s i m i l a r types of behaviour i n the two types o f t e s t ( F i g s . 

6.3 and 6.10). 



From these r e s u l t s i t can be concluded t h a t the m a t e r i a l from Abernant 

has a higher shear s t r e n g t h than t h a t from Gedling. Also i n a c o n t r o l l e d 

l o a d t r i a x i a l t e s t i t i s l i k e l y t o d i l a t e at. a l l c o n s o l i d a t i o n pressures 

showing i t t o be safe i n s o f a r as l i q u e f a c t i o n i s concerned. The m a t e r i a l 

from Gedling shows some signs o f p a r t i a l l i q u e f a c t i o n a t low c o n f i n i n g 

pressures, and no s i g n i f i c a n t d i l a t i o n a t higher c o n f i n i n g pressures. 

8.5 Pore Pressure versus S t r a i n P l o t s 

Figure 6.14 shows pore pressure versus s t r a i n p l o t s f o r t h r e e t e s t s 

r e p r e s e n t a t i v e o f the types of behaviour observed. The p l o t s are 

compensated f o r changes caused by c e l l pressure increases due t o p i s t o n 

plunge. 

Gedling No. 2 was a p a r t i a l l i q u e f a c t i o n . The p l o t shows the i n i t i a l 

incre-.se i n pore pressure, c o n t i n u i n g a t a reduced r a t e up t o a s t r a i n o f 

about 12 per cent, f o l l o w e d by the f i n a l pore pressure decrease, r e p r e s e n t i n g 

the f i n a l g ain i n s t r e n g t h . The pore pressure reaches a value very close 

t o the c o n f i n i n g pressure showing a very low e f f e c t i v e pressure during t h i s 

type o f f a i l u r e . 

Gedling No. k was t y p i c a l o f the t e s t s i n which a steady s t a t e o f s t r e s s 

was reached. The p l o t shows an i n i t i a l increase i n pore pressure f o l l o w e d 

by a p e r i o d o f almost constant pore pressure, r e p r e s e n t i n g the major p a r t 

of the s t r a i n i n g p e r i o d . • The pore pressure reached i s w e l l below the 

c o n f i n i n g pressure.. 

Abernant No. 9 shows the behavour of a d i l a t i n g sample. The pore 

pressure r i s e s f a i r l y r a p i d l y i n i t i a l l y , reaching a peak a t a r e l a t i v e l y 

low s t r a i n . The pore pressure then decreases f o r the remainder o f the 

t e s t . This i s shown by the gain, i n s t r e n g t h and movement t o the r i g h t on 

the s t r e s s path. 

http://incre-.se
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8.6 The Durham Seatearth and Shale I n v e s t i g a t i o n 

The s i g n i f i c a n t l y d i f f e r e n t types o f behaviour between the samples 

from Gedling and Abernant.have been discussed above. I t was decided t o 

t r y and demonstrate the reason behind these d i f f e r e n c e s i n behaviour. 

The most obvious d i f f e r e n c e between the two types of m a t e r i a l was t h a t 

one type was s h a l e - r i c h (Abernant) and the other s e a t e a r t h - r i c h ( G e d l i n g ) . 

I n order t o demonstrate the d i f f e r e n c e i t was decided t o use two 

pure m a t e r i a l s o f shall and sea t e a r t h obtained l o c a l l y . Having demonstrated 

the d i f f e r e n t behaviour i t was hoped t o t e s t mixtures of the two m a t e r i a l s 

t o determine how much seat e a r t h was r e q u i r e d t o cause a s i g n i f i c a n t change 

i n behaviour. However, the r e s u l t s were somewhat unexpected. 

The two samples were crushed down and made up t o t h e same grading as 

the equivalent s p o i l t o e l i m i n a t e any e f f e c t s due t o major d i f f e r e n c e s i n 

grading. 

As i s shown i n the next s e c t i o n the shale did-not behave as expected, 

and so i n order t o explore the e f f e c t o f mixing the two types of m a t e r i a l 

Abernant s h a l e - r i c h s p o i l was mixed w i t h the Durham s e a t e a r t h . Possible 

f a c t o r s a f f e c t i n g the behaviour o f the va r i o u s m a t e r i a l s are discussed i n s e c t i o n 

8.10. 

8.7 The Durham Shale 

• TVi^ b ^ - ^ v i ^ ' T n~F th° 'Durham Sha^e d i f f e r e d considerably from Abemant, 

being more l i k e t h a t o f Gedling. The f i r s t t e s t was c a r r i e d out a t a nominal 

c o n s o l i d a t i o n pressure o f 50 kN/m as t h i s was the pressure a t v/hich the 

most s i g n i f i c a n t d i f f e r e n c e s i n behaviour had occurred between the two 

c o l l i e r y s p o i l s . 

On c o n s o l i d a t i o n ( F i g . 6.17) there was a r a p i d volume change f o r 

about 5 minutes f o l l o w e d by a slower change l a s t i n g f o r up t o about an 

hour. The a c t u a l volume change was of the same order as f o r Gedling (90 ml) 



and the c y value was about 230 in /year, which although s l i g h t l y h i g h e r than 

t h a t o f Gedling i s much less than f o r Abernant, i n d i c a t i n g a slower 

d i s s i p a t i o n o f excess pore pressure. 

I n the t e s t there was a f a i r l y l a r g e i n i t i a l r i s e i n pore pressure, 

f o l l o w e d by an increase i n the r a t e o f r i s e p r i o r t o the s t a r t o f s t r a i n i n g . 

The pore pressure continued t o r i s e d u r i n g the f i r s t p a r t o f s t r a i n i n g 

l e a d i n g t o a l a r g e o v e r a l l increase i n pore pressure, much l a r g e r than 

f o r Abernant samples but o f the same order as f o r Gedling samples. There 

was a l e v e l l i n g o f f f o l l o w e d by a s l i g h t f a l l i n the l a t e r stages o f s t r a i n i n g . 

The load taken was f a i r l y s mall compared t o those f o r Abernant, and the 

s t r a i n i n g was quicker (16.5 seconds) than e i t h e r Abernant or Gedling. 

The s t r e s s pabh and s t r e s s - s t r a i n curve (Figs.6...12 and 6.13) show t h a t 

t h e r e i s a d e f i n i t e l o ss of s t r e n g t h and considerable b u i l d up i n pore 

pressure, before a s l i g h t gain i n s t r e n g t h a t the end o f the t e s t . This 

shows a p a r t i a l l i q u e f a c t i o n f a i l u r e , which i s more d e f i n i t e than the one 

noted f o r Gedling c o l l i e r y s p o i l . 

I n order t o i n v e s t i g a t e the extent of t h i s type o f behaviour, a second 

t e s t was c a r r i e d out a t a c o n s o l i d a t i o n pressure of 97 kN/m . The same 

type o f behaviour was again observed i n t h i s t e s t . A s u b s t a n t i a l b u i l d up 

i n pore pressure occurred and o n l y a r e l a t i v e l y small load was c a r r i e d . 

The s t r a i n i n g p e r i o d i n t h i s t e s t was e s p e c i a l l y f a s t a t 9 seconds t o 20 

per cent s t r a i n . The s t r e s s path shows t h a t t h e re was again a drop i n 

s t r e n g t h a t t h i s pressure and a p a r t i a l l i q u e f a c t i o n was observed (Fig.6.12). 

From these t e s t s i t was obvious t h a t the m a t e r i a l type (namely shale) 

was not s u f f i c i e n t evidence t o preclude the p o s s i b i l i t y o f l i q u e f a c t i o n 

i n a s p o i l , and t h a t other p r o p e r t i e s would have t o be examined before more 

d e f i n i t e conclusions could be drawn. 
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8.8 The Durham Seat earth. 

Three t e s t s were carried out on the Durham Seatearth a l l at nominal coisiLddation 

pressures of 50 kN/m6". With the amount of material used i n the f i r s t t e s t 

i t proved very d i f f i c u l t to produce a uniform sample, so more material was 

used i n the l a s t two t e s t s producing more uniform samples, although t h e i r 

densities were not very much higher, giving voids r a t i o s of the same order 

as for other samples. 

The amount of volume change was of the same order as for Gedling samples, 

but took much longer - up to about 2 hours. This produced a l e s s steep 

volume change versus root time curve ( F i g . 6.17) and hence a lower value 

of c of around 80 m /year, indicating a lower drainage r a t e . . v i 

The behaviour i n the t e s t s was s i m i l a r to the Gedling samples at the 

same consolidation .pressure. There was a quite large i n i t i a l pore pressure 

increase up to the s t a r t of s t r a i n i n g , followed by a l e v e l l i n g off during 

s t r a i n i n g with a s l i g h t f a l l at the end of the t e s t . The o v e r a l l pore 

pressure increase was quite large, being of the same order as that of the 

r e q u i s i t e Gedling samples. The load carried was r e l a t i v e l y small and the 

st r a i n i n g period was about the same as for Gedling. 

The s t r e s s path and s t r e s s - s t r a i n curve (Figs.6.12 and 6.I3) show 

a s i m i l a r form to Gedling samples. A steady state of s t r e s s i s reached 

during s t r a i n i n g and t h i s i s maintained with certain fluctuations. There 

i s no d e f i n i t e drop i n strength and there i s some indication of d i l a t i o n 

at the end of the t e s t s . The actual strength i s s l i g h t l y higher than that 

exhibited by the Gedling specimen. 

These t e s t s show that the Durham Seatearth models the behaviour of 

seatearth-rich Gedling s p o i l quite w e l l . 
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8^9 The Seatearth/Abernant Mixtures 

A l l t e s t r described i n t h i s section were at a nominal consolidation 

pressure of 50 kN/rn~(Figs. 6.12 and 6 . 13 ) . 

The f i r s t t e s t s were carried out on a mixture of 50 per cent by-

weight of each material, to see i f either type of behaviour was dominant. 

. The consolidation behaviour of the 50 - 5^ mixtures showed an intermediate 

behaviour between the two extremes. The amount of volume change was l e s s 

than for the seatearth and the time taken considerab?y l e s s . This produced 

a value of c around 220 m /year, indicating a drainage f a c i l i t y lower 

than that of Abernant c o l l i e r y s p o i l . 

The behaviour during loading was more c h a r a c t e r i s t i c of the seatearth. 

The pore pressure build up was rapid and of a s i m i l a r s i z e to that of the 

seatearth. The s t r a i n i j i g period was considerably shorter than for the 

pure samples of Abernant or Seatearth. The:- s t r e s s paths ( F i g . 6.12) show 

that although the tendency was for l i t t l e change i n the state of s t r e s s 

during the straining period, there was a s l i g h t trend of increasing deviator 

s t r e s s ( i . e . d i l a t i o n ) s i m i l a r to that of the seatearth. I t was not as 

d e f i n i t e i s for Abernant samples, however. The s t r e s s - s t r a i n curves (Fig . 6 . 1 3 ) 

show that the load c a r r i e d was about the same as for the seatearth and 

considerably l e s s than for Abemant samples. 

From these t e s t s i t was concluded that the seatearth v/as the dominating 

influence, and that further t e s t s should be carried out with larger 

proportions of Abernant material. 

The next two t e s t s were carried out on mixtures of 75 per cent Abernant 

material and 25 per cent Durham seatearth. The f i r s t was performed at 

a density which was higher than bhe general range used in these t e s t s . The 

density of the second sample was s l i g h t l y low. 
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The volume change of both these samples was quite short and r e l a t i v e l y 

small, being of the same order as for Abernant samples. The values of 

c v produced were also i n the same range as for Abernant (Table 6 . 3 ) « 

The behaviour of the two samples during the t e s t s differed considerably. 

The denser sample showed a slow build up i n pore pressure with a l e v e l l i n g 

out during s t r a i n i n g . The amount of build up was l e s s than the previous 

mixtures. The s t r a i n i n g was quicker than that exhibited by Abernant s p o i l , 

but slower than the previous mixtures. There was a noticeable f a l l i n 

pore pressure at the end of the t e s t and the behaviour appeared closer to 

that of Abernant samples. The s t r e s s path ( F i g . 6.12) confirms t h i s , 

showing no movement to the l e f t and continued, upv/ard movement in deviator 

s t r e s s throughout the t e s t . Both the s t r e s s path and s t r e s s - s t r a i n curve' 

(Figs 6.12 and 6 .13) show that the strength i s very s i m i l a r to that, of 

Abernant. 

The looser sample showed a more rapid build up in pore pressure, 

e s p e c i a l l y during st r a i n i n g , although there was a greater change i n - c e l l 

pressure than usual, accounting for some of the pore pressure r i s e . The 

s t r a i n i n g was quite quick, again being quicker than either i n d i v i d u a l end 

components. A smaller load v/as carried although some increase was main

tained, during s t r a i n i n g . The s t r e s s path ( F i g . 6.12) shows that an almost 

constant state of s t r e s s i s reached i n a s i m i l a r way to the seatearth v/ith a 

s l i g h t upv/ard trend. The s t r e s s - s t r a i n curve ( F i g . 6.13) i l l u s t r a t e s 

the intermediate value of s t r e s s attained. The small change i n state of 

s t r e s s during s t r a i n i n g shows a c h a r a c t e r i s t i c of the seatearth, while the 

lack of movement to the l e f t shows an Abernant c h a r a c t e r i s t i c . Kence, 

t h i s sample shows an intermediate type of behaviour. The difference 

between these two l a s t camples shows that density can be s i g n i f i c a n t i n 

these mixtures. 
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The next t e s t was carried out on a mixture of 80 per cent Abernant 

and 20 per cent seatearth. The volume change of the specimen was not 

representiative as accidental s t r a i n i n g during saturation led to excess 

pore pressures, which took longer to di s s i p a t e . This explains the larger 

volume change and low value of c^ (Table 6 .3) • 

The behaviour of the specimen tended towards that of Abernant, the 

rate of pore pressure build up being quite slow. The pore pressure build 

up was maintained during s t r a i n i n g leading to a s l i g h t l y larger o v e r a l l 

•increase than that for an Abernant sample. The pore pressure decreased 

towards the end of straining; which was quicker than for an Abernant 

sample. The load taken was about the same as for the second 75/25 sample 

although some increase was maintained during s t r a i n i n g . 

The s t r e s s path ( F i g . 6.12) again shows no movement to the l e f t 

and an upward movement symptomatic of d i l a t i o n . The s t r e s s l e v e l i s i n 

fact s l i g h t l y lower than the second 75/25 sample. The type- of behaviour 

i s f a i r l y close to Abernant showing more defi n i t e tendencies than the 

previous mixture* 

The f i n a l t e s t was carried out on a mixture of 85 per cent Abernant and 

15 per cent seatearth. The volume change and re s u l t i n g c value were very 

s i m i l a r to those for Abernant samples (Table 6 . 3 ) . 

The behaviour during the loading stage also shov/ed strong s i m i l a r i t i e s 

to Abernant samples. The build up i n pore pressure was slow and was maintained 

at a reduced rate during the early part of s t r a i n i n g . This was followed by 

a decrease i n pore pressure at the end of st r a i n i n g . The load carried v/as 

quite large, and continued increasing during s t r a i n i n g . The only major 

difference from an Abernant sample v/as the rapid rate of s t r a i n . 

The s t r e s s path (F i g . 6«12)showe a great s i m i l a r i t y to that of the 

Abernant sample with no movement to the l e f t , and a f a i r l y large d i l a t i o n 

maintained i n the l a t t e r parts of the t e s t . The s t r e s s - s t r a i n curve (Fig.6 . 1 3 ) 
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shows that the ].oad carried was s i m i l a r to, and i n fact s l i g h t l y larger 

than the Abernant Sample. In t h i s mixture the seatearth has l i t t l e 

e f f e c t on the o v e r a l l behaviour. 

The two extreme types.of behaviour observed are a d e f i n i t e d i l a t i o n 

and the maintenance of a steady state of s t r e s s with l i t t l e l o s s or gain 

i n strength. From these t e s t s i t appears that the t r a n s i t i o n between 

these two types of behaviour occurs when the mixture contains about 

20 to 25 per cent additional seatearth, the actual percentage depending 

on the density of the specimen prepared. The only major difference noted 

was the large s t r a i n rates in the mixtures compared with the constituents 

alone. This i s possibly due to the production of l e s s stable structure 

at f a i l u r e due to interfaces between the d i f f e r i n g materials.. 

8.10 Discussion of differences iu, material properties influencing 
the behaviour i n the controlled load t e s t s . 

8.10.1 Shape 

A factor which has been thought to have an important influence on the 

behaviour of granular materials with respect to liquefaction i s the shape 

of the p a r t i c l e s . I-Iird and Humphries (In press) have shown that for mica 

t a i l i n g s from the China Clay industry the f l a t 'platsy' p a r t i c l e s i n h i b i t 

s u s c e p t i b i l i t y to liquefaction due to the increased compressibility they 

produce. 

The shape di s t r i b u t i o n s for the materials used i n t h i s investigation 

are shown i n Figs 2.10 to 2 .13 . The plot for Gedling shows both the 

material used in t h i s investigation and that used in the previous liquefaction 

investigation. These measurements show that there i s a noticeable 

difference i n the shape, the previous sample studied being more rounded 

than the new one, which i s more platey. This difference could i n part 

account for the differences in. behaviour noted . in section 8.3* i . e . t h e i r 

taking higher loads .and showing a smaller amount of yore pressure build up. 
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The Abernant material i s shown to be r e l a t i v e l y platey, only a 

very small proportion having a thickness greater than h a l f the length, and 

a s i g n i f i c a n t proportion having a length to thickness r a t i o between 8:1 and 

ifCl. There i s a good degree of s c a t t e r i n the d i s t r i b u t i o n . 

The Durham seatearth shows a very even d i s t r i b u t i o n with 80 per cent 

having a length to thickness r a t i o between 2:1 and k:l and a length to 

breadth r a t i o beteen 1:1 and 2:1. This again shows a platey material, 

although not to the same extent as Abernant. 

The Durham shale has a d i s t r i b u t i o n pattern which i s very simiHar to 

that of Abernant, showing a platey material with some sc a t t e r i n the type 

of p a r t i c l e s . 

From these r e s u l t s i t would appear that the p a r t i c l e shape i s not 

playing arrajor part in the behaviour of these p a r t i c u l a r materials i n the 

controlled-load t e s t s . A l l the materials were b a s i c a l l y 'platey 1 , and the 

most susceptible and l e a s t susceptible have almost i d e n t i c a l shape 

d i s t r i b u t i o n s . I t i s possible that the platey nature of the Gedling 

material, the seatearth and the shale has some influence on t h e i r behaviour 

in combination with other factors, whilst for the Abernant material the 

shape factor i s obviously over-ridden by other influences. However, it-

must be concluded that for materials of t h i s p a r t i c l e s i z e a 'platey' 

material w i l l not n e c e s s a r i l y be susceptible to liquefaction, and that 

shape cannot be taken as a major factor on i t s own merits. 

8.10.2 Grading 

Another factor which has been shown to a f f e c t the behaviour of materials 

with respect to liquefaction i s the p a r t i c l e size d i s t r i b u t i o n . Various 

c r i t e r i a have been put forward to r e l a t e the grading of a material to 

liquefaction potential (Terzaghi and Peck, 1948). However, these generally 

give a requirement of uniformly graded materia]., which i n general coarse 

c o l l i e r y s p o i l s are not. 
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Terzaghi and Peck (l9'f8) state that fl-~w or liquefaction s l i d e s 

usually occur i n uniformly graded material i n the fine sand range, and 

among the c r i t e r i a proposed were: 

D^Q<T0.1mm and Egg/DlO^ 5 (Uniformity c o e f f i c i e n t ) 

where: D^Q i s the diameter equivalent to the 10 per cent passing on a 

grading curve and D^Q i s the 60 per cent passing s i z e . Hutchinson (1967) 

pointed out that the range could obviously be extended since D^Q for 

Aberfan was s l i g h t l y greater than 0 .1 mm and the uniformity c o e f f i c i e n t 

.was about 10. Hutchinson also showed that the D ^ ' s i z e of a liquefaction 

s l i d e which occurred i n PFA at a s i t e i n South Wales had a uniformity 

c o e f f i c i e n t of approximately 10 and a .D1̂  s i z e of 0.15mm. Some indication 

of the state of looseness of liquefaction s l i d e s can be gained by comparing 

i n s i t u dry densities with maximum dry densities obtained from B.3. 

compaction t e s t s (B.S. 1377, 1975). 

Maximum 
Dry Density 
Mg/V 

PFA s l i d e Jupille(Belgium) 1.170 

" » (S.Wales) ' O.Wk 

Aberfan Tip 7 1.939 

I t i s u n l i k e l y that grading differences caused any of the variations 

noted i n t h i s investigation as the seatearth and the shale were made up to 

the same nominal gradings as Gedling and Abernant material, r e s p e c t i v e l y . 

8.10.3 Strength 

A factor which may have a f a i r l y large bearing on the behaviour of 

materials i n the controlled-load t e s t s i s the material strength. This 

includes both the strength of the material i n shear and the strength of 

In S i t u - % maximum 
Dry Density 
Mg/nP 

0.897 77 

0.735 79 

I . 5 8 7 82 



the individual p a r t i c l e s . 

From the s t r e s s - s t r a i n curves and the s t r e s s paths i t can be seen 

that the material from Abernant has a considerably higher shear strength 

than any of the other three materials. I t has already been noted that 

Gedling has a curved shear strength envelope, showing a reduction in 

strength at higher confining pressures. An explanation put forward for 

t h i s was the crushing out of i n t e r p a r t i c l e contacts during the t e s t . I n 

order to investigate the p o s s i b i l i t y of t h i s phenomenon occurring i n a l l 

the materials investigated, samples were sieved a f t e r t e s t i n g ( a l l at nominal 

consolidation pressures of 50 kN/m ) . The f i n a l grading was compared 

to the o r i g i n a l . The two sets of curves are shown i n Figs 2 .5 to 2 . 8 . 

Although i t was suspected from the curved f a i l u r e envelope that crushing 

out did occur i n Gedling material, t h i s i s not shown up on the grading 

curves. However, both grading© were produced by wet sieving, and the 

effect of rewetting Gedling material has been noted i n the past (National 

Coal Board, 1972; see also Section 8.10.•'&.). A considerable degree of 

breakdown was noted when sieving the Gedliug material, and on sieving the 

tested sample there appeared to be l e s s breakdown. I t i s l i k e l y that 

wet sieving has the effect of breaking t h i s material down to the same 

grading whatever the grading i s i n a dry condition, and so any change i n 

grading due to crushing out w i l l not be shown up. However, from the 

smaller amount of breakdown in the second sieving and the curved f a i l u r e 

envelope it would appear that crushing out i s a r e a l i t y . 

Some differences are v i s i b l e between the two gradings for Abernant. 

However, the a f t e r t e s t i n g curve shows l e s s fine material, which would not 

be possible i f the grading before te s t i n g was as shown. I t i s therefore 

l i k e l y that the differences between the two gradings are due to the 
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sievings having been carr i e d out on samples from different batches of 

material. The r e l a t i v e l y small quantity of s i l t s i z e material (10$) 

suggests that there i s not l i k e l y to have been any great amount of 

crushing out. The l i n e a r f a i l u r e envelope confirms t h i s view. 

The Durham seatearth shows considerable differences between the 

two grading curves. Although part of t h i s effect may be due to water 

(see Section 8.10. / i ) i t seems l i k e l y that such a large difference as that 

i l l u s t r a t e d - i s , a t leasi. i n part, due to crushing out during the t e s t . 

The Durham shale also shows a s i g n i f i c a n t difference between the 

two grading curves. I t i s again possible that some of t h i s difference i s 

due to the action of water, although there i s also some effect due to 

crushing out i n the t e s t . 

Lawrence (1972) has shown that there i s some connection betv/een the 

material strength given by the aggregate impact t e s t and i t s shear strength. 

I t a l s o seems l i k e l y that there w i l l be a connection betv/een ind i v i d u a l 

p a r t i c l e strength arid any tendency to crush out during the t e s t . The 

aggregate impact values shown in Table 2.2 imply that the Gedling material 

and the Durham seatearth have lower values of A.I.V. than either the 

Abernant material or the Durham shale. The shale has a s l i g h t l y lower 

strength than the Abernant material (a higher A.I.V. indicates a lower 

strength). From these r e s u l t s i t would be expected that Abernant v/ould 

have the highest material strength and would therefore be l e a s t l i k e l y to 

undergo crushing out, and t h i s i s confirmed i n p r a c t i c e . The seatearth 

and Gedling material would be expected to be weaker and more susceptible 

to crushing out and t h i s i s again the case. The shale, although i t i s 

weaker than the Abernant material, i s not s u f f i c i e n t l y so to account for 

large differences i n behaviour. However, as w i l l be shown i n the next 

section water can also have a s i g n i f i c a n t e f f e c t . 
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8 .10 .4 The E f f e c t s of Water 

The e f f e c t s of v/ater on a material's structure and i t s p a r t i c l e 

strength could be another factor connected with the behaviour i n the 

controlled load t e s t s . 

The slaking t e s t s (Table 2 . 2 ) which were carried out (following 

Taylor and Spears, 1970) show the potential e f f e c t s of water on the 

s t a b i l i t y of the material. The o r i g i n a l t e s t using the No. 14 sieve 

confirms that Gedling i s susceptible to considerable p a r t i c l e breakdown 

in the presence of v/ater. However, no s i g n i f i c a n t difference i s shown 

between the other materials. I t was thought that the difference i n 

strength was probably the main reason for the seatearth behaviour differing 

from that of the Abernant material. For t h i s reason i t was decided that 

i t was not necessary to investigate the behaviour of t h i s material or 

- Gedling i n the presence of water any further. 

The main factor that required an explanation was the reason for the 

difference i n behaviour between the Durham Shale and the Abernant material. 

I t was noted that i n the No. 14 Slaking t e s t , the shale had shown some 

degree of deterioration but not s u f f i c i e n t to be accentuated by t h i s sieve. 

Therefore, these two materials were re-tested on the No. 7 sieve. The 

r e s u l t s (Table 2 . 2 ) show that there i s i n fact a greater degree of breakdov/n 

in the case of the shale than for the Abernant material. The second t e s t 

carried out was an A.I.V. t e s t on pre-saturated material, to enhance any 

change i n strength under the influence of water. The r e s u l t s (Table 2 . 2 ) 

show that both materials suffer a reduction i n strength, but t h i s i s 

s i g n i f i c a n t l y greater for the Durham shale. This confirms that water has 

a greater effect on the. Durham shale than on the s h a l e - r i c h c o l l i e r y s p o i l 

from Abernant. This change in behaviour in the presence of v/ater seems 

to be a s i g n i f i c a n t contributory factor to the differences i n controlled-load 



t e s t behaviour. I t i s l i k e l y that as the seatearth i s a s i m i l a r 

material to the shale, coming from the same seam, i t i s l i k e l y to undergo 

s i m i l a r changes i n behaviour to those noted above. 

I t seems that a material's strength and i t s s t a b i l i t y i n water are 

major factors involved i n i t s behaviour i n a contrdlled-load t e s t . 

However, i t i s probable that the o v e r a l l behaviour i s governed by a 

combination of inter-connected factors and that these two alone are not 

s u f f i c i e n t to account for the o v e r a l l behaviour under t e s t . Other factors 

which could be involved are discussed i n the following sections. 

8 .10 .5 Pore Pressure Dissipation 

. As the build up i n pore pressure plays an important part i n liquefaction 

f a i l u r e s , i t seems probable that the dissipation of pore pressure within a 

material i s l i k e l y to play an important part in i t s s u s c e p t i b i l i t y to lique

fact i o n . 

The values of c (Tables 6 . 1 , 6 .2 and 6 . 3 ) calculated for the materials v 

used in t h i s investigation show that the Abernant material has a 

s i g n i f i c a n t l y higher value of c^ than any of the other three materials= 

This indicates that there are l e s s l i k e l y to be centres of excess pore 

pressure build up i n an Abernant specimen during loading, i . e . pore pressures 

w i l l more rea d i l y equilifcriate. This i s also shown on the Abernant s t r e s s 

paths by the smaller degree of movement to the l e f t , ( F i g . 6 . 1 2 ) . This 

suggests that the pore pressure e q u i l i s a t i o n i s playing an important 

part i n the differences i n behaviour noted between these materials. 

Differences i n pore pressure dissipation and volume change are due 

to differences i n the s o i l structure and i t s changes under consolidation. 

I t appears that the fabricated Abernant materials have a r e l a t i v e l y stable 
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structure with l i t t l e potential for change during consolidation. The 

other three materials have l e s s stable structures allowing greater volume 

changes. 

I t i s probable that there i s again some crushing out and p a r t i c l e 

breakdown during the consolidation of these materials. Allen (1973) 

recorded that weaker s p o i l s exhibited a higher degree of breakdown during 

consolidation than more b r i t t l e types. 

8 .10 .6 Chemistry and Mineralogy. 

There are two s t r i k i n g things noticeable from the chemistry and 

mineralogy. The f i r s t i s that the Abernant material has considerably 

more organic carbon (coal) than any of the other materials. The second 

i s that the Durham rocks are k a o l i n i t e - r i c h , while the Abernant material 

has a low k a o l i n i t e content. 

Although i t could be expected that k a o l i n i t i c rocks are more stable 

i n water than those containing degraded i l l i t e and mixed-layer clay (Taylor 

and Spears, 1970) , the l a t t e r authors showed that the f a b r i c ( i . e . structure) 

of the rock was equally as important. In the current work a straight 

mineralogj c a l comparison of the k a o l i n i t e - r i c h Durham shale and the 

i l l i t i c Abernant shale i s not meaningful because Abernant has a high coal 

content, whilst the Durham material i s devoid of coal. Coal i s an 

important contributor to peak shear strength to the extent that McKechnie 

.Thomson and Rodin (1972) showed that c o a l - r i c h t a i l i n g s had a higher shear 

strength than the coarse discard (of lower coal content) from the same 

c o l l i e r y . Taylor (1974) also showed conclusively that coal content i s 

the major control i n so f a r as peak shear strength i s concerned. I t i s 

probably also a major factor i n the r e s u l t s obtained i n the current work. 

8 .11 Conclusions. 

From the t e s t s on the seatearth-rich Gedling c o l l i e r y s p o i l 

i t can be concluded that t h i s i s a r e l a t i v e l y weak s p o i l , as i s generally 



the case for seatearth-rich discards. The Mohr envelope for t h i s 

material i s curved indicating crushing out of p a r t i c l e contacts at the 

higher confining pressures. In the controlled-load t e s t s i t showed a 

possible s u s c e p t i b i l i t y to p a r t i a l liquefaction at low confining pressures 

and generally showed a type of behaviour i n which a steady state of s t r e s s 

close to the f a i l u r e envelope was maintained, with l i t t l e v a r i a t i o n . 

The Abernant material was shown to be considerably stronger than 

that from Gedling, and there was no indication of a curved f a i l u r e 

envelope. The controlled-load t e s t s induced a d i l a t a n t response and 

confirmed that t h i s was a considerably stronger material. 

The r e s u l t s of t e s t s on Durham seatearth and shale showed that the 

differences i n behaviour were not n e c e s s a r i l y due to the contrast between 

seatearth-rich and s h a l e - r i c h discards, since the Durham shale showed 

tendencies to p a r t i a l liquefaction. The behaviour of the seatearth was 

s i m i l a r to that of Gedling and suggests that the response i s t y p i c a l of 

weak seatearth type s p o i l s . 

The r e s u l t s of t e s t s on mixtures of Abernant and Durham seatearth 

show that the t r a n s i t i o n i n behaviour of the two end members occurs when 

the mixture contains between 20 per cent and 25 per cent seatearth. I t 

i s also dependent on the density. 

The main factors which appear to influence the behaviour i n the 

controlled-load t e s t s are the material strength, i t s behaviour i n water 

and i t s a b i l i t y to d issipate ( i . e . e q u i l i b r i a t e ) pore pressures. The 

Abernant material has a high p a r t i c l e strength, p a r t l y i n response to i t s 

high coal content, i s l i t t l e affected by water and i s free draining ( i . e . 

high c v ) . The remaining materials have lower strengths, are s i g n i f i c a n t l y 

affected by water and exhibit lower values of c^ implying that pore pressures 

are not n e c e s s a r i l y uniform wiihin a sample under t e s t . P a r t i c l e shape and 

grading seem to have l i t t l e influence i n this- s i z e range. 



< 
• 

/ 
/ 

/ 

/ / 
/ 

" .-1 

« j i ; in 
) :J l« I* H 

-



- 1 6 1 -

CHAPTER NINE 

DISCUSSION OF FINE DISCARDS 

9 . 1 General 

Two fine discards were investigated, with two main objects i n mind. 

As both i n s i t u and bulk samples could be obtained from Peckfield i t 

was decided to investigate the differences i n behaviour between made-up 

and in s i t u samples i n the l i g h t of Seed's (1977) findings. Since 

i n s i t u samples could not be obtained from Abernant the investigation 

of Peckfield material would enable the r e l i a b i l i t y .of the r e s u l t s from 

made up' Abernant samples to be gauged. 

The investigation of Abernant material was carried out varying the 

consolidation pressure at approximately constant density and varying the 

density at constant consolidation pressure. This enabled the eff e c t s of 

vari a t i o n s i n these to parameters on the behaviour with respect to 

liquefaction to be seen. 

I t was also hoped to be able to correlate any differences i n 

behaviour with, differences i n material properties. Also i n the case 

of Abernant i t v/as hoped to show any s i m i l a r i t i e s or differences with 

the coarse discard from the same c o l l i e r y . 

The degree to which r e s u l t s of these t e s t s are re l a t e d to the actual 

behaviour in the f i e l d i s of i n t e r e s t . The v a l i d i t y of the use of made-

up samples has been questioned by Seed (1977) and others, and i s i l l u s t r a t e d 

again here. Seed has also r a i s e d the v a l i d i t y of the use of small (38mm) 

diameter samples, at l e a s t i n terms of c y c l i c liquefaction, and has used 

large scale c y c l i c shear boxes i n h i s recent investigations ( 1977) . 
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However, i n the s t a t i c s i t u a t i o n the effects of boundary conditions 

on pore pressure are not l i k e l y to be as large, and previous investigations 

(Castro, I969) seem to have produced acceptable r e s u l t s . 

Another point brought out by t h i s investigation i s the use of a 

vacuum i n sample preparation. The r e s u l t s for Abernant, when a 

vacuum was used, and from previous investigations (Castro, 1969) , 

(J.M.P. Shorten, i n preparation), show that liquefaction f a i l u r e s can be 

produced when a vacuum i s used. However, t e s t s ca r r i e d out on Leighton 

Buzzard Sand at the time of t h i s investigation suggested that the vacuum 

was preventing liquefaction by densifying the sample (see Chapter 4 ) -

I t would appear that the vacuum only has t h i s effect on materials which 

are very susceptible to liquefaction and are i n very loose s t a t e s . 

Materials which are l e s s susceptible to liquefaction are not affected 

by the vacuum, and can be l i q u e f i e d i n the controlled--load t e s t . 

Materials i n the second category seem to have more r i g i d i n i t i a l structures, 

possibly due to differences i n p a r t i c l e shape. E a r l i e r t e s t s on Peckfield 

(see next section) using the vacuum produced s i m i l a r r e s u l t s to t e s t s not 

using tne vacuum, again suggesting that i t i s only very s e n s i t i v e 

materials which are s i g n i f i c a n t l y affected. Another factor involved i s 

the subtlety of technique involved i n sample preparation, involving such 

points as the rate and amount of vacuum applied. I t i s possible that 

previous investigators have had better control of these factors than the 

present writer, enabling them to produce liquefactions despite the use 

of a vacuum. 

9.2 Peckfield Slurry. 

For c l a r i t y the r e s u l t s of only a limited number of the Peckfield 

t e s t s are shown here. The r e s u l t s of the e a r l i e r t e s t s tend to confirm 

the conclusions drawn from the r e s u l t s shovrn here. Dae to the smaller 
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s i z e of the sample, the volume changes involved were considerably 
smaller than those for the coarse discard. For t h i s reason i t was 
not r e a d i l y feasible to take readings to produce consolidation curves, 
and hence estimates of c^ and pore pressure dissipation c h a r a c t e r i s t i c s 
cannot be made. 
9.2.1 The Made-up Samples 

Four made-up samples are i l l u s t r a t e d i n Figures 7-1 and 7^2, the 

fourth (No. 18) being car r i e d out as a check a f t e r saturation d i f f i c u l t i e s 

had been experienced in the previous samples due to the use of an 

unnecessary porous disc i n the revised apparatus. Three nominal consolidation 

pressures, 50, 100 and 200 kN/m were used. The amount of material used 

was such as to produce approximately the same dry density as the in_ s i t u 

samples, as estimated from previous measurements. The actual densities 

produced (Table 7»l) were s l i g h t l y lower than-those of In s i t u samples. 

The f i r s t three t e s t s showed some undersaturation e f f e c t , when the 

pore pressure f a i l e d to follow the increasing c e l l pressure during the 

f i n a l s t r a i n i n g period. However, the f i n a l t e s t showed that the general 

pattern of behaviour i n a f u l l y saturated sample was the same, with a 

s l i g h t l y larger o v e r a l l pore pressure increase. 

The general behaviour was the same i n a l l the t e s t s . There was an 

i n i t i a l build up i n pore pressure to a constant value some way below the 

c e l l pressure ( i n t e s t no. 18 the pore pressure was nearer to the c e l l 

pressure, F i g . 7-l)« In a l l cases the s t r a i n i n g period was quite long 

i n terms of liquefaction f a i l u r e s and considerable s t r a i n s were reached. 

The load taken increased with consolidation pressure as would be expected. 

The pore pressure remained constant or rose s l i g h t l y during s t r a i n i n g 

u n t i l i t climbed sharply and then f e l l rapidly as a r e s u l t of c e l l pressure 



changes caused when the sample collapses and h i t s the side of the 

c e l l . 

The s t r e s s paths and s t r e s s - s t r a i n curves (Figs 7*1 and 7*2) show 

that for these t e s t s there i s some loss of strength, suggesting some 

degree of liquefaction. The limited loss i n strength and the r e l a t i v e l y 

long s t r a i n i n g periods suggest that these are p a r t i a l liquefactions, 

although no f i n a l gain i n strength occurs. This could be due to the 

fact that i t i s not possible to add loads to the sample i n the l a t e r 

stages of st r a i n i n g when i t could be regaining strength; t h i s was also 

noted for the d i l a t i o n s and p a r t i a l liquefactions of Abernant samples. 

The r e s u l t s of Test No. 18 show a lower s t r e s s although the form .if the 

curves i s the same. The s l i g h t l o s s i n strength i s common to a l l the 

four samples. 

The r e s u l t s of these t e s t s suggest at l e a s t some s u s c e p t i b i l i t y to 

liquefaction.,, and an estimated l i n e drawn from these s t r e s s paths 

has a slope of 17° with some cohesion ( 20 kN/m^). The equivalent 

value of 0' i s about 18°, which i s a very low f r i c t i o n angle. The r e s u l t s 

of TestNo. 18 suggest a smaller cohesion and/or an increased f r i c t i o n 

angle. As noted for the Gedling coarse material lack of saturation 

produces reduced f r i c t i o n angles, and t h i s could partly account for the 

low. value. Even so, the r e s u l t s suggest a r e l a t i v e l y weak material. 

The f a i l u r e of these samples was by a gradual b a r r e l l i n g which i s 

more c h a r a c t e r i s t i c of a p l a s t i c f a i l u r e . 

9.2.2 Tiie In S i t u Samples 

Three i n s i t u test r e s u l t s are shown here (Figs 7*1 and 7»2 ) . 

They are from three tubes taken from the same horizon of the same 'U100', and were 

tested at nominal consolidation pressures of 50, 100 and 200 kN/nT 

for comparison with 'he made-up samples. 



The volume change and f i n a l l y density of Sample no. 17 seems 

unli k e l y as the settlement one would expect.for such a volume change 

did not occur. This type of behaviour i s a c h a r a c t e r i s t i c of a leak 

i n either the sheath or a l i n e . However, i n t h i s case the excessive 

volume change terminated and the t e s t was completed conventionally, 

possibly due to some p a r t i c l e blocking whatever was causing the leak. 

The f i n a l values of density, voids r a t i o and r e l a t i v e compaction are 

probably nearer to those of the other samples than the values shown. 

The behaviour of these three samples was noticeably different 

from the equivalent three made up samples. Although there was some 

pore pressure build up, t h i s was less, than i n the other t e s t s and reached 

a value further below the c e l l pressure. The pore pressure also 

decreased near the end of the t e s t s , the amount of decrease being greater 

at higher confining pressures. The load carried was much greater than 

the equivalent made-up sample. I n fact, as can be seen from t h e . s t r e s s -

s t r a i n curves ( F i g . 7-2) the f i n a l loads reached i n a l l three t e s t s 

were greater than any of those i n the other four. The s t r a i n i n g was 

much slower i n a l l the t e s t s (see Table 7-1)> u n t i l the end when a l l 

the samples f a i l e d suddenly i n shear, showing another major difference 

i n behaviour from the made up samples. 

The s t r e s s paths and s t r e s s - s t r a i n curves (Figs 7-1 and 7*2) emphasise 

the difference i n behaviour. There i s no drop i n strength u n t i l the 

shear f a i l u r e at the end and the trend i s one of continual increase i n 

strength. This shows a strong d i l a t a n t tendency. The estifliated 
2 

K„ l i n e agaixi shows a cohesion of about 20 kN/m , but also has a slope 
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of 25-5 » equivalent to a 0' of 28.5 , which i s a much more reasonable 

value and si-ows a much, higher shear strength for the i n s i t u samples. 

9.2.3 Reasons for the Differences 

Observations made before the t e s t might lead one to the conclusion 

that the made up sample would have a higher strength. The sample 

produced by compaction i n the Denison machine appears to be r i g i d and 

gives the impression of s t a b i l i t y . The sample extracted from the U100 

appears considerably l e s s stable and i s i n fact much softer, due to i t s 

higher moisture content. The made up sample i s considerably easier to 

handle and set up. 

The r e s u l t s of the t e s t s show that these observations are completely 

erroneous. Although o v e r a l l the i n s i t u samples have a higher average 

density, t h i s i s unlikely to account for such a marked difference i n 

behaviour. The probable reason behind the difference i n the behaviour 

of the two sets of samples i s the d i f f e r e n t s o i l structures produced 

by the processes of deposition i n the f i e l d and the compaction of a 

sample i n a mould i n the laboratory. The former i s more l i k e l y to 

produce a preferred orientation s t r u c t u r a l mode, whereas the l a t t e r i s 

more l i k e l y to produce a random orientation. I t has already been shown 

by Seed (1977) that such d i f f e r i n g structures can e x i s t at the same 

density and void r a t i o . The process of pumping a s l u r r y into a lagoon 

and allowing i t to s e t t l e out i s l i k e l y to produce some kind of preferred 

orientation. Associated with t h i s i s the s t r a t i f i c a t i o n which occurs 

i n lagoon 'sediments. Even i n small t r i a x i a l samples a c e r t a i n degree 

of layering or zoning can be seen, these being due to differences i n 

materials deposited due to v a r i a t i o n s i n washery processes and a c e r t a i n 

amount of d i f f e r e n t i a l settlement. These layers of s i m i l a r materials and 
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' p a r t i c l e s i z e s produce additional s t a b i l i t y . I n a remoulded sample the 

different materials are completed mixed and randomly distributed, and so 

t h i s effect i s l o s t . These seem to be the most l i k e l y s p e c i f i c factors 

a f f e c t i n g lagoon sediments out of Seed's (see section l . i f . j ) l i s t of 

possible reasons. 

9-2. if Conclusions 

From these r e s u l t s i t can be concluded that a made up (fabricated) 

sample w i l l have a greater s u s c e p t i b i l i t y to liquefaction, and hence 

w i l l give a conservative r e s u l t . However, the large discrepancies 

between the r e s u l t s are such that unnecessary alarm may be caused, and 

hence whenever possible i n s i t u samples should be tested to give a more 

accurate guide to ac t u a l f i e l d behaviour. 

9«3 Abernant Fine Discard 

Because of the f i e l d conditions described i n Chapter 2 a l l the t e s t s 

were carried out on made up samples, and the r e s u l t s should be viewed with 

regard to the conclusions of the previous Section. 

Tests 2 to 10, 14 and 15, were carried out at approximately the 

same density while t e s t s 11, 12, 13 and 16 were carr i e d out at increasing 

consolidation pressures (see Figs 7*3 and ?.h)» 

9.3-1 Behaviour during the te s t s 

T _ J J- T-.T„ -7 _ 4. „ „ T : J _ -l -I „J? cS l , H 4- U _ ~ . „ 
- J — l A I s G O U l ' 4 l / . _ y C L Is CJL V ^ W l l L l t U . ^ -J W-'l*. U ^ ^ l l A C O u u i w y^* I k i i ^ 111 , t / i i c ^ c; V U C A O 

steady i n i t i a l build up i n pore pressure, the rate of which increased 

before f a i l u r e . The sample collapsed rapidly at a r e l a t i v e l y small load 

and the o v e r a l l build up i n pore pressure was quite large. As the 

consolidation pressure was increased the basic pattern of behaviour was 

the same. The rate of pore pressure build up became l e s s and the o v e r a l l 

amount was smaller. The load also increased with consolidation pressure 

and the rate of st r a i n i n g decreased, although i t was s t i l l quite rapid 
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compared with Peckfield s l u r r y or any of the coarse materials. In t e s t 

No. 9 at 2?2 kN/m there was some decrease i n pore pressure in the l a t e r 

stages of the t e s t . In t e s t No. 14 the pore pressure again decreased 

i n the l a t e r stages and the s t r a i n i n g period was much longer, being of 

the same order as for other materials. The foregoing observations r e f e r 

to the t e s t s i n which the density was approximately constant. 

In the t e s t s with increasing density at a nominal consolidation pressure 

of 100 kN/m , densities well i n excess of the maximum dry density obtained 

from the compaction t e s t s were obtained. The effect of increasing the 

density was s i m i l a r to that of increasing the consolidation pressure. 

The amount and rate of pore pressure build up were smaller and there was 

some decrease i n pore pressure at the end of the t e s t s . The lead carried 

increased with increasing density and except for Test No. 12 the rate of 

s t r a i n was much slower. 

In the samples v/hich underwent rapid collapse, bulging occurred which 

led to s t r a i n s of up to 40 or 50 per cent. The other t e s t s produced 

c h a r a c t e r i s t i c p l a s t i c f a i l u r e s . 

9-3.2 Stress Paths and S t r e s s - S t r a i n Curves (Figs 7*3 to 7«6) 

In F igs 7-3 and 7.4 the K f drawn was obtained from a set of ordinary 

controlled-strain t r i a x i a l t e s t s and has a slope of «••<= 23»5° (0* = 2 6 ° ) . 

This i s l e s s than the Peckfield i n s i t u samples but greater than the 

Peckfield remoulded samples, although as mentioned previously the low 

value could be due to lack of saturation. I t should a l s o be noted that 

the l i n e s drawn for Peckfield were estimates from the s t r e s s paths. 

The Abernant s t r e s s paths i n F i g . 7*3 (the constant density t e s t s ) f i t 

reasonably well with t h i s K l i n e . Those in F i g . 7.4 go v/ell above 
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the l i n e , showing that i n a fine discard the. increase i n density-

has a greater effect on shear strength c h a r a c t e r i s t i c s than i t has i n 

a coarse discard. 

The s t r e s s paths for Tests 2, 3i 4» 6", 10 (Fig. 7 . 3 -) show some 

movement to the l e f t , reaching a peak s t r e s s , followed by a considerable 

f a l l off. The s t r e s s - s t r a i n curves also show t h i s peak followed 

by f a l l - o f f . Shown on the s t r e s s - s t r a i n curves are the times from peak 

s t r e s s to the end of the t e s t and the percentage f a l l off i n s t r e s s . 

These show that the" f a i l u r e i s rapid and the loss i n strength considerable. 

These fa c t s and the amount of pore pressure build up noted during the 

t e s t s suggest complete liquefaction f a i l u r e s . 

C:.1ie s t r e s s path for te s t no. 7 shows some gain i n strength a f t e r the 

i n i t i a l f a l l , suggesting a p a r t i a l liquefaction f a i l u r e . The s t r e s s -

s t r a i n curve shows a considerable l o s s i n strength i n the l a t e r stages 

and a f a i r l y rapid collapse, both, of which, suggest t o t a l l i q u e f a c t i o n . 

These observations suggest that t h i s p a r t i c u l a r sample l i e s close to 

the borderline between liquefaction and p a r t i a l liquefaction at t h i s 

density. 

The s t r e s s paths for Test 9 and Hy show increases i n strength a f t e r 

the i n i t i a l l o s s , and the s t r e s s s t r a i n curves show slower rates of 

s t r a i n and i n the case of No. li(- a much smaller percentage strength l o s s . 

Test No. 9 shows a l e v e l l i n g off i n s t r e s s l e v e l at the end of the s t r e s s -

s t r a i n curve. In both these t e s t s there was a entailer degree of pore 

pressure build up with some f a l l off at the end of the t e s t . These 

c h a r a c t e r i s t i c s indicate p a r t i a l liquefaction f a i l u r e s for these specimens. 

These r e s u l t s produce a ' c u t - o f f between liquefaction and p a r t i a l 

liquefaction a t consolidation pressures i n the region of 220 kN/m to 
2 

2^0 kN/m for samples with densities of the same order as those used here. 
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F i g . 7.h shows the r e s u l t s of the t e s t s at higher d e n s i t i e s . A l l 

these t e s t s show t y p i c a l d i l a t a n t f a i l u r e s with the s t r e s s paths moving 

up and to the right a f t e r small i n i t i a l movements to the l e f t , and they 

contrast well with the s t r e s s path for t e s t No. 2, a l s o shown on t h i s 

Figure. The s t r e s s - s t r a i n curves show the longer time periods involved 

in•these t e s t s and the much higher s t r e s s l e v e l s attained. The drop 

i n s t r e s s indicated at the end of the te s t i s die to the fact that load 

cannot be added to the s t r a i n i n g sample quickly enough to produce s t r e s s e s 

equivalent to i t s increased strength. The same point was shown by the 

Peckfield t e s t s . 

These t e s t s indicate that the cut-off i n terms of density l i e s 

somewhere around a r e l a t i v e compaction of 100 per cent, since the t e s t s 

at 102 per cent show d i l a t i o n , but with f a i r l y rapid s t r a i n i n g . 

The s t r e s s paths show a number of samples s t a r t i n g at p values 

w e l l below the nominal consolidation pressure from which they should 

s t a r t . This i s partly due to inaccuracies i n setting the consolidation 

pressure and also the early termination of the consolidation leading to 

the build up of pore pressure before loading commences. 

9.5.3 The E^, Line 
± 

As an indication of the behaviour of Abernant fine discard with 

respect to liquefaction an l i n e was plotted as described by Casagrande 

(see Section 1 . ^ . l ) . This i s a plot of voids r a t i o against the logarithm 

of the e f f e c t i v e minor p r i n c i p a l s t r e s s . Two points are plotted for the 

t e s t s i n which liquefaction occurred; the f i r s t represents the peak 

condition and the second the point of f a i l u r e . In plo t t i n g these points 

f a i l u r e was defined as the point at which the pore and c e l l pressure 

traces on the u l t r a - v i o l e t chart crossed. 
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The points were run through a li n e a r regression programme, which 

gave slopes of about 62° (on the scales used) for both the E„ and E 
f p 

l i n e s . Thus the E^ l i n e l i e s p a r a l l e l and s l i g h t l y above the E f l i n e . 

The accuracy of the l i n e s plotted i s probably no better than - 5°i 

since the points are very s e n s i t i v e to the t h i r d decimal place of the 

void r a t i o , which i s d i f f i c u l t to determine with certainty. Also a 

greater number of tepts would have to be carr i e d out to produce a more 

certain l i n e as there i s a good deal of s c a t t e r on the points used. 

The arrows plotted on t h i s graph show the movement i n the state 

of s t r e s s during the t e s t . The s t a r t i n g point i s the o r i g i n a l 

consolidation pressure. I t can be seen that in general samples lying 

o r i g i n a l l y above the E^ l i n e undergo liquefaction moving to a position 

close to the l i n e and that points lying below the l i n e undergo d i l a t i o n . 

This i s as would be expected from Casagrande's findings. 

The points from the Peckfieid t e s t s are also shown on t h i s graph. 

Only a point equivalent to peak s t r e s s i s shown, as i t was not possible 

to obtain a f a i l u r e point on the same basis as used for Abernant, since 

the two traces only crossed at very high strains,. This was due to the 

slower s t r a i n i n g rates involved. A rough estimate of the E l i n e for 

Peckfield from these points would appear to have a s i m i l a r (or s l i g h t l y 

steeper) slope to the Abernant l i n e , but to l i e somewhat above i t , showing 

l e s s s u s c e p t i b i l i t y to liquefaction. Also from these l i n e s i t can be 

seen that the Peckfield samples had higher void r a t i o s than those from 

Abernant. This again shows l e s s s u s c e p t i b i l i t y to liquefaction. 



9.3-4 E f f e c t s of Liquefaction 

I n order to assess the potential danger of liquefaction of the lagoon 

sediment a one dimensional consolidation t e s t was carried out as 

described i n B.S. 1377 (1973). 

The material was i n i t i a l l y moulded into the ring at a moisture 

content equivalent to the l i q u i d l i m i t . The r e s u l t s of the t e s t 

enabled a plot of void r a t i o against depth of sediment to be made 

using the e f f e c t i v e pressure/void r a t i o plot produced from the t e s t . 

The range of loads chosen was such as to cover the consolidation pressures 

used i n the controlled load t e s t s . The two curves are shown'in F i g s . 

7.8 and 7-9-

The depth of sediment versus void r a t i o plot i s shown on both a 

t o t a l and an effective s t r e s s b a sis. The f i r s t case represents a 

condition with a low water table and the second case represents the 

saturated condition of high water table. The l a t t e r i s more l i k e l y 

to be the case at Abernant. 

The depths of sediment were calculated using the r e l a t i o n s h i p s 

between pressure and depth of sediment i n the lagoon. 

P = gh ( ^ . - Z7. ) for e f f e c t i v e s t r e s s condition 
S h ^ s a t -/V 

P gh for t o t a l s t r e s s I sat condition 

P pressure 

f* sat 

h hexgnt 

saturated mass density 

G s p e c i f i c gravity s 
e void r a t i o 

density of water. 
w 
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For the density used i n these t e s t s the ' c u t - o f f for liquefaction 

v/as around 2i|0 kN/m , which from Figs 7»8 and 7«9 represents a depth of 

sediment of 25m on an ef f e c t i v e s t r e s s basis and 12.5m on a t o t a l s t r e s s 

b a s i s . Both r e s u l t s indicate a considerable danger from liquefaction 

i n terms of the l i k e l y depths of sediment concerned. 

9.3.5 Conclusions 

As indicated i n the previous section the r e s u l t s imply that t h i s 

lagoon sediment exhioits a considerable danger from liq u e f a c t i o n . 

However, since a l l these t e s t s were carried out on made up samples, i t i s 

l i k e l y that the true s u s c e p t i b i l i t y to liquefaction may be.less than that 

indicated here. However, i t would s t i l l appear that there i s a r i s k 

of liquefaction occurring since the degree of liquefaction i s greater 

than that exhibited by remoulded samples from Peckfield. 

The r e s u l t s with respect to higher densities show the importance 

of compaction (consolidation) of sediments i n the reduction of liquefaction 

p o t e n t i a l . 

9.k Factors affecting behaviour 

The factors which dominate the behaviour of fine discards i i i 

controlled-load t e s t s are l i k e l y to be different from those dominating 

the behaviour of coarse discards. For instance the strength of the 

individual p a r t i c l e s seems Hess l i k e l y to be of importance than the 

o v e r a l l grading or the shape of individual p a r t i c l e s . These l a t t e r 

factors are therefore discussed i n t h i s section. 

9»4»1 Grading 

As was mentioned i n section 8.10.2 c r i t e r i a for liquefaction 

involving grading have been put forward i n the past. Although these are 

probably not applicable to coarse discards they could have a much greater 
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bearing on the behaviour of fine discards, since they were postulated 

as a r e s u l t of work carried out on fine grained materials. 

I t has generally been shown that uniformly graded materials have 

a greater s u s c e p t i b i l i t y to liquefaction. The grading curves for 

Peckfield and Abernant discards i n F i g . 2 .9 show that Abernant discard 

does have a more uniform grading, with a steeper curve and much l e s s fine 

material. 

A c r i t e r i o n for liquefaction given by Terzaghi and Peck (19^8) was 

in terms of the sorting factor Dgg/^10 wh e r e DgQ i s "the diameter equivalent 

to 60 per cent passing and i s the diameter equivalent to 10 per cent 

passing. They postulated that materials for which DggA'lO ̂  5 would 

be susceptible to liquefaction. 

For Peckfield discard: 

D60 = 0.32mm and D = 0.002mm 

D 60/D 1 0 = 160 

For Abernant discard: 

Dg Q = O.Zf3mm and D = 0.02f8mm 

D60/D 1 0 =8.96 

They also give D 1 A< 0.1mm as a condition for liquefaction s u s c e p t i b i l i t y , 

t h i s condition i s mot by' both these materials. 

This shows very well the great difference i n uniformity between the 

two materials. Although the Abernant discard does not f a l l within the 

range given by Terzaghi and Peck, i t i s quite close, and the r e s u l t s 

imply that the greater uniformity of the Abernant sediment i s one reason 

for i t s greater s u s c e p t i b i l i t y to liquefaction. 
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9.4-2 Shape 

The shape of the p a r t i c l e s i s shown on the photographs of s l i d e s 

made of the materials (Figs 2.1& & 2.19). I t i s d i f f i c u l t to make any-

d e f i n i t e statements about differences between the p a r t i c l e s of these two 

materials, since these s l i d e s show them to be very similar 1 i n appearance. 

I n both materials there i s a mixture of r e l a t i v e l y uniform p a r t i c l e s 

and long thin p a r t i c l e s , the more uniform p a r t i c l e s generaly being 

smaller. " There seems to be more fine grained material i n the Peckfield 

sample (as i s shown by the grading curve). I f anything the Peckfield 

material i s s l i g h t l y more angular. From the f e e l of the materials 

that from Peckfield i s possibly s l i g h t l y l e s s platey than the Abernant 

material, which i s s i m i l a r to the coarse discard i n t h i s respect. However, 

there i s not a great deal to choose between the two materials i n either 

of the aspects mentioned above and i t would be wrong to make any d e f i n i t e 

statements concerning the effect of these differences on the behaviour 

of the two materials. 

9.4.3 P l a s t i c i t y 

Another factor which could have seme bearing on the liquefaction 

p o t e n t i a l of a material i s the p l a s t i c i t y . An indication of the p l a s t i c i t y 

i s given by the p l a s t i c i t y index. A material with a low p l a s t i c i t y index 

i s l e s s l i k e l y to behave p l a s t i c a l l y than a material with a higher 

p l a s t i c i t y index, and consequently should have a greater s u s c e p t i b i l i t y 

to l i q u e f a c t i o n . 

However, i t can be seen from Table 2.1 that both the materials under 

consideration here have very s i m i l a r , and low, p l a s t i c i t y indices, and so 

i t would appear that p l a s t i c i t y i s not a major contributory factor i n 

t h i s case. 
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'9'k-k Chemistry and Mineralogy. 

The chc::iistry and mineralogy of the two fine discards does not 

seem notably d i f f e r e n t . The Peckfield s l u r r y has s l i g h t l y higher 

k a o i i n i t e and quartz contents, but the combined s i l i c a to alumina r a t i o 

i s the same. There i s a small amount of dolomite or ankerite i n the 

Peckfield s l u r r y but t h i s i s not l i k e l y to have a s i g n i f i c a n t effect 

on the behaviour. There does not appear to be anything i n the chemistry 

or mineralogy to suggest widely d i f f e r i n g modes of behaviour. 

One of the most important aspects of the chemistry and mineralogy 

for the coarse discards was the difference in organic carbon content. 

The r e s u l t s for the fine discards (Table 2.1) show that both these discards 

had r e l a t i v e l y low organic carbon contents. The Peckfield s l u r r y does 

have a higher carbon content whic-n could i n part account for i t s higher 

strength. The higher s p e c i f i c gravity of the Abernant discard with i t s 

lower carbon content confirms the r e s u l t s of Lawrence (.1972) that the 

s p e c i f i c gravity i s inversely proporitional to organic carbon. 

9-5 Links with Coarse Discard. 

The expected correlation between coarse and fine discards from the 

same c o l l i e r y was not shown. The coarse Abernant material showed strong 

d i l a t a n t behaviour while the fine discard showed considerable s u s c e p t i b i l i t y 

to liquefaction. This was i n s p i t e of the fact that the two materials 

showed the chemical and mineralogical s i m i l a r i t i e s that would be expected 

from materials from the same c o l l i e r y . 

The reason for the difference i n behaviour of the kind noticed i s 

the strong probability that d i f f e r e n t properties are s i g n i f i c a n t i n the 

different s i z e ranges involved. For the coarse discard p a r t i c l e and 



material strength and s t a b i l i t y i n water saem the most important properties 

while for the fine discard the grading and possibly the shape of the 

material are the most important. 

This shows that i t i s not possible to correlate the behaviour of 

the two different types of discard from the same c o l l i e r y , and that they 

should be treated separately. 

9.6 Conclusions 

The main conclusion concerning the investigation of Peckfield s l u r r y 

i s that there are s i g n i f i c a n t differences i n behaviour between i n s i t u 

and remoulded samples. The l a t t e r generally give conservative r e s u l t s 

i n terms of liquefaction s u s c e p t i b i l i t y and material strength. From the 

r e s u l t s of the i n s i t u t e s t s the Peckfield material tested has a low 

s u s c e p t i b i l i t y to liquefaction i n a s t a t i c controlled-load s i t u a t i o n . 

The r e s u l t s from the Abernant t e s t s show that t h i s material has a 

considerably greater s u s c e p t i b i l i t y , although the degree may well have 

been overemphasised by the enforced use of remoulded samples. 

The main factor which appears to cause the differences i n behaviour 

between the two materials i s the uniformity of grading, the Abernant 

material having a considerably more uniform sorting. Other factors such 

as p a r t i c l e shape, p l a s t i c i t y and mineralogy do not seem to be major 

influences in t h i s case. 

There does not appear to be any correlation between coarse and fine 

discards from the same c o l l i e r y , the important influences being different 

for the two different s i z e ranges. 
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CIIAPTER TEN 

CONCLUSIONS 

The controlled load t e s t s on the coarse discards showed that the 

seatearth-rich material from Gedling has a certain s u s c e p t i b i l i t y to 

liquefaction at low consolidation pressures. The implications of such 

a p a r t i a l liquefaction i n a t i p b u i l t on a slope could be j u s t as serious 

as a t o t a l liquefaction. This i s because i t seems unlikely that a 

d i l a t i o n occurring at the end of an episode of p a r t i a l liquefaction 

would a r r e s t a flowslide. Also the effect of a downhill gradient i s 

to reduce the amount of pore pressure increase necessary to induce a 

flowslide. The t e s t s on the materia], from Abernant showed that t h i s 

s h a l e - r i c h discard i s not susceptible to liquefaction, a dilatant response 

being obtained at a l l consolidation pressures used. 

Tests carried out on a seatearth and shale from County Durham, showed 

that the difference i n behaviour between the two discards was not 

necessarily due to the contrast between a seatearth-rich discard and a 

s h a l e - r i c h discard, as might have been expected. Both the County Durham 

materials behaved i n a s i m i l a r fashion to the Gedling material at low 

consolidation pressures. In fac t , the shale showed a more de f i n i t e 

p a r t i a l liquefaction response than the Gedling material. 

A comparison of properties was made for the four materials which had 

been tested. This indicated that the main reasons for the differences 

i n behaviour noted, were material and p a r t i c l e strength, s t a b i l i t y i n 

water and the a b i l i t y for pore pressure equalization within the specimen. 

The Abernant discard was shown to be stronger than the other three and 

to be more stable i n water. I t also had a higher c value, indicating 



a greater a b i l i t y to equalize pore pressures. A major reason f o r the 

greater mater ia l strength and s t a b i l i t y i s the higher organic carbon 

(coal ) content of t h i s ma te r i a l . Properties such as shape and grading 

do not seem to be very important influences on the behaviour of these 

mater ia l s . 

Tests carr ied out on mixtures of Abernant discard and the Durham 

seatearth show that a t r a n s i t i o n between the behaviours of the two end 

materials occurs f o r mixtures containing between 20 and 25 per cent 

seatearth, the. exact value depending upon the density of the specimen. 

The cont ro l led load tests on the f i n e discard from Peckf ie ld C o l l i e r y 

showed that there were s i g n i f i c a n t differences i n behaviour between 

samples fabr ica ted i n the laboratory and those obtained from the f i e l d . 

The former showed some tendency to p a r t i a l l i q u e f a c t i o n , whereas the l a t t e r 

showed strong d i l a t an t behaviour. The main reason f o r these differences 

i s believed to be var ia t ions i n s t ruc ture between mater ia l deposited i n 

the lagoon and that remoulded i n the laboratory. 

The tests on f i n e discard from Abernant showed that t h i s mater ia l 

has a high s u s c e p t i b i l i t y to l i q u e f a c t i o n , and even though t h i s may be 

p a r t l y due to the use of remoulded samples, the s u s c e p t i b i l i t y seemed 

considerably greater than that of the remoulded Peckf ie ld samples. At 

r e l a t i v e compactions of between 90 and .95 per cent l i q u e f a c t i o n occurred 

up to consolidation pressures of 2if0 kN/m , v/hich represents a depth of 

sediment of 25m on an e f f e c t i v e stress basis. This shov/s a very r ea l 

danger from l i que fac t i on under shock loading condi t ions . Relative 

compactions of over 100 per cent appear to reduce l i q u e f a c t i o n p o t e n t i a l 

and showsthe importance of consolidation of lagoon sediments or the 
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necessity f o r a high compactive e f f o r t i f these materials are used f o r 

construction purposes. The resu l t s of these tests show that i t i s not 

feas ib le to predic t the behaviour of f i n e discards from the same c o l l i e r y 

on the basis of coarse discard response under cont ro l led load t r i a x i a l 

t e s t i n g . 

The most s i g n i f i c a n t d i f fe rence between the tv/o f i n e mater ia ls , 

which appears to inf luence behaviour, i s the p a r t i c l e size d i s t r i b u t i o n 

as represented by the so r t ing c o e f f i c i e n t (D^Q/D^Q). The Abernant 

•discard has a value of about 9, representing a reasonably-well graded mate r i a l , 

while Peckf ie ld discard has a value of about 160 showing t h i s to be 

quite the opposite. This appears to be the only s i g n i f i c a n t d i f fe rence 

between these two types, since t h e i r shape, p l a s t i c i t y and mineralogy 

are very s i m i l a r . 

The tests on the f i n e discards raised the question of using a vacuum 

i n s e t t i n g up f ine-gra ined materials fo r cont ro l led load t e s t i n g , because 

of possible dens i f i ca t ion e f f e c t s . This led to the development of an 

a l t e rna t ive method which has been used subsequently. 

A behaviour d i f fe rence noted between the coarse and f i n e discards 

was the e f f e c t of density on the e f f e c t i v e l i n e . The coarse discards 

f i t t e d a common l i n e , despite density va r i a t i ons . KcKechnie Thomson 

and Rodin (1972) had noted that there was l i t t l e v a r i a t i o n i n peak 

e f f e c t i v e shear strength wi th density f o r coarse discards. I n the case 

of f i n e discards however, the current work shows that there are s i g n i f i c a n t 

var ia t ions i n the K l ines obtained at d i f f e r i n g dens i t ies . 
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APPENDIX I 

CALIBRATION OF INSTRUMENTATION 
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APPENDIX I I 

RESULTS OF CONTROLLED STRAIN TESTS 
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Gedling Sample CS1 

JL ^s t r a in 

103.37 0 0 
105.83 6.92 0.17 
106.07 8.99 0.23 
105.69 10.71 0.29 
104.63 11.74 0.35 
105.12 13.81 0.40 
104.39 15.18 O.46 
103.58 16.20 0.52 
102.51 17.23 O.58 
101.70 18.25 O.63 
100.88 19.27 O.69 
• 99.99 • 19.95 0.75 

98.93 20.63 0.81 
97.67 21.30 O.87 
94.62 22.98 1.04 
90.93 25.32 1.27 
88.97 25.97 1.38 
86.19 26.61 I .56 
78.76 27.83 2.08 
71.07 28.00 2.65 
66.81 28.20 
62.73 28.05 3.63 
59-43 27.90 4.15 
56.61 27.71 4.82 
55-18 27.58 5-25 
53-73 27.45 5.71 
52.22 27.25 6.40 
50.64 26.98 7-33 
49.92 27.31 8.37 
49.42 27.33 9-35 
48.63 27.33 10.39 
1.0 f l 27.59 11.54 
48.08 27.30 12.46 

Gedling Sample CS2 

£ a. ^ s t r a i n 

196.29 0 0 
190.00 2.10 0.17 
187.46 3.50 0.35 
183.25 5-57 O.69 
186.80 11.49 0.75 
188.61 16.70 0.81 
I 8 9 . I 2 18.78 O.84 
189.54 20.51 0.87 
189.43 22.25 0.90 
188.72 23.63 0.92 
187.92 24-66 0.95 
187.99 26.57 O.98 
187.36 27-77 1.01 ' 
I87.O8 2.8.81 1.04 
186.28 29.84 1.07 
185.82 31.22 1.10 
184.93 31.90 1.13 
184.22 . 32.76 1.15 
183.22 34.65 1.21 
181.44 36.01 1.2? 
179.57 37.03 1.33 
178.05 38.39 1.39 
176.18 39.41 1.44 
174.65 40.76 1.50 
172.78 41.78 1.56 
170.82 42.44 1.62 
168.95 43.45 1.67 
167.25 44-12 1.73 
165.29 44.78 1.79 
163.34 45-44 I .85 
I 6 I . 6 4 46.10 1=91 
159.68 46.25 1.96 
158.07 46.74 2.02 
156.64 47.39 2.08 
142.94 50.22 2.60 
131.51. 51.63 3.15 
123.87 52.39 3.64 
117.48 53-08 4.22 
112.77 52.82 4.68 
108.55 52.54 5.20 
101). 66 52.58 5,72 
101.45 52.26 6.29 
: 97.50 51.97 7-39 
95-79 52.09 8.31 
94.63 52.77 9.35 
94.81 53-74 10.39 
98.01 57-47 11.43 
99-49 58.94 12.47 

con t . . over 
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Gedlinfl Sample CS2 

I R ^ s t r a i n 
IOO.79 59-45 13.51 
101.87 6O.54 14.55 
102.84 60.99 15.59 
104.20 6I .56 17.21 
107.60 63.64 17.67 
109.10 64.09 18.71 
108.90 63.89 19.75 
110.54 65.OI 20.79 
I I I . 5 6 64.98 21.83 
110.8^ 63.74 22.87 
111.14 63.25 23.91 

Gedlinp; Sample CS3 

P £ ^s t r a in 
300.00 0 0 
303.89 5-21 0.09 
308.64 11.81 0.12 
312.61 17.36 0.15 
314.66 21.52 0.18 
315.65 25.67 0.21 
316.84 28.44 0.24' 
317.23 51.20 0.27 
317.62 33.97 0.29 
317.05 36.04 O.32 
317.09 38.45 0.35 
315.60 42.24 0.41 
313.84 46.02 0.47 
3H.47 49-45 0-53 
309.28 52.53 0.59 
306.65 54-92 O.65 
304-37 57.64 0.71 
301.48 60.02 0.77 
298.84 62.40 0.82 
296.13 64-43 0.88 
293.2- 66.81 0.94 
290.68 68.49 1.00 
281.35 70.17 1.06 
284.54 71.84 1.12 
281.66 73-17 1.18 
279.03 74.50 1.24 
276.67 75.83 1.30 
273.69 76.81 1.35 
270.80 78.14 1.41 
268.88 79.12 1.47 
266.16 80.10 1.53 
263.45 81.08 1.59 
256.65 82.98 1.77 
249-66 85.22 1.94 

Gedling Sample CS3 cont . . 

£ ^ s t r a i n 
.243.82 86.77 2.12 
237-82 87.63 2.30 
232.88 88.49 2.47 
227.40 89.34 2.65 
220.79 90.11 2.92 
215.75 90.88 3.18 
206.83 91.72 3.71 
200.27 92.54 4.24 
195.65 92.66 4.80 
192.73 93.71 5-42 
191.27 94.61 5.83 
189.59 95.05 6.36 
188.76 96.07 7-42 
189.37 97.99 8.48 
190.82 99.18 9.72 
193.09 99.60 10.60 
196.15 101.54 11.66 
198.91 102.52 12.75 
203.52 103.70 13.78 
208.23 104.72 14.90-
210.66 105.83 15.90 
214.30 107.37 17.20 
215.94 107.15 18.02 
219.68 107.73 19.08 
221.74 107.16 20.14 
224-54 107.84 21.26 
225.56 107.28 22.26 
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Abernant Sample CS1 

I 2. ^ s t r a i n 

53.75 0 0 
59.24 6.05 0.51 
59.54 6.62 1.02 
59.53 6.89 1-53 
59.91 8.54 2.04 
62.20 I3.35 2.54 
79.14 42.74 3.05 
87.10 55.56 5.56 
91.49 -57-75 4.07 
94.77 60.49 4.58 
96.65 62.62 5*09 

100.2? 64.86 5.60 
101.86 66.23 6.11 
105.61 68.90 7.12 
107.90 70.38 8.14 
112.36 ' 74-29 9.16 
116.71 78.10 10.18 
120.01 80.86 11.19 
12 .98 81.67 12.21 
127.60 84.95 15.25 
130.80 87.34 14.25 
154.58 90.04 15.26 

Abernant Sample CS2 

£ #s t r a in 
51.26 0 0 
55.57 8.40 0.50 
51.92 22.08 1.01 
51.50 29.59 1.51 
50.96 52.49 2.01 
52.55 54.67 2.51 
55.66 56.25 5.02 
54.94 57.51 5.52 
55.60 58.19 4.02 
56.62- 59.14 4.55 
57.75 59.79 5.05 
57.81 59.86 5.53 
58.45 40.22 6.03 
59.64 40.91 7.04 
60.58 ' 41.58 8.05 
61.21 41.94 9.05 
62.56 42.83 10.06 
62.69 45.16 11.06 
61.67 42.94 .12.07 
60.59 42.71 13.08 
60.68 42.47 I4.O8 
60.44 42.25 15.09 
60.75 41.25 16.09 
60.25 41.25 17.10 
58.67 40.75 18.10 

Abernant Sample CS3 

£ %strain 

150.75 0 0 
150.44 I .83 0.51 
149.49 2.73 1.01 
141.68 46.47 1-52 
124.91 56.14 2.02 
117.06 59.14 2.53 
113.55 60.91 3.05 
112.69 62.37 3.54 
111.59 63.51 4-04 
110.32 65.76 . 4.55 
110.20 64.44 5.05 
109.50 64.55 5.56 
109.20 64.76 . 6.06 
109.14 65.49 7.68 
108.76 65.9O 8.09 
IO8.46 65.88 £.10 
107.08 65.28 10.11 
105.82 64.82 11.12 
105-49 64.49 12.15 
104.75 65.74 15.14 
103.74 63.OO 14.15 
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Abernant Sample CS4 

£ %s t r a i n 

300.20 0 0 
301.50 3.42 0.51 
305.02 9.31 0.66 
311.37 18.31 0.68 
315.15 26.06 0.71 
318.72 34.12 0.74 
322.72 43.41 0.77 
320.74 46.19 0.80 
319.82 50.82 O.83 
319.7'+ 55.76 0.86 
318.20 59,77 0.88 
316.92 63.78 0.91 
315.33 67.48 0.9^1 
312.85 70.55 0.97 
310.63 73.63 1.00 
308.95 76.70- 1.03 
303.36 82.22 1.08 
299-^6. '84.66 1.11 
296.18 87.73 1.14 
294-02 91.38 1.20 
292.?t 93.83 1.23 
289.38 94.42 1.26 
285.27 97-45 1.31 
281.16 100.47 1.37 
276.08 102.26 1=43 
271.83 104.36 1.48 
268.85 106.14 1.54 
264.16 107.00 1*60 
260.66 IO8.78 1.66 
257.63 110.26 1.71 
253.51 111.42 1.77 
250.29 112.43 1.83 
2^6.76 113.13 1.88 
244.70 113.98 1.94 
242.38 114.84 2.00 
239^5 l i e f\8 

-—s -
* 1 I T 

230.40 • 116.61 2 . 3 1 ' 
223.42 117.82 2.57 
217.37 118.12 2.82 
213.21 118.71 ,08 
206.42 119.59 5.60 
202.82 120 75 4.11 
199.74 121.38 4.79 
198.28 121.24 5.14 
197.42 121.17 5.65 
197.11 121.39 6.16 
195-94 121.80 7.19 
196.36 122.75 8.22 
195-57 ^22.22 9.25 
195.01 121.40 10.27 
195.01 121.40 11.30 
194.69 120.81 12-33 
193-27 119.40 13.35 
191.06 II.7.45 14.38 

Abernant Sample CS5 

I 2. ^ s t r a i n 

197.82 0 0 
199.61 3.11 0.26 
200.05 4.34 0.51 
199.63 5.25 1.02 
202.48 IO.48 1.14 
209.69 24.02 1.19 
211.78 29-57 1.22 
212.39 33.87 1.25 
212.98 38.17 1.28 
212.13 41.54 1.31 
210.74 44.91 1-33 
210.63 47-97 1.36 
209.94 50.73' 1.39 
207.47 55.92 1-45 
206.43 58.06 1.48 
205.13 60.19 1.51 
203.74 61.71 1.53 
202.12 63.53 1.56 
200.73 65.05 1.59 
199.38 66.87 1.62 
197.99 68.38 1.65 
196.55 69.59 1.68 
195.37 70.79 1.70 
192.98 72.90 1.76 
190.85 75.00 1.82 
187.62 76.79 . 1.87 
186.20 78.27 1-93 
184.55 80.06 1.99 
182.55 81.24 2.04 
180.82 82.41 2.10 
177-26 84.14 2.22 
173.16 86.13 2.39 
170.38 88.10 2.56 
166.15 89.69 2.81 
I63.76 91.27 3.07 
160.66 93.19 3.58 
158.23 94-19 4.09 
157.36 95.18 4.60 
156.68 95.56 5-11 
156.38 96.57 5.85 
156.52 96.98 6.30 
155.71 96.97 7.16 
155-26 97.05 8.18 
155.03 96.82 9.20 
154.81 97.13 10.22 
154.54 96.85 11.25 
152.35 95.19 12.27 
151.25 94.62 13.29 
151.20 94.04 14.31 
149.54 92.92 15.34 
148.42 91.79 I6.36 
148.60 .91-70 17.38 
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APPENDIX I I I 

RESULTS OF CONTROLLED LOAD TESTS 

ON COARSE MATERIALS 
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Gedling Sample No. 1 

p_ R %s t r a i n 
53.33 0 0 
50.01 3.62 0.33 
49.09 8.53 0.44 
49.50 12.00 0.66 
39.13 15.52 0.89 
35.71 17.10 1.99 
34.63 17.96 3.10 
32.32 18.43 4.21 
31.66 18.88 5-32 
30.94 19.27 6.65 
32.75 19.42 7.65 
34.17 20.28 8.53 
31.98 20.59 9.75 
32.63 20.96 10.86 
33.27 21.32 11.97 
33.86 21.64 13.18 
33.94 21.72 14.19 
33.90 21.68 15.40 
34.49 22.27 16.63 
34.50. 22.55 17.73 
35.14 23.19 18.62 
36.75 23.41 19 .84 
36.75 23-39 20.96 
36.65 23.31 22.05 
3.7.71 23.27 23.16 
41.79 23.18 24-27 
41.33 23.55 24.94 
42.61 23.72 25.15 

Gedlinp; Sample No. 2 

. £ 3. ^ s t r a i n 
55.24 0 0 
60.24 5.00 O . l i 
63.08 9.27 0.34 
68.01 15.62 O.56 
66.51 21.27 O.67 
49.87 26.06 1.35 
39.32 24.08 2.47 
38.06 24.02 3-93 
27.11 21.4-0 4.93 
22.12 19.02 4-93 
24.50 21.40 4.93 
28.31 23.55 5.83 
28.00 23.?.4 7.07 
29.98 23.31 8.19 
29.17 23.70 9.20 
32.12 24.98 10.43 
31.44 26.91 11.44 
29.35 28.39 12.67 
35.96 29.53 13.91 
41-99 31.03 14.80 
39.15 31.77 16.15 
39-57 33.14 17.16 
39.74 34.74 18.28 
40.12 36.79 19.51 
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Gedling Sample No. 3 

£ £ %strain 

82.38 0 0 
82.56 3.63 1.10 
84.29 3-69 1.10 . 
77.42 5.52 1.33 
79.42 7.28 1.54 
81.25 9.11 I .65 
77.83 10.93 1.77 
79.80 12.77 1.77 
78.1.7 I4.6O 1.77 
74.98 16.41 1.88 
74.36 17.46 1.88 
71.80 18.23 1.99 
68.43 18.19 2.21 
67.80 19.23 2.21 
63.75 20.29 2.43 
60.13 21.67 2.65 
53.78 23.78 3.09 
49.77 24.65 3.75 
51.68 24.78 4.75 
40.75 25.51 6.07 
39.34 25-53 7.19 
37.47 25.21 8.39 
38.69 26.07 9.05 
38.86 26.00 10.60 
38.01 26.70 11.48 
38.88 27.34 12.70 
39.17 27.38 13-69 
39.51 27.61 15.01 
37.78 27-54 16.12 
38.33 27-86 17.2 
38.57 28.10 18.32 
40.27 28.01 19.43 
40.52 28.26 20.42 
41.01 28.75 21.64 
40.89 28.75 2 . 5 2 

41.01 28.92 23.62 
41.09 28.93 24.29 

Gedling Sample No. 4 

£ £ ^ s t r a i n 
114.28 0 0 
113.14 2.18 0.11 
113.30 4.02 0.55 
112.75 5.13 0.66 
113.02 8.73 0.89 
113.34 12.38 1.10 
113.89 14.61 1.10 
113.82 17.87 1.21 
109.68 20.40 1.33 
107.95 23.67 1.33 
104.16 26.55 1.55 
91.19 28.93 2.10 
81.97 31.50 2.99 
75.81 31.875 3.98 
72.61 3 2 . 0 3 4.65 
71.47 32.18 5.31 
69.75 n o 3J-.00 6.20 
69.64 31.67 6.86 
69.92 31.82 7.30 
69.80 31.59 7-97 
70.01 31.80 8.41 
70.28 31.95 8.85 
68.79 32.00 9.73 
67.26 32.14 10.18 
6 7 . 4 2 32.29 10.73 
67.57 32.45 11.29 
67.82 32.58 11.73 
67.96 32.72 12.28 
67.96 32.72 13.05 
68.47 33-23 13.39 
68.68 33.36 13.94 
68.85 33.48 14.49 
68.65 33.18 15.27 
68.76 33.28 15.71 
68 = 66 33^19 — w * 1 

66.95 33.14 16.93 
66.70 33-01 17.92 
66.85 33.155 18.36 
66.71 33.02 18.70 
64.80 32.93 19.58 
64.72 32.93 20.36 
66.21 32.75 20.80 
64.05 32.38 21.68 
64.20 32.53 22.68 
64.40 32.86 23.23 
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Gedling Sample No. 5 

£ .3. ^ s t r a i n 
216.99 0 0 
220.13 5-44 0 
227.12 12.43 0 
233.68 18.99 0.25 
238.33 23.64 0.25 
237.98 27.96 0.25 
240.72 32.94 0.25 
241.13 35.65 0.25 
242.68 37-20 0.25 
246.55 41.07 0.25 
245-07 46.50 0.25 
247.41 51.15 0.25 
252.10 60.45 0.25 
250.17 67.72 O.38 
245.56 67.72 O.38 
246.76 73-53 O.38 
249.79 81.16 0.51 
249.82 85.80 0.51 

Gedling' Sarrrple No. r 
0 

£ ^ s t r a i n 
251.89 0 0 
258.27 6.38 0.12 
265.54 13.65 0.24 
271.89 20.00 0.37 
o r - j n 25.42 
283.67 31.77 0.49 
289.97 38.08 0.61 
294.46 42.56 0.73 
297.12 45-22 0.86 
299.77 47.88 0.98 
301.52 49.62 1.10 
304.99 53-10 1.35 
290.30 63.74 1.59 
262.55 65.94 2.32 
244.33 70.75 3.06 
221-97 73-73 3-79 
204.82 72.70 5-14 
188.52 72.52 6.48 
170.43 77-46 7.71 
168.84 80.48 9.05 
167.80 81.74 10.4.0 
168.99 82.93 11.75 
168.86 82.81 12.72 
163.10 81.65 13.95 
160.31 83.46 15.29 
162.03 85.18 17.37 
172.07 88.31 19.33 

Gedling Sample No . 6 cont 

^ s t r a i n 
l 8 3 . l l 87.83 20.43 
I 8 I . 5 8 86.30 21.17 
182.66 82.78 21.78 
189.32 84.83 22.51 
189.91 85.43 23.25 
190.62 86.14 25.86 
195.96 90.96 24.47 

http://l83.ll
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Gedling Sample S.A. Gedling Sample D.O. cont 

£ R ^ s t r a i n £ a ^ s t r a i n 

50.05 0 0 38.89 23.59 21.4? 
53- *#3 3.38 0.12 34.86 23.23 22.68 
53.60 8.26 0.24 33.77 23.16 23.87 
54-37 10.88 O.36 34.09 23.09 25.07 
','8.79 19.43 0.71 35.00 23.54 26.26 
44-58 19.34 1-19 35.31 23.43 27-46 
37.58 20.58 2.38 34.87 23.58 28.65 
36.09 21.78 3-57 33.02 21.90 28.89 
36,05 22.58 4.77 
35.29 22.66 5.96 
35.78 23.07 7-15 
34.83 23.46 8.34 
34.11 • 23.16 9-53 
33.72 23.19 10.72 
35.17 23.21 11.91 
34.59 23-55 13.11 
34.91 23.87 14.30 
33.65 23.54 15.49 
33.95 23.34 16.68 
34.22 2 4.ll 17.87 
34.48 24-37 19.06 
29-57 20.47 20.02 
28.OO 18.06 20.02 
24.96 17.46 20.02 ' 

Gedling Sample D.O. 

£ 3. /^strain 
51-48 0 o r . 

54.18 5.98 O.48 
53.32 9.33 0.60 
48.75 12.66 O.84 
44.27 15.59 1.19 
41.97 16.98 1.67 
39.98 18.70 2.39 
36.OO 18.83 3.58 
3^.79 19.31 4.77 
32-.i(8 19-97 •5-97 
34.73 20.92 7.16 
33.15 22.03 8.36 
33-79 22.08 9-55 
33.91 22.12 10.74 
34-37 • 22.49 11.94 
34.80 22.34 13.13 
33.14 22.53 14.32 
36.32 22.84 15.52 
33.55 23.77 16.71 
34.22 23-43 17.91 
34.49 23.70 19.10 
34.14 23-35 20,29 

http://24.ll
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Abernant Sample No. 1 Abernant Sample No. 2 

£ 2. ^ s t r a i n ' -
3. %strad 

234-49 0 0 241.40 0 0 
236.93 2.44 . O.38 249.77 8.37 0.12 
237.88 5.69 0.50 248.06 15.87 0.35 
239.63 9.75 O.63 244.61 21.64 0.71 
240.03 17.06 O.63 246.67 28.30 0.71 
241.89 23.52 O.76 248.68 34.92 0.82 
242.28 30.82 O.76 248.37 41.52 0.94 
244.29 39-75 O.76 245.93 49-00 0.94 
240.4H 40.51 0.88 249.43 56.40 1.06 
239.89 44.56 0.88 246.21 64.70 1.06 
237.71 46-99 0.88 245.11 70.50 1.06 
239.08 . 59.87 1.01 244.56 74.56 1.18 
226.44 67.96 1.01: 243.45 8O.36 . 1.18 
206.84 80.60 1.39 242.23 86.06 1.30 
197.05 86.94 1.51 238.53 89.26 1.41 
181.50 89.81 1.89 234.92 92.57 1.41 
171.17 95.61 2.52 231.21 95.76 1-53 
169.97 101.32 3.15 229.25 100.71 1-53 
I62.OI 100.2? 4.16 221). 69 103.0? I . 6 5 
165.74 104.00 5.05 219.47 107.06 1.77 
163.59 104.15 6.31 218.03 110.22 1.88 
150,02 102.8Q 7-44 212.79 114.20 2.00 
159.65 102.51 8.45 210.37 116.38 2.24 
158.80 101.67 9.21 207.12 122.35 2.71 
158.10 IOO.96 9.84 217.05 13^.58 3.30 
158.12 100.98 10.47 230.56 146.81 4.83 
157.55 100. if 2 IO.98 231.33 146.38 •6.12 
156.84 99.70 . 11.61 245-77 160.82 7.77 
156.41 99.28 11.98 252.66 161.82 8.95 
155.56 98.42 12.74 253.36 161.24 10.13 
151.70 96.86 13.50 250.88 159.87 11.30 
150.29 95.45 14.13 251.51 159.21 };:.48 
141.74 86.90 14.26 245*49 157.80 13.60 
146.30 93-77 14.38 243.33 155.64 14.84 
151.97 99.44 15.52 242.38 153.'(9 16.01 
151.07 98.54 16.27 235.84 149.26 17.19 
150.04 97.51 17.16 233.72 147.13 18.37 
149.14 96.61 I 7 . 9 I 229.57 142.99 19.55 
145.74 93.21 18.54 228.81 142.23 20.72 
149.3H 96.81 19-43 222.77 136.18 21.90 
149.77 97.24 20.69 227.34 117.72 22.84 
142.71 90.18 21.19 174.71 100.26 22.84 
141.99 ' 89.46 21.82 165.39 94.44 22.84 
141.55 89.02 22.20 



Abernant Sample Mo. 3 

I £L ^ s t r a i n 
195-92 0 0 
204.24 8.33 0.25 
210.25 16.61 0.49 
211.59 24.89 0.62 
210.63 33.14 0.74 
200.44 41.38 0.86 
190.17 49-53 1.11 
177-48 57-57 I . 4 8 
169-33 65-55 I . 8 5 
I6O.85 73.19 2.59 
150.93 79-39 3-94 
155.61 86.28 5.18 
171.36 93.75 6.41 
173.21 95.60 7.64 
17^.21 96.61 8.87 
175.91 98.31 10.11 
178.26 100.66 11.34 
179.78 102.18 12.57 
181.22 103.62 13.80 
182.58 104.97 15.04 
183.85 106.24 16.27 
187.61 108.81 17.50 
188.43 111.94 18.73 
191.80 112.91 19.97 
192.36 115.78 21.20 
193.23 l l b . 5 6 22.43 
192.74 115.98 23.67 
188.56 114.10 24.90 
182.08 112.23 26.13 
177.90 110.36 27-30 
176.03 108.49 28.60 

Abernant Sample No. 4 

I %strain 
143.44 0 0 
-138.37 13.36 0.95 
132.08 26.69 1.07 
134.11 33-33 1.19 
133-82 39.94 1.31 
126.54 46.49 1.54 
120.70 61.80 3.56 
109.61 61.80 3.56 
11j.33 61.04 4-75 
105.64 61.07 5-93 
108.88 64.22 • 7.12 
107.03 63.48 8.19 
105.95 63.50 9.26 
106.60 65.26 11.04 
IO6.76 65.42 12.83 
IO7.07 64.62 13.88 
IO7.O3 65.70 15.31 
107.43 66.09 16.61 
105.29 65.15 17.80 
106.81 65.48 . 19-11 
111.72 72.69 20.17 
12i'.36 78.24 21.36 
129.83 79.02 22.55 
134.60 79.09 23.73 
139.96 79.76 24.92 
143.58 80.99 26.1 
145.93 82.14 27.29 
156.39 83.22 28.48 
165.20 83.92 29.90 
161.63 82.74 29.90 
153.57 79.46 29.67 
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Abernant Sample No. 5 

I _2L_ ^ s t r a i n 
101.46 0 0 
102.70 8.15 0.24 
106.23 16.28 O.36 
109.73 24.40 O.48 
110.91 32.49 0.60 
114.38 40.56 0.72 
111.60 47.00 O.84 
107.06 49-37 O.96 
IO5.63 52.54 1.08 
101.82 55.64 1.32 
100.32 58.65 1.68 
101.55 62.28 2.29 
IOI . 56 64-59 3 .6 l 
101.20 65.34 4.81 
104.98 69.12 6.02 
IO4.85 68.99 7.22 
106.20' 70.34 8.42 
106.75 70.90 9.63 
IO8.46 71.44 10.83 
111.57 73.32 12.04 
112.66 72.02 13.60 
115.32 73-49 15.16 
114.85 71.82 17.09 
113.28 70.25 18.90 
114.64 70.41 20.22 
114.98 69.56 21.18 
112.23 66.81 22.87 
4-08.55 64-33 24.31 
103.92 62.09 25.51 
97.13 58.88 26./.,8 
92.88 • 57-02 27.32 

Abernant Sample No. 6 

1 Q ^ s t r a i n 
IOI . 46 0 0 
105.06 8.21 0 
113.23 16.39 0.24 
102.95 24.52 0.47 
100.27 31.06 0.47 
96.07 38.37 0.59 
93-86 40.77 0.71 
92.41 43-93 0.95 
92.08 47.01 1.30 
85.81 49-95 1.90 
91.84 53.59 2.61 
91.48 55.45 3.55 
91.71 57.89 4-74 
95.36 60.26 5.92 
94.52 61.63 7.35 
95.76 61.68 8.41 
95.62 61.54 9.72 
94.62 62.85 11.02 
96.42 63.37 12.32 
94.60 73.76 13-74 
96.13 64.OI 15.28 
95-23 64.21 16.82 
96.48 64.27 I8.48 
96.49 64.37 20.02 
90.57 61.01 21.80 
88.29 58.91 23.70 
91.43 57-44 25.59 
93-33 56-94 27.01 
86.27 56.80 27.96 
85.70 56.14 28.79 
85.42 55.46 29.15 
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Abernant Sample No. 7 

£ £ %s t r a i n 
52.78 0 0 
56.94 9-72 0.12 
60.17 12.94 0.24 
61.55 16.18 0.24 
62.15 18.60 0.24 
62.68 21.01 O.56 
64.03 24.21 0.47 
65.28 28.24 0.47 
65.66 51.40 0.71 
66.48 54.53 0.95 
67.20 37-57 1.42 
67.68 39.55 2.49 
68.76 41.45 5.56 
70.93 45.15 4.98 
71.80 44.02 6.40 
70.71 44-79 7.94 
70.39 45-39 9-72 
69 .61 . 44.61 11.26 
67.54 44.54 12.80 
69.45 44.45 14.54 
68.18 43-77 15.65 
67.23 43.16 16.85 
66.22 42.61 17-90 
65.32 42.16 18.73 
63.97 41.74 19.56 
63.05 59.90 20.62 
62.98 59-57 21.69 
64,57 40.96 23.47 
64.86 40.52 24.65 
62.71 59.56 26.08 
61.86 58.71 26.55 

Abernant Sample No. 8 

£ £ ^ s t r a i n 
30.56 0 0 
30.06 1.35. 0.24 
30.90 4.04 O.56 
52.66 6.73 0.47 
53.25 10.10 0.47 
55.49 13.11 0.59 
54.05 16.4-6 0.71 
35.64 19.43 0.95 
35.67 22.70 1.50 
38.59 25.89 ' 1.90 
41.46 28.96 2.75 
46.28 32.39 4-27 
50.55 35.75 5.69 
52.82 57.08 7.11 
54.15 • 57.94 8.06 
55.86 59.19 9.48 
54.10 59-59 . 10.67 
55.94 40.20 11.97 
56.87 41.13 ' 15.16 
55.85 40.57 14.54 
56.72 40.98 15.88 
56.62 41.34 17.42 
55.51 40.69 18.75 
55.54 40.73 20.27 
55.73 40.45 21.55 
55.06 39.78 
55.38 39-17 23.82 
55.17 38.50 25.13 
53.19 37-45 26.19 
51.67 35-93 27.26 
50.16 35-54 28.44 



« 2 0 l -

Abernant Sample No. 9 

£ 3. ^ s t r a i n 
47-19 0 0 
50.05 4-29 0.35 
54.74 11.77 O.58 
54.54 12.48 O.58 
58.44 21.01 0.70 
58.88 24.22 0.70 
59.16 27.78 0.70 
59.90 31.30 •0.82 
61.56 . 34.82 0.93 
61.09 36.20 1.05 
6.1.55 . 1.17 
64.13 39.65 1.28 
65.49 41.02 1.40 
65.94 42.38 1-52 
69.94 46.38 I . 6 3 
68.43 45-80 1.75 
70.94 47.81 1.98 
74-01' 49.44 2.22 
75.58 51.01 2.57 
77-43 52.86 3.03 
79.81 54-74 3.38 
81.37 55-79 3.97 
84.26 56.75 4.67 
85.01 58-42 5.83 
85.95 59.36 7.00 
87.18 60.60 8.17 
89.79 61.68 9.33 
90.93 62.90 10.50 
92.51 63.99 12.83 
92.76 64.15 14-00 
94.23 64.19 15.17 
94-74 64.21 lb . 3 3 
95-03 64.50 17.50 
95-21 64.17 18.67 
96.30 63.82 19.83 
95.01 63.46 21.00 
93.98 63.36 •22.17 
95.29 63.23 23.33 
95.37 62.81 24.50 
94.94 62.38 25.67 
93.58 61.92 26.83 
93.09 61.95 28.00 

Abernant Sample No. 10 

£ J9L ^ s t r a i n 
54-34 0 0 
58.93 6.44 0.47 
62.38 13-59 0 .59 
65.74 22.50 0.71 
66.35 26.39 O.83 
64.75 29.92 0 .94 
66.43 33.45 1.06 
67.74 36.61 1.18 
69.00 38.29 1.42 
69.28 40.42 1.42 
70.18 41.74 I . 6 5 
71.67 43.65 2.13 
73.26 45.65 2.36 
76.76 48.57 3.54 
78.97 49-69 4.72 
77.27 49-75 5-90 
79.24 51.13 7.08 
77.07 50.81 8.26 
80.39 52.11 9 .45 
80.90 53.04 10.63 
82.37 53-92 l l . 8 l 
81.75 54.14 12.99 
82.33 53.71 14.17 
82.88 55.10 15.35 
83.43 54.64 

r- • 1 C 
16.53 

81.10 
54.64 
r- • 1 C 17.71 

82.58 55.13 18.89 
82.57 54.62 20.07 
81.76 . 53.81 21.25 
80.22 54.12 22.43 
79.40 52-47 24.79 
81.31 53.78 25.97 
81.88 52.92 27.15 
77-91 51.81 28.34 
78.07 51.97 27.52 
74.51 50.35 30.70 



- 2 0 2 -

100$ Seatearth No. 1 

£ 3. % s t r a i n 
51.48 0 0 
52.99 2.44 0 
55.72 6.09 0.13 
52.79 10.14 0.26 
51.58 12.12 O.64 
47.85 14.45 1.28 
49.82 16.25 2.56 
44-95 16.42 3.84 
44.51 3 7.75 5.11 
42.34 18.27 6.39 
42.00 18.77 7.67 
39-79 19.25 8.95 
36.83 . 18.98 10.23 
35.22 18.71 11.51 
37.88 19.86 12.79 
37.17 19.57 14.06 
37.38 19.28 15.34 
34.82 18.65 16.62 
33-35 18.70 17.90 
33-56' 18.40 19.18 
32.86 17.79 20.46 
31.97 17.82 21.74 
311.10 17.53 23.01 
33-04 17.55 24.29 
32.31 18.16 25-57 
34.23 18.14 26.85 
31.69 17.54 28.13 
30.23 16.25 28.64 

100% Seatearth No. 2 

£ 3. ^ s t r a i n 
50.05 0 0 
54.37 8.02 0.40 
54.51 11.45 0.53 
54.61 15.24 0.66 
49.09 18.97 1.06 
45.03 23.15 2.65 
42.85 . 23.57 3.97 
40.16 25.43 5.29 
39.77 25-79 6.61 
38.05 25.43 7-94 
36.46 26.11 9.26 
37.20 26.76 IO .58 
34.96 26.36 11.90 
34.80 26.63 13.23 
34.82 26.22 14.55 
33-39 25.81 I .5.87 
33.12 26.05 17.19 
33-33 26.26 18.52 
32.60 26.45 19.84 
34.74 26.31 2.1.16 
31.73 26.15 22.48 
34-73 26.30 23.81 
32.28 26.12 25.12 
33.74 27.08 26.45 
34.36 27.71 ' 27.77 
33.31 26.65 29-10 
^3o8 27.23 30.42 
32.87 26.71 31.74 
31.25 24.84 32.54 



- 2 0 3 -

100# Seatearth No. 3 

I 3. % s t r a i n 
48.62 0.00 0.00 
51.16 9.10 0.25 
48.28 13.62 0.49 
48.16 15.77 1.23 
38.30 21.13 2.47 
30.80 20.86 3.70 
31.81 23.13 4.93 
28.40 22.83 6.16 
28.44 24.64 7.40 
30.60 25.70 8.63 
28.41 23-70 9.86 
28.06 25.68 11.09 
28.62 26.66 12.33 
30.06 27.93 13.56 
29.05 28.19 14.79 
29.97 28.09 16.02 
28.11 27-99 17.26 
31.17 29.12 18.49 
33.36 29.29 19.72 
31.06 28.84 20.96 
30.78 28.98 22.19 
33.35 29-11 23.42 
29.45 28.07 24.65 
31.96 28.73 25.89 
31.49 28.26 27.12 
j \ j • \J\j np c- i • f 0 28.35 
29.52 27.30 29.58 
24-79 23.75 30-57 

50 AB/50SE No. 1 

£ a. ^ s t r a i n 
60.06 0 0 
61.91 I . 8 5 0 
62.27 2.21 0 
65.55 11.04 0.24 
64.82 15.44 O.36 
59.57 19.44 0.66 
53.80 23-34 1.19 
51.14 25.22 2.38 
46.88 24.91 3-57 
4.5.82 24.60 4.76 
45.17 24.29 5.95 
45.72 2^.67 7.14 
44.99 25.71 8.34 
44.57 26.04 9-53 
46.31 26.69 10.72 
47.10 27.31 11.91 
47.68 28o 22 13.10 
48.60 28.47 14.29 
50.55 29.32 15.48 
52.15 29.83 I 6 . 6 7 
53.73 30.31 17.86 
51.80 31.07 19.05 
55.25 31.49 20.24 
57.67 31.89 21.43 



50AB/50SE No. 2 75 AB/25SE No. 1 

3. ^ s t r a i n 

52.91 0 0 
55-08 5.87 . 0.47 
52.60 14.99 0.83 
47.44 I8 .58 1.19 
38.22 20.88 2.37 
36.07 21.33 3.56 
37.18 21.77 4.74 
36.OO 21.85 5-93 
36.00 22.60 7.12 
36.30 23.66 8.30 
36.84 24.03 9.49 
37.68 24.70 10.67 
38.50 25-35 11.86 
37.86 25.97 13.05 
38.41 25.93 14.23 
39=26 26.19 15.42 
40.72 27.06 16.61 
41.11 27.28 17.79 
40.98 27.48 18.98 
38.89 27.67 20.16 
38.57 27.26 21.35 
38.66 26.85 22.54 
38.67 27.28 23.72 
40.17 27.68 24.91 
40.37 27.79 26.09 
40.01 27.35 27.28 
39.56 26.90 28.47 
38.10 26.45 29 .65 
37.15 25.50 30.84 

I a ^ s t r a i n 

57.70 0 0 
61.73 6.38 0.93 
64.69 14.89 0.93 
67.62 23.37 1.05 
69.28 26.88 1.17 
69.09 30.39 1.28 
68.88 33.88 1.40 
72.09 37.93 1.86 
74.38 43.00 2.33 
81.25 48.35 3.50 
82.82 51.18 4.66 
84.64 52.92 5.83 
86.83 53.59 6.99 
87.39 54.57 8.16 
87.25 54.85 9.32 
88.51 55.10 10.49 
88.32 55.33 . H . 6 5 
89.54 55.54 12.82 
89.51 55.51 13.98 
88.73 55.57 15.15 
89.58 55.41 16.32 
88.98 55.23 17.48 
88.36 55.03 18.65 
89.16 54.82 19.81 

88.51 54.59 20.98 
89.04 54.62 22.14 
87.85 54.35 23.31 
88.07 54.06 24-47 
87.77 53.76 25.64 
87.20 53.70 26.80 
87.04 53.62 27.97 
87.10 53.77 29.14 
86.70 54.38 30.30 



- 2 0 5 -

75 AB/25 SE No. 2 

. £ ^ s t r a i n 

55-77 0 0 
58.80 6.75 0.25 
61.64 15.12 0.55 
61.77 22.65 0 .47 
61.59 25.97 O.58 
61.90 29.25 0.82 
60.68 51.65 1.17 
60.07 54.57 2.54 
59 .71 54.97 3.50 
60.94 56.95 4.67 
60.24 56.50 5.84 
60.52 56.85 7 .01 
59.88 57.14 8.17 
61.26 57-45 9-34 
61.05 58.46 10 .51 
65.94 40.19 11.68 
63.58 59-66 12.84 
63.24 40.58 14 .01 
59.70 40.74 1^.18 
64.73 40.89 16.55 
64.75 40.52 17.52 
65.72 41.12 18.68 
64.96 41.20 19.85 
65.20 41.27 21.02 
64.76 40.66 22; 19 
65.95 40.69 25.55 
65.99 40.71 24.52 
65.14 40.70 25 .69 
64.28 40.68 26.86 
65.OI 41.24 28.02 
64.69 41.17 29-19 
65.45 41.08 50.56 

•80AB/20SE 

£ £ ^ s t r a i n 

50.05 0 0 
50.58 4.15 0.12 
51.80 8.73 0.24 
55.16 16.73 0.35 
53.35 26 .01 0 .94 
51.95 25.95 1.18 
51.87 29 .91 2.36 
51 .81 50.60 3.54 
57.28 54.05 4.72 
56.05 35.00 5.90 
58 .81 35.24 7.08 
57.86 35.13 8.26 
56.22 35.34 9.43 
57.74 35.85 10 .61 
59.57 56.67 11.79 
58.87 5 6 . 8 1 12.97 
6C.94 56.94 14..15 
62.17 57.67 15-33 
60.60 57.45 16 .51 
57.60 57.22 17.69 
58.79 36.98 18.87 
58 .71 37.52 20.05 
56.88 37.34 21.23 
57.75 36.78 22 .41 
57.70 36.22 23.59 
5 7 . 3 1 36.76 24-77 
55.54 35.92 25-95 
54.09 34.55 27.13 
54.37 35.99 28.50 
56.14 52.40 29.48 



-206-

85AB/15SE 

£ 3. /^strain 
51-48 0 0 
55-18 4-62 0.23 
61.25 13.47 0.59 
62.00 16.99 0.70 
64.40 21.24 0.70 
66.09 24.78 0.70 
67.29 26.91 0 .70 
67-52 28.99 0.82 
67.80 3-1.12 0.82 
68.25 32.49 0.94 
68.52 34.61 0 .94 
69.67 36.69 1.06 
69.18 38.05 1.17 
69.40 40.12 1.29 
69 .61 42.18 1.41 
69.O6 43.48 I . 6 4 
72.26 46.18 1.88 
73-71 48.05 2.35 
76.27 50.52 2.94 
78.12 52.28 3 .52 
78.43 54.36 4.70 
78 .61 54.37 5.8? 
82.09 56.34 7.05 
82.03 56 .61 8 .22 
84.16 58.15 9.39 
84.34 58.67 10.57 
84.60 58.84 11.74 
85.15 60.23 12.92 
85.96 60.03 14.09 
86.15 59 .21 15.27 
85.27 60.18 16.44 
84.80 59.63 17.61 
84 .33 59 .07 18 c 79 
82 .55 58 .21 19.96 
83 .04 58.20 21.14 
81.67 57-34 22 .31 
81.08 56.74 23.49 
80.12 55.87 24.66 
79-16 55-00 25.83 
77.20 54.13 27.01 
77-27 54.28 28.18 
74.78 52.39 29.36 

100% Shale No. 1 

£ 2. % s t r a i n 
48.62 0 0 
52.60 8.19 0.25 
52.45 ' 17.80 O.63 
47.75 21.42 1 . 01 
44.55. 22.84 1 .26 
36.04 24 .01 2.52 
34.83 24.06 3 .78 
31.76 24.10 5.04 
30.96 24.13 6.3O 
31.57 24.15 7.56 
31.75 25.18 8.82 
31.58 24.83 10.05 • 
31.97 25.14 11.34 
31.70 24.79 12.60 
29.50 24.43 13-86 
29 .1^ 24.07 15.12 
30.84 23.34 I6 .38 
30.05 23-97 17.64 
28.68 23.61 18.90 
28.60 23-53 20.15 
28.78 22.87 21 .41 
26.08 21-35 22.67 
24.70 21.57 23-93 
25-32 21.77 25.19 
23.18 19.63 26.45 
26,67 22.12 27-71 
26.28 21.23 28.93 
27.19 22.13 30.23 
25-11 21.99 31.49 
27 .14 22.58 32-75 
26.20 22.65 34 .01 



10C$ Shale No. 2 

£ 
97.24 

103.92 
106.07 
104.51 
100.40 

95.14 
91.29 
87.30 
71.27 
68.19 
66 .71 
65.22 
63.39 
66.13 
68.20 
67.02 
67.26 
66.33 
64. b2 
66.03 
65 .21 
64.18 
65.OO 
61.53 
61.18 

. 58.15 
56.66 
52.65 
51 .21 
48.53 
49.88 
51.44 
53.73 
53.60 
53.07 
54.97 
56.99 
57.00 

0 
6.68 

16.33 
25.94 
29.23 
33-22 
35.35 
37.84 
38.45 
39.40 
39.60 
39.79 
40.65 
41.47 
42.26 
42.35 
42.42 
40.32 
41.87 
41.27 
41.28 
40.67 
4-0.06 
39.54 
38.26 
37-66 
35.93 
33.69 
32.59 
31.51 
32.02 

32.15 
33- 02 
33 .81 
34- 20 
35- 09 
3 6 . l l 
37.13 

S t r a i n 

0 
0.25 
0.25 
0 .37 
0.49 
0.74 
0.98 
1.23 
2.45 
3.68 
4.90 
6.13 
7-35 
8.58 
9.80 

11.03 
12.25 
13.48 
14.70 
I 5 . 9 3 
17.16 
I 8 . 3 8 
19 .61 
20.83 
22.06 
23.28 
24 .51 
25.73 
26.96 
28.18 
29 .41 
30.27 
30.63 
31.12 
31.37 
3 1 . 6 1 
31 .61 
31 .61 

http://36.ll
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APPENDIX IV 

RESULTS OF CONTROLLED LOAD TES 

ON FINE DISCARDS 



- 2 0 9 -

Peckfield Sample No. 12 Peckfield Sample No. 13 

£ %s t r a i n £ £ $stra] 
47.31 0 0 100.19 0 0 
50.98 5-^6 0.28 104.06 7.45 O.56 
53.76 10 .91 0.28 105.23 12.19 O.56 
58.28 16.32 O.56 106.40 16.93 O.56 
61.04 21.76 O.56 108.96 21.67 O.56 
64.69 27.20 O.56 109.38 25.66 O.84 
68.08 31.87 O.84 109.42 31.06 O.84 
72.68 37.66 1.66 111.37 36.68 1.12 
75.24 40.12 2.24 113.57 40.95 1.40 
75.08 41.64 3.37 112.56 4 6 . 1 9 1.68 
74.36 41 .81 4.49 118.06 50.59 2 .24 
73.62 41.96 5 .61 116.35 50.67 3.36 
75.00 42.74 6.73 110.40 50.08 4.47 
74.49 42.23 7.85 106.50 50.14 5-59 
76.84 43.58 8.97 103.72 49-54 6 .71 
75 .91 43.04 10.10 105.74 51.46 7.83 
75-37 42.50 11.22 103.33 50.84 8.95 
74.54 42.57 12.34 98.14 50 .21 . 10.07 
73.99 42.02 13.46 103.40 50.80 11.18 
75.12 42.65 14.58 103.76 50.16 12.30 
74-16 42.09 15.70 103.61 49.52 13.42 
74.60 41.53 16.83 102.08 48.88 14.54 
73.60 41.53 17.95 102.51 48 .81 15=66 
74.14 40.96 19.07 103.76 48.16 16.78 
•74.57 40.39 20.19 108.34 48.08 17.90 
72.57 39-29 21 .31 IIO . 9 7 47-42 19.OI 
74.43. 39.26 22.44 113.60 46.77 20.13 
72.94 38.17 23.56 115.69 45.58 21.25 
72.88 37 .61 23.56 116.90 44 .40 22.37 
72.88 37 .61 24.68 119.04 43.76 23.49 
72 .81 36.54 25.80 122.18 43.12 24 .61 
74.25 35-99 26.92 125.71 41.98 25.72 
74.70 35-43 28.04 129.25 40 .84 26,84 
74-66 34.40 29.17 129.63 40,22 27.96 
nc C -7 
1 J ' V j 3-POV 30.29 131.82 38.63 29.08 
79-55 31 .31 33.65 136.30 37-55 30.20 
8 1 . 9 1 28.68 36.46 146.72 34.84 33.55 
84.80 26.59 39^26 154.73 32.50 36.35 
84.48 24 .57 42.07 170.58 30.66 39.15 
84.00 23.38 44.87 179.51 29.25 41.94 
8 2 . 3 1 21.47 47.68 172.37 27-47 44.74 
74-35 19.87 49-92 161.54 23.77 48.65 



- 2 1 0 -

Peckfield Sample No. 14 Peckfield Sample No. 15 

I ^ s t r a i n £ ^ s t r a i n 
202.09 0 C 50.09 0 0 
203.48 1-39 0 53.16 3-96 0.28 
211 .77 9 .69 O.56 57-70 11.18. O.56 
215.74 15 .91 O.56 61 .21 15.08 0.84 
217.64 20.06 O.56 66 .90 20.27 1.12 
223.17 25.60 • O.56 71 .41 27.46 1.12 
222.72 29.66 O.84 76.62 34.46 1.69 
225.88 35-18 O.84 81.22 40.84 1.97 
228 .44 39 .90 1.13 87.28 46.41 2.53 
229.43 45.40 1.13 92 .14 52 .55 3 .09 
230 .27 50.76 1.41 96 .29 56.70 3 .65 
230.56 55 .56 1.41 98.36 58.27 4 .21 
232.93 60 .19 1.69 IOI . 8 4 61.26 4 .50 
233.89 65.66 1.69 101.93 62.78 5 .06 
234.16 70 .45 1.69 105.73 65 .14 6 .18 
231.96 75.02 1.97 106.78 66 .20 7 . 31 
231.32 78 .89 2.25 108.82 68.23 7 .87 
229.37 82 .48 2 . 8 1 110.83 70.74 8 .43 
214.01 80.67 3 .38 112.58 71 .99 9-27 
212.17 84 .38 4 .50 117.07 75.48 10.12 
206.?5 84.70 5 .63 II608O 75 .71 11.24 
211.37 85.63 6 .75 118.16 77 .07 12.36 
215.05 84 .60 7.88 117.99 77 .80 13.49 
215 .24 83.57 9 .00 116.98 76 . ?9 14 .61 
215-43 82 .53 10.13 115.69 76.89 15.74 
211.52 80 .88 11.25 119.65 78.07 16.86 
211.12 79 .25 12.38 117 .44 78.64 17.98 
211.33 78 .23 13.50 117.97 79.17 i 9 . l l 
208.05 77 .21 14.63 115 .87 78.07 20 .23 
208.26 76.19 15.75 114.77 76.97 21.36 
210.15 74-60 16.88 115.07 76.38 22.48 
206.31 73 .02 18.01 121.41 80.83 23.60 
206.54 72 .02 19.13 124.11 30.63 24.73 
206.7^ 71 .01 20.26 122.50 79.92 25.85 
208.70 69 .46 21.38 120.79 78 .71 26.98 
208.93 68.47 22 .51 119.56 77 .97 28.14 
214.37 66.94 23 .63 117 = 3'' 76,75 29-22 
217.57 65 .43 24 .76 I I 6 . 5 8 76.00 30.35 
223.05 63 .94 25 .88 
226.28 62.46 27 .01 
228.30 61.00 28.13 
228.57 60 .04 29 .2? 
231.36 58.12 30.38 
246.27 54 .38 33.76 
250.24 51.19 36.57 
265.78 48.07 39-39 
260.48 45 .04 42 .20 
253.78 42.85 45 .01 
2 i 3 . l l 37 .02 47.83 

http://i9.ll
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Peckfield Sample No. 16. 

$s t r a i n 
105.75 0 0 
108.18 9.46 0.55 
107.58 16.90 0.55 
107.82 18.93 0.55 
108.76 24.33 0.55 
110.06 28.31 O.83 
109.55 32.27 1.10 
111.35 34-95 1.10 
111.81 38.99 1.10 
112.60 41.56 1.38 
113.72 43.57 1.38 
115.73 48.26 1.38 
117.37 53.48 I . 6 5 
120.93 58.62 I . 6 5 
12*1.20 62.48 2.20 
128.43 67.61 2.48 
132.21 71.38 2.76 
136.03 73.82 3.03 
140.66 77.55 3-31 
150.01 8 5 . l l 4-41 
163.57 93.2,: 6.06 
163.92 92.67 6.61 
166.40 91.58 7-72 
182.86 107.84 8.82 
192.23 111.43 9.92 
192.86 110.07 11.02 
191.ql 109.90 12.13 
187.17 106. 6 13.23 
191.10 108.31 14.33 
193-43 108.64 15.43 
198.01 IO6.65 16.54 
196.61 103.57 17.64 
198.76 101.63 18.74 
200.07 91.16 19.84 
205.37 95.90 22.05 
212.42 90.61 24.25 

0 q. 2b. 46 
241.31 77-34 29.76 

Peckfield Sample No. 1? 

£ a • ^ s t r a i n 
202.09 0 0 
201.74 4.17 0.30 
203.42 10.36 0.71 
211.15 24.86 0.91 
210.77 29.00 0.91 
214.54 37.29 0.91 
213.85 43.37 1.22 
215.53 49.56 1.22 
217.21 55.76 1.22 
214-^8 61.95 1.22 
211.34 67.94 1-52 
208.48 74.11 1.52 
207.64 80.04 1.82 
206.76 85.93 2.13 
203.58 91.78 2.43 
195.55 97.29 3.04 
201.18 102.72 3.65 
192.75 102.08 4.26 
198.54 111.37 4.87 
196.82 111.91 6.08 
194.73 114.34 7.30 
192.88 114.75 8.51 
195.13 117.00 9-73 
195.42 117.28 10.95 
196.07 115.68 12.16 
196.73 114.08 13.38 
199.64 112.48 14.60 
198.54 109,12 15.8.1 
201.66 .111.01 17.03 
202.97 111.09 18.24 

"•200.74 111.12 19.46 
205.00 109.44 20.68 
202.29 107.77 21.89 
203.84 104.41 24.33 
200.78 98.70 27.37 
213.24 94.56 30.41 
219.59 89.04 33.45 
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Peckfield Sample No. 18 

£ 3. ^ s t r a i n 

58.44 0 0 
60.81 1-3? 0.28 
63.20 10.91 O.84 
64.36 15.63 1.12 
65. 49 20.33 1.40 
65.63 24-94 1.96 
66.12 28.90 2.24 
69.78 28.56 3.36 
69.55 28.23 4.48 
67.93 27.90 5.60 
66.21 27.57 6.72 
62.73 27.87 7.84 
63.18 27.54 8.96 
60.46 27.20 10.08 
60.8k 28.08 11.20 
£1.30 28.33 12.32 
63.32 27.97 13.44 
62.07 27.60 14.56 
59.82 27.24 15.66 
62.67 28.60 16.80 
62.49 28.21 17.92 
6 2 . l l 27.83 19.04 
C "i n o 
U l • /'d c ( . «+H ~»r* ~i r-

C\Jm X-J 
61.34 27.06 21.27 
60.45 26.67 22.39 
59.57 26.29 23.51 
60.58 25.90 24.63 
61.82 26.54 25-75 
62.13 26.64 26.87 
64.22 25-74 27.99 
63.03 25.34 29.11 
61.36 24.46 30.23 
62.93 22.82 33-59 
58.95 21.43 3609 
57-59 20.06 39.19 
54.38 18.74 41.99 
51.61 17.08 44-79 
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Abc.'.••:!.-.;• i t Saivnlo 2 

P.; 

90,59 . • 0 0 
CO - 55 0 0 
83.35 0 0.11 
89.09 5.27 0.j$l> 
66.33 5.2.7 On 3/.;-
87.^} 10.53 0 t/;5 
^ ^ • - •;0.53 0.J.5 
86.56 1/i,02 O.56 
8/1.30 1/i.02 O.56 
C'r 7 

U f . /"-•_> 15.77 O.56 
86.77 17.53 0.5^ 
85.7^ 21.01 0.68 
8^21 22.73 0.79 
82. M 2h. ;:6 0.9 
80.13 ^..'!.3 1.01 
80.02 29,63 1.13 

29.56 1.:>5 
81.39 31 »23 1.58 
79.06 . n 

' l - .O 
CO. 62 32.13 /i«06 

75.56 31.19 6,88 
78.26 •0.21 9.0 1 
67.32 11,83 
6/^27 2?. 7': I K 2 
6l.22 27.94 I V J . 5 ^ 
53*>:3 •>.*: 0 5 19.61 
5':- 17 . 22.65 
50*51 25.. 03 ••>£! O R 

Abcrrv-jnt Sr-jmle /-
i > ' ' 

1 2 5 * ™ 
127.02 
•121*53 
117*98 
117.96 
115.03 
117« >3 
118.15 
1l5»6i 
112.03 

111.77 
IIO .83 

1C6„0/, 
106.71 
10/;. 
105.71 

0 
6. 10. 

.'•r> 
12.0.0 
19.61 
l3.<)4 
23.64 
2/1.32 

'J r\r-t 

,.0 « 1 
.-.0. 
2::. 25 
50.27 
30,9 ;' 
50.90 
3*). ' - O 

u 
0.11 
0,11 
0.22 
0.33 
0.33 
O.UU 
O.hh 
0.55 
r> r..i~ 

0.66 
0,76 
0.07 
0,87 
Or 37 
0.\'8 

IT)To 3 

£ #.'.itrnin 

58. Vi 0 0 
53.81 7.51 0«/|4 
60 12.27 0.55 
57.99 12,94 O.67 
57-99 12.9'l O.67 
57.3': 14.96 Oo73 
57.57 16.53 0,89 
56.21 I.Jo / 1*1 
56 18.98 1»1 1 
56 20.27 
5'!. 12 20,1o 1,89 
5^.53 22.76 ••> ? '.' 

53.92 21.8*. 3.44 
52. >;6 21.57 4.66 
50.95 21.24 6.1 
52..hh - 21c 42 8,10 
*8.98 20.. 72 11.0'? 
'18.15 20.18 15. 
45-82 19.6/) 15.75 
45-33 19-04 i°. v i 
43.0 18.39 21.07 
42.91 17,70 2/;. 0? 
41.71 16.79 27«.55 

p q 
153. .30 0 0 
154-65 3.41 
154.92 yJ • 1 *- 1./-7 
152.2/i 1 . ? 1 • /.7 
150.87 17.68 1.76 
149.54 • • ) V no 

i- J 0 I i -
1.76 

147.44 07 .p.o 2,05 
7, 53^2.2 2.0 •; 

128.7;2 -x>. 41 2.6.'; 
126,/.; 6 - r 1 •'-"•'•t 
I.25.O6 41. yo 2.6/. 
116.16 •'-1.66 2.95 
110„88 45.41 3.52 
111.59 45.00 
102.17 
97-77 J-.6.02 8.. 50 
90.13 '3.99 11.?.': 

42.97 
8/;.9'' 42.09 15>53 
79.06 40.92 17,50 

65.06 41-50 21.12 
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hboi-:v:Xit r-.lc: !<. cont.„.. Abcrnrnt S^Jiinle 6 cont..., 

J i h 

101.49 2.07 77.29 26.11 
95-49 34.09 P O O 72.91 36,05 29.63 

33»6b 71.43 33»55 34.03 
35 c 97 6.99 70.44 31.12 37.55 
34.71 11.79 77.34 27.61 44.59 
33.65 15.94 

83. 41 l ci . 6 5 
87.01 55-66 2: . 49 
82,."50 30.82 26.75 

Abe'-trait £on-do Aboi ' i i M 9 • 

n u a S t r a i n 

222*29 0 P 271.77 0 0 
<.-£.<& . 1 ..93 0 261.6O 7.89 0,86' 
-> •'••' /'a ' . 7.26 0*29 247.05 16.94 1 (_) 
0 " ^ V 11.83 0.29 248.43 19.55 !• O 
222.95 17.81 0.29 22,74 0 OP 
221.55 10..47 0.29 246.1/i .''1«"5 2.02 
219-79 t . , J . I JO 0.53 236.6 .1 1. >.:• .-.,02 
216.02 20,95 0.53 250.52 65.87 f_ it ,1 

219.88 3-K50 O.58 212.27 
216.77 37.50 O.58 207.15 n r « .-, 

{ / m i l 
-» >i r i 
P« !|' 

210.18 ' ' V " ' : — 0.5S 191-30 75.08 4.03 
210,55 49.34. 0 u 175c03 7'4.63 • 4.61 

55-10 0.87 165.64 73. 6.53 
197.60 5 ' - .y ' ! . C.37 153.91 74 c 64 
19':. '-'7 60.35 O.67 141.11 74. yo 12.58 
iSiS.S? 59.52 1.16 131.99 74.- 26 16. 4.1 

64*75 1.16 129.53 73.04 19.00 
175. .56 66.-52 1. /-5 129.43 71-73 22.17 
16?.24 66.97 1.74 124,66 71.65 23.89 
•1 i . f i - v - I V ? . 1 ^r-. 3 - 4 ? 125.53 71.2o 25.33 

6^25 3w6 120,39 69.6/1 , „ s 
t\.'( - \JO 143.24 65.0 4.05 122.5? 75.69 29.65 

.146,35 61, ,12 4.05 115-72. 68.89 53-59 
'356.45 73.01 4.05 113. ''4 66.51 yj' {J 
154-61. 77.73 5.21 113*93 64.01 37.71 
1-';.0. ';D 70.03 7.81 111.45 61.72 39.15 
147.59 77-51 1 >-' « ! > 107.93 60./-6 41.17 
14/1.04 7 4-93 12.15 107.33 53.69 42.39 
144-57 75-25 14. l£ 10': .31 55.10 43*47 
; ' : u i . ' 1' v.— • • ^ 16.79 
1 ' '•: .» ,• i< 67«9;> 19.10 • 
138.8 6> 2 1 . ^ 
155.93 61.13 
•1";o. ;:6 56.2 ?9.iV| 
154.65 •V • (.' 1̂ 36.18 
•132.54 46.10 59.9'1 
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_ „ n _J^.§v£r^\ 

55.7k 0 0 
59-02 6.3? 0 
58.3 10.55 0 
6?.. 38 23.92 0 
62.fcG 22.51 0 
71.19 32,27 O.28 
73.76 45.13 1.11 
81.53 . 52.73 1.39 
83 51-S3 1.67 
84.71 5-'. 11 1 . 67 
8303 56.73 1.67 
87.66 62.09 1.95 
9S.35 75 .8: 1.95 
96.00 71-5'' 2.23 

100.21 75.-7 2.2.3 
100.63 76. Vi 2.50 
106.62. 82*03 2.73 

'105.93 81,59 2.70 
•105.25 "0.71 2.78 
110.04 05,50 2.70 
116,70 99,97 .2.34 
125-3? 110.09 3 .9 
113.82 97.08 4.1? 
113-2? 97.75 'si? 
131..'-'5 116.97 h.h5 
135*5 1^.3 5-01 
140.0-3 12C89 5,57 
142.72 132*75 6.12 
153.60 1V...66 6.96 
157.70 155.28 • >j.07 

Abcrn«!it SntTiple 13_coni:. >. 

230.4 203c 41 ' 20. Mi. 
239,99 203 ..97 ;>i,?7 
250.11 203.93 25.69 
264..84 194.17 30.11 
262.99 181.42 31.77 
245.̂ :6 157-52 32,05 
240.64 152.09 32.05 
389.14 153.19 45.o6 

r'<: r,:-vro1 « ' 1 ? 

> L. . % s t r a i n 
97-55 0 0 

109.78 25*76 0.7:1 
IO5.2.6 35,92 O.64 
104.22 39.29 0,74 
104.77 37.59 0.74 
107.64 42.71 0.7'; 
109.66 56.02 1,33 
114.17 56.02 1.38 
110.16 5>;e26 1.48 
119.16 64.30 1.70 
116.84 64.23 1.80 
127.78 SO. 52 2.5'* 
124.5': 88.21 C.48 
120.94 "0.10 12.19 
120.48 79.65 1/i.31 
116.89 78 ..31 17.28 
117.06 74. 80 20.93 
121.53 64 c 15 29 060 
Abcrnant ^sj-T—c_ 13 

$ ' t i l 0 , r e t r a i n 
73.17 0 0 
81.23 25* '--6 0 
84 c 25 /-•7.20 1.11 
94.36 71.33 1.93 

102.79 73.3'! 2.21 
95->0 79 *7S 2.49 

10-0.44 89.25 • 3.O4 
IO7.82 .'.0 3c 32 
113.19 106.51 3.87 
115c14 106.20 4.U 
131.74 129.58 '-.97 
132.87 128,43 5.80 
130.96 122.03 5.80 
140.21 131.23 6,08 
144.73 131.28 6.03 
153.11 1'r;1./.3 7.46 
160.69 155=04 7.13 
159.91 150.93 7.7': 
181.23 175.58 8.34 
181.33 172.45 9.67 
187.61 176.42 10.77 
195.77 182.31 11.60 
200.64 132.67 12. "16 
2.06.93 188.96 12.17 
221.55 104.54 13-5'' 
203.57 177.80 15.19 
234.21 20/1.76 16.53 
233-78 205.56 19. Co 
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Ahorrr;, .c 14. Aborn-'.nt: fr.wrjle J5 
j [ l i ^ ^ J i l __J.L %J, 
79.92 0 0 305,62 0 0 
70.05 1.41 0.00 318.53 11.52 1.12 
t) , r,— 
0 i « 0 

23.90 o. 29 313.05 21 1.12 
71.51 23.19 0.29 313. 6 27.10 1.12 
70.66 24. 60 0.29 309.55 3 > i l 1.4 
76,83 49.9 0c29 301.56 26.35 1.4 
65; .oo 47.79 0.29 307.27 39,86 1.4 
64.44 0.57 296.14 27.70 1*4 
57. 67 0.57 289.32 50.53 1.63 
50.12 ' 96 J 1 2 o 0 2o4.42 75.7 2.24 
59-39 T i l . 

^ • ! 1' . 1 h -.02 274.05 74.36 (in?. I] 

.?CJ• 20 92-63 5-46 256.35 73.69 2.24 
21.0/i 92,16 6.61 256.-63 2.52 
11.25 U.<?3 257.37 1J0. v7 3.64 
iO.O?. 99-17 18,67 • 250.59 95.64 '4,::o 
J 1.57 0 9 C.f. 20,7/) 244.36 94-63 4.76 
'6.00 21.54 242.32 94.35 5.04 
"•.25 or.i i", 1. 22.40 94.07 5.3:2 
:«9.93- Cn I ' . " - . > f • .-'J 23" 55 233»77 93^ 0 q <•% 
' 9 * 9 ? 99.73 2/u?0 241.0 .105.15 ?.o 

90.26 :v '-. I". 
<-.' • 222.84 102.2 1/.,28 

99 2;',23 201.9 19.32 
96.9? | #.. 138.50 O O '1 ~ 2/..6.'-

£.40 100.01 vn ,1, i, 174.19 81,08 30.80 
^ 1 R 

i-Ju '-O 
f «.'-• " . 0 

• •> ' 164.92 69- ?9 3^.21 
y, 'A). 95*82 165.20 57.80 \,'~J - 1 

8,10 97.fi'..' 43.03 
9.21 97.77 

Abarnant S^wnlo 16 

5.60 
i.01 
i f . 34 

-.07 

f - . ( - r, .-, 

91.6 
98.99 
96.81 

10':. 

114.92 
113.20 

2.21 
-1 1. ' \ 

2.?'6 
3.59 
4. 14 
4r42 
5.52 
' ' i J 

d s. * 
S a i \ 

4«53 0 0 191.48 119.3? 10.22 
4*54 16.79 0,2.3 189,53 •.-.8.66 11.3? 
3.36 31 ••••'•'9 o..;-"' 193.55 123.7'i 13.53 
5.76 31.80 0.55 188.56 VI9.76 16.29 
-x 16 i;r. 

> • " 1 1.10 1S4.72 118.57 1/3.23 
3,01 51.U0 1.10 190.59 121..76 19.61 
. - /f rx }* *Jv • i . 10 '107 .72 113.01 24.03 
5.75 55.60 1.10 193.6 <-, . O r ::6.45 
1.05 fir: 

-'5-V^ 1.93 239.': 4 67.4B 480 60 
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