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A STUDY OF SUBSIDENCE AT THE SAN MANUEL MBS 
TIQ£Rt .ARIZONA

CHAPTER I - INTRODUCTION 

Location of the Mine

The San Manuel Mine is one of the newer large copper mining ventures 

in the world and is expected to produce approximately 70,000 tons of copper 

per year when in fell production* This important mine lies jest to the 

south of the town of Tiger, in Pinal County, Arizona. The mine may be 

reached by travelling northward from Tucson on U. S* Highway 80 to Oracle 

Junction and thence to the northeast on State Highway 77 which passes 

through the Sea Manuel area between the towns of Oracle and Mammoth. The 

total distance by road from Tucson is 46 miles; Figure 1 shows the loca

tion of the property in relation to the Tucson area.

The concentrator, smelter and the company owned town of San Manuel 

are located about eight miles south of the mine* A paved read connects 

these installations with the mine and State Highway 77*

The climate of the San Manuel area is semi-desert, characteristic of 

the southwestern United States* The temperature rarely drops below zero, 

and during the summer months the temperature reaches 100 degrees or better 

during the day. However, the year around climate is best described as ex

cellent* The average elevation in the mine area is 3,000 feet above sea 

level, and the topography is moderate with a network of arroyos or washes 

cutting the alluvial slopes of the San Pedro River Valley* Vegetation in 

the area consists of various cacti and shrubs; the dominant growths are 

cholla, saguaro cacti and greasewaod.
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Field Work and Acknowledgements

Approximately two days per week were spent in the field from 

November 1956 to March 1957» During this time the peripheral subsidence 

cracks were mapped by plane table methods and other data pertinent to 

subsidence were collected• This work was done under a cooperative fellow

ship agreement with the United States Bureau of Mines.

The writer wishes to express his appreciation of the staff of the San 

Manuel Copper Corporation who have permitted this study and who have so 

generously supplied most of the salient information used in the body of 

the report. Special thanks are extended to J» D. Pelletier, Chief 

Geologist of this company, for his invaluable assistance in obtaining 

these data.

The writer is indebted to W. R. Storms, Superintendent of the 

Southwest Experiment Station of the United States Bureau of Mines, for 

supervising the entire study. Thanks also are extended Professor H. E, 

Krimilauf and Dr. T, G. Chapman of the University of Arizona for their sig

nificant assistance and constructive criticism during the entire research.

History of San Manuel Ts Discovery

Referring to Plate 1, Red Hill lies immediately to the north of the 

San Manuel orebody. This hill originally was composed of highly pyritic 

quartz monzonite and monsonite porphyry. Surface oxidation of this mass 

has caused brilliant coloring of the rocks on the surface. Naturally such 

a prominent outcrop would attract attention from the earliest prospectors 

in the area, but in spite of this strong outcrop little prospecting was
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carried oat because there was little evidence of copper or any other 

economic material. Immediately to the southeast of Red Hill a small 

triangular zone of copper mineralization, mainly chrysocolla, is ex

posed. In this area several test pits were sunk by early prospectors, 
but they were discouraged by the low tenor of the rock.

After the turn of the century, much interest was given to low grade 

copper deposits of large tonnage, the feasibility of working such de

posits was proved at Bingham Canyon, Utah in 1905 by the late Daniel C.

Jadding. Within a short time, this demonstration initiated the mining 

of a series of similar deposits throughout the southwestern United 

States, mainly in Arizona.

The San Manuel prospect probably was investigated by several companies 

in the past, but serious development was not undertaken because of the lack 

of appreciable quantities of ore exposed at the surface. The original San 

Manuel claims were staked in 1925 by Anselmo Laguna and these claims were 

kept in force until their purchase by the Magma Copper CompanyThe 

prospect lay dormant until World War H, when extensive exploration 

programs were initiated by the U. S. Government. By this time the owner

ship of the group of claims had passed to V. Erickson, J. M. Douglas, J. B. 

Burns, B, Giffin, and H. W. Nichols.^ Nichols attempted to promote the sale of

1. Schwartz, G« M., Geology of the San Manuel Copper Deposit 
Arizona, Professional Paper 256, United States Geological Survey, 
1953, p. 42.

2. Ibid. p. 42
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the prospect to several companies without success in the early 1940's,

He then applied to the Reconstruction Finance Corporation to provide 

funds for drilling the property, this application was not approved, but 

Lynn Mersey of the War Production Board suggested San Manuel to the 

United States Geological Survey as a promising copper prospect.** The

8. S. Geological Survey assigned B. S. Butler and N. P. Peterson to 

examine the property which resulted in the first detailed report on the 

area. This report was favorable, and it was decided to have the U. S. 

Bureau of Mines prospect the deposit by churn drilling. Final arrange

ments were made and drilling was commenced by this agency on November 23, 

1943. By February 1945, a total of 15,844 feet of drilling had been com

pleted which showed the probable existence of some 30 million tons of 

copper ore which averaged about 0.80 percent copper.*

The results of this drilling aroused the interests of several mining 

companies. In August 1944 the Magma Copper Company agreed to purchase 

the property from the owners, and that company conducted additional 

drilling concurrently with the 8. S. Bureau of Mines. The San Manuel 

Copper Corporation, a wholly owned subsidiary of Magna, was organised 

in August 1945, and from this date active exploration and development were 

conducted to bring the property into production. Mine production may be

3. Knoerr, A. V., San Manuel - - America's Newest Large Copper 
Producer, Engineering and Mining Journal, April 1956, Yol. 157, p. 77.

4. Ibd», p. 78 >
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said to have commenced with the completion of the undercut of Block 

7-1 in December 1955. The planned ultimate production from the mine 

will be in excess of 30,000 tons per day.

Review of Previous Publications

Subsidence due to underground mining operations is a subject which 

has received study for two reasons: namely, (1) to define the lateral

extent of subsidence at the surface in order to prevent damage to surface 

installations, and (2) to determine the effective angle of draw, that is 

the angle at which rock materials move downward toward an area from which 

rock has been withdrawn. The latter problem is in general of concern 

only to block caving mining operations.

The first studies dealing with subsidence published in this country 

were those describing subsidence over coal mines. These studies differ 

from those on block caving because only a small amount of material was 

removed in proportion to the total depth below the surface. However, the 

information obtained by observing subsidence over such areas has been 

valuable in ascertaining the areal extent of subsidence and related 

phenomena which may appear if any mine opening fails or collapses.

Studies of subsidence caused by block caving were described almost 

from the onset of this mining method which was used first in the 1890* s 

at the Pevabic Mine on the Menominee Iron Range in Michigan. ̂ One of the

5. Ducky, P. B., Mining by Block Caving, a series of articles 
reprinted- from The Explosives Engineer, published by the Hercules 
Powder Company,. 1945.
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early detailed descriptions on block caving subsidence was a symposium 

published in the Transactions of the American Institute of Mining and 

Metallurgical Engineers*® However, there were two important descriptions 

prior to the afore-mentioned symposium worthy of mention: namely. Rice's?

studies on general mining subsidence and Madennant s® description of sub

sidence at the Miami Mine, Arizona*

Most of the earlier publications gave values of 45 to 80 degrees for 

the angle of draw* Several of the more recent publications describe the 

angle of draw as being much steeper, almost vertical above the undercut 

area* (he of the most concrete arguments for the vertical angle of draw 

theory is the excellent paper by Vanderwilt describing the subsidence at 

the Climax Molybdenum Mine, Colorado*®

A review of the publications mentioned indicated that two basic 

theories exist concerning subsidence and the associated angle of draw 

over block caving mining areas* Referring to Figure 2a, the earliest 

and perhaps the most prevalent theory which has been advanced defines the

6* Triska, C., Kantner, V* H., et ale. Transactions of the American 
Institute of M in ing  and Metallurgical Engineers, Volume 109, 1934, pp* 
118-230.

7* Rice, 0* So, Some Problems on Ground Movement and Subsidence, 
Transactions of the American Institute of Mining and Metallurgical 
Engineers, Volume 69, 1923, pp. 374-393.

8* Madennan, F. V., Subsidence from Block Caving at Miami Mine, 
Arizona, Transactions of the American Institute of Mining and Metallurgical 
Engineers, Volume 85, 1929, pp. 167-178.

9. Vanderwilt, J« V., Ground Movement Adjacent to a Caving Block in 
the Climax Molybdenum Mine, Transactions of the American Institute of 
Mining and Metallurgical Engineers, Volxsne 181, 1949, pp. .360-370,
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angle of draw as that angle subtended between a horizontal plane and a 

line drawn from the perimeter of the undercut area to the outer margin 

of the surface subsidence® Referring to Figure 2b, the second theory 

suggests that the angle of draw is almost vertical above the undercut 

and widens or bells out immediately below the surface.

Statement of the Problem

The object of the experimental work of this thesis was to study the 

surface expression over the block caving operations at the San Manuel Mine, 

and to correlate the subsidence to the amount and location of ore drawn 

from the various blocks. This correlation should shed some light on two 

problems which concern every block caving operation, namely the effective 
angle of draw and the size of the area on the surface surrounding the 

mining area which has been influenced by the caving.
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CHAPTER II

GEOLOGY OF THE DEPOSIT AND DESCRIPTION CF THE MINE PLANT 

Geology of the Deposit

General

The San Manuel ore body is a disseminated copper deposit in quarts 

aonzonite and monsonite porphyry* The deposit is similar to the other 

porphyry copper deposits of the southwestern portion of the United 

States, Ore reserves of this deposit were listed in 1952 as follows:’*-0

Tons Copper, percent
Sulphide ore 
Oxidized ore 
Total

367.624.000
111.876.000
479.500.000

0.785
0.717
0.769

A minimum grade of 0.50 percent copper is used to define ore at San 

Manuel.

Rocks of the San Manuel Mine area range from PreCambrian to Recent 

in age. All of the rocks, except the Gila(?) and Cloudburst conglomerates 

and recent gravels, are of igneous origin, and accurate age dating is not 

possible. The oldest rock in the area is a quartz monzonite, called the
n

Oracle granite, which is PreCambrian . Monzonite porphyry intruded the

10. Knoerr, A. ¥., op. cit., p. 9.

11. Schwartz, G. M., op. cit., p. 7.
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PreCambrian quarts aonzonite, probably during late Cretaceous or early 

Tertiary periods.* Diabase dikes cut both the quarts aonzonite and 

aonzonite porphyry, indicating it is younger than the oonzonites.

Important copper mineralization occurs in the diabase as well as 

in the quartz monzonite and monzonite porphyry; this indicates the dia

base is pre-ore. k  few andesite porphyry dikes cut the pre-existing 

rocks, and in general these dikes are not mineralized although in a few 

cases weak pyrite mineralization has been observed. According to 

Pelletier,"^ the alteration associated with this mineralization differs 

from that which accompanied the main stages of mineralization, and he 

believes it to be later. The work done recently by Banerjee^ in the 

vicinity of Oracle indicates the andesite is later than the diabase, but 

the age is indeterminate in relation to the basalt and rhyolite. Schwartz 

and Pelletier place the age of the andesite between the diabase and rhy

olite. ' „ , . . ,

Basaltic flows, flow breccia, and agglomerate cover a large area 

to the north and northwest of the mine area. According to Schwartz,1* * * * * 12 13 14

♦According to J. D. Pelletier, Chief Geologist, San Manuel Copper
Corporation, the V. S. Geological Survey conducted age determination
tests on a specimen of this intrusive and found it to be late Cretaceous
in age.

12. Pelletier, J. D., Geology of the San Manuel Mine, a technical
paper presented at the Arizona Section Meeting of the American Institute 
of Mining, Metallurgical and Petroleum Engineers, Tucson, Arizona, 
December 3, 1956, p. 2. . .

13. Banerjee, A. K., graduate student. University of Arizona, 
personal communication..

14. Schwarts, O* M*, op. cit«, p. 12.
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these flows are younger than the diabase# but they are older than the

6ila(?) conglomerate e Patches ef an older conglomerate are overlain by
-

the basalt; this elder conglomerate may be related to the Cloudburst
ISformation described by Pelletier. The Cloudburst formation was cut in 

the western part ef the mine and consists ef a lower member ef inter bedded 

flows, flow breccia and conglomerate# and an upper member of conglomerate6 

This upper member of the Cloudburst formation contains fragments of all 

elder redes of the area. The average strike of this formation in the 

mine area is N 5° W and the dip 30 degrees to the east.

Rhyolites have been intersected underground and nuaerous dikes and 

small irregular bodies ef this rode type outcrop in the vicnity of Red 

Hill. The rbyelite is the youngest igneous rock in the area because it 

cuts the basaltic flow and the Cloudburst formation; Schwarts considers 

the rhyolite to be of Tertiary age.*6

The Gila (?) conglomerate covers most of the mine area and contains 

pebbles and boulders of granitic and volcanic rocks; this formation is 

poorly sorted and stratified. In the eastern portion of the mine area 

this conglomerate is in depositions! contact with the quartz monsomite 

and monsenite porphyry; in the western portion of the mine area the San 

Manuel fault places the conglomerate against the mensonites. The average 

strike of the Gila (?) conglomerate in the mine area is N 50° W and the 

dip 35 degrees to the northeast. 15 16

15. Pelletier, J. C., op. cit. p. 2

16. Schwarts, G. M., op. cit., p. 13
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Structurea

The Saa Manuel fault is the oldest knew posture fault in the mine

area* This is a large lew angle fault which has placed the Gila (?) con-
17glomerate against the quarts monseaite and aensenlte porphyry* Schwarts 

and Steele*® have described this as a normal fault of original steep dip, 

60 to 65 degrees to the southwest; later regional tilting to the northeast,

as shown by the present attitude of the Gila (?) conglomerate, causes the
. ~ ' -

fault surface to have a low angle of dip* In the mine area the average 

strike of the fault is N 66° W and the dip 26 degrees to the southwest* 

Where the fault has been observed underground, the fault zone has from 

one to three feet of red gouge adjacent to the hanging wall, followed by 

five to ten feet of gray gouge along the footwall* The underlying 

monzonites are sheared badly up to 50 feet into the footwall.
After the San Manuel fault was formed and probably after regional 

tilting to the northeast, a series of northwest striking and northeast 

dipping normal faults cut the mine area* The important structures of 

this system are the East, Vest, Cholla and Hangover faults* The first 

three of these are show on Plate 1, but the Hangover fault outcrop is 

obscured in the mime area* This fault, or more accurately mono of 

faulting, was observed in the main haulage drifts underground about mid

way between Shaft 2 and Shafts 3A and 3B* The Vest fault has not been 17 18

17. Schwarts, G. M., op. cit., p. 16.

18. Steele, H. J., San Manuel Prospect, Transactions of the 
American Institute of Mining and Metallurgical. Engineers, Volume 
178, 1948.
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observed in the underground workings, and some doubt exists whether 

this fault extends to the south as far as shown on Plate; 1,

@be important reverse fault has been found in the underground work

ings; this is the Tent Raise fault which strikes *• 59° E, and dips 

steeply to the southeast. This fault is probably later than the north

west system of movements because it displaces the East fault* Like 

the Hangover fault, surface exposure of the Vent Raise fault is not 

evident in the area shown on Plate 1, This fault was detected in the 

underground workings just to the north of the South ore body*

The Ore Body,

As shown in Figure 3, the ore body resembles a huge U-shaped trough 

inclined to the northwest* The northwestern limb is called the North 

ore body, and the southeastern limb is called the South ore body. The 

main primary mineralization consists of pyrite, chalcopyrite, molybde

nite and quartz. The yellow sulphides occur as disseminations and small 

veinlets throughout the rocks in the ore zone, but the molybdenite is 

found only, as veinlets* The quarts monsonite and monzonite porphyry were 

strongly fractured prior to the introduction of sulphides; this presented 

an ideal environment for penetration and deposition by the mineralizing 

solutions* Considerable amounts of quarts were introduced at the time 

of mineralization but in lesser amounts than in most other deposits of 

this type*
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The central zone of the U-shaped ore body is weakly mineralized; 

this zone is called the "hanging wall" by the geological department of 

the San Manuel Copper Corporation* The outer zone# called the "footwall", 

is highly pyritized# but the percentage of copper present is small*

Schwartz has studied the alteration which accompanied the mineral-
19

ization at Sam Manuel* Because surface exposures of the ore body are 

limited# most of this work was based upon examining the cuttings from 

the churn drill holes put down during the exploration of the deposit* 

Schwartz described the alteration as consisting of four types# namely:

(1) kaolinite-alunite; (2) hydromica-pyrite; (3) sericite-pyrite-ehalco- 

pyrite; and (4) marginal biotite* Types (1), (2), and (4) appear to 

have accompanied the earliest stages of mineralization* This period 

was accompanied by the deposition of large quantities of pyrite, and 

the intensity of alteration diminishes in going from type (1) to type 

(4). Schwartz believes the sericite-pyrite-chalcopyrite stage later 

was superimposed on the earlier formed alteration zones*, This later 

period of-mineralisation accounts for the important ore deposition*

The controls of the ore mineralization are not fully understood; 

however, deposition may have favored the area between the hydromicar- 

pyrite and marginal biotite zones of alteration* In addition the 

degree of fracturing may hare influenced ore deposition* The grade 

of ore or type of mineralization does not change appreciably, in passing 

from quartz monzonite into monzenite porphyry; both of these rooks 

apparently were good ere bests. 19

19. Schwarts, 0. M., op. cit., pp. 18-34.
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The upper portions of the ore body here been oxidised; however, 

unlike pany porphyry copper deposits, secondary enrichment is not 

pronounced. This may be due, in part to the sparse sulphide mineral

isation in the hanging wall none. The depth of oxidation varies from 

130 feet below the surface in the vicinity of Shaft 1 to more than 

1,600 feet in the area south of the ore zone.20 21 The zone of oxidation 

does not coincide with the present water table; in places primary sul

phides exist above the water table, while in others oxidation extends
21far below it* According to Pelletier, deep tongues of oxidation 

extend into the ore body along fault zones and some of the rhyolite 

dikes*

Sequence of Events*

The foregoing pages may be summarised by giving a possible 

sefeence of geologic events as follows t

1. Intrusion of the monxonite porphyry into Precaabrian quarts 

monzonite during late Cretaceous or early Tertiary times*

2* Mineralization of the intrusive masses*

3* Erosion which exposed the ore body to oxidation, then the 

deposition of the Gila(?) conglomerate*

4* Formation of the San Manuel fault*

5* Regional tilting to the northeast.

6* Formation of the northwest striking system of faulting, 

followed by atleast one reverse fault striking to the northeast.

20. Schwartz, G. M., op* cit., p. 54.

21. Pelletier, J. D., op. cit., p. 9
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Plant Layout at San Manuel 

Surface Installations.

Most of the surface installations at Sam Manuel were erected for 

the San Manuel Copper Corporation by the Utah Construction Company and 

the Stearna-Boger Manufacturing Company, A 30, OOO-ton capacity flota

tion concentrator and a smelter, designed to produce 70,000 tons of 

copper per year, were built about eight miles south of the mine. The 

site was chosen for the purpose of having adequate tailing disposal areas.

The technical aspects of these installations have been described by 
2 2Knoerr.

A standard gauge railroad connects the mine, concentrator and 

smelter plants. The railroad also extends to Hayden, Arizona where 

it connects with the Southern Pacific Railroad. Ore is hauled from 

the mine to the concentrator by 130-ton diesel-electric locomotives 

using 100-ton capacity bottom dump ore cars.

Referring to Plate 2, service and repair shops are situated on 

the north and west sides of Red Hill between Shafts 1 and 4, These 

shops are capable of performing most of the maintenance and repair of 

mine equipment. Timber framing facilities, compressor installation, 

and an auxiliary power plant are located in this same area. These 

installations make the mine a self contained unit .

A small open pit operation is conducted on the outcrop of the 

North ore body to provide silica flux for the smelter. Mining is by 

conventional open pit methods using trucks to haul the flux from the 

pit to the railroad near Shaft 1,

22, Knoerr, A, V., op, cit,, pp» 88-98.
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Shafts 3A and 3B

Shaft 4

PLATE 2. PHOTOGRAPHS OF THE SHAFTS
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Referring to Figures 4a and b, the mine has been developed through 

five shafts. The principal functions of each are as follows: Shafts 1 

and 2 are used for development wort: and supplies; Shafts 3A and 3B are 

employed for the hoisting of ore; and Shaft 4 serves as the main supply 

unit.

Shafts 1 and 2 were the first shafts to be sunk, and from them the 

original underground development was conducted. These shafts will be 

used to develop lower mining levels independent of the maim shafts.

Shafts 3A and 38 are twin shafts spaced 195 feet apart and are 

located to the west of the ore zone. Each shaft has four 6^ by 7 foot 

compartments, two of which are utilized for the hoisting of ore, one for 

a service cage, and one for a manway and a pipe way. The shafts use 18- 

ton capacity MJeto~type” bottom dump skips which dump into 5,000-ton 

capacity ore bins located opposite each shaft. Railroad cars are loaded 

directly from these bins for haulage to the concentrator. The hoists are 

double drum, each of idiich is 15 feet in diameter by 116-inch face, 

accommodating 3,000 feet of 2^-inch wire rope. They operate at a hoist- 

ing speed of 3,000 feet per minute. Each hoist is driven by two 3,000- 

horsepower direct current motors. The direct current for each hoist is 

supplied by a motor-generator installation consisting of a 4,000-horse

power induction motor which drives two 2500-kilowatt direct current 

generators. The hoisting facilities for both shafts are enclosed in one 

large hoist house. The service cage is operated by a small sinking hoist 

located between the main hoist and the collar of each shaft.
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Shaft 4, the main supply unit, is equipped with a 15-foot diameter 

double drm hoist which is driven by two 700-horsepower, 600-volt, di

rect current motors. Direct current is supplied for these motors by a 

1750-horsepower motor driving two 600-killowatt generators. This shaft 

has two hoisting compartments; each compartment uses a double deck 7 by 

13& foot cage i&ieh operates at a speed of 1,500 feet per minute. 

Underground Develoment.

The method of mining used at San Manuel is block caving. At present, 

mining operations are limited to the South ore body; the North ore body 

will be mined at a later date. The haulage level for the first lift in 

the mining operations is called the 1475 level.* The gristly or 1415 

level is 60 feet above the haulage level and is used to develop the blocks 

for caving and to control the caving blocks already in production. An 

exploration level, the 1285, was driven from Shaft 2 in the early stages 

of developing the mine to obtain information to supplement the churn 

drilling data. This level was abandoned after mining operations were 

started.

The 1475 level is the main haulageway and is connected to all five 

shafts. Referring to Figure 4a, the haulage system consists of two 

loops connecting the mining area with Shafts 3A and 3B, This layout 

provides one way traffic along two routes. Cross-covers are placed at 

frequent intervals to provide flexibility in the haulage system. A cross

cut connects the mining area with Shafts 1 and 4 for supply and ventilation.

. *Levels are designated by their depth below the collar of Shaft 1. 
The collar elevation of this shaft is 3,340 feet above sea level.
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Each Mining panel, consisting of two to four Hocks, has panel 

haulage drifts running longitudinally through it. Three of these 

drifts are required for those panels utilising the gravity system while 
only two are required where the siusher system is used. At present, 

only Panels 3 and 4 are developed to use the slusher system; Panels 5 

through 10 use the gravity system.

The main haulage drifts measure 10 by 11 feet and are timbered 

with 12 by 12 inch timber sets placed on five-foot centers. The main 

haulage drifts use 90-pound rail while the panel haulage drifts use 70- 
pound rail because of the lesser amount of total traffic over these 
haulage ways. The gauge for all tracks is 36 indies throughout the mine.

Haulage is by 20-ton electric trolley type locomotives pulling 

12-ton capacity ore cars. Under normal conditions 15 cars make up a 

train, giving a total of about 200 tons per train trip. Electric cur

rent is transmitted to the level as alternating current and then con

verted into direct current by three rectifier stations on the 1475 level.

Dumping at the shaft stations is accomplished by three-car rotary 

dvsap installations which dump into 1,500-ton capacity ore pockets. Ore 

is loaded into the shaft skips with the aid of measuring cartridges 

located below the ore pockets. The hoists are semi-automatic in that 

the skip tenders control ore hoisting from the shaft loading stations.

The 1415 level is connected to shafts 1, 2 and 4 and is located 60 

feet above the haulage level. Referring to Figure 4b, this level is 

developed by two grizzly fringe drifts driven outside of the ore body
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GRAVITY AND SLUSHER SYSTEM TRANSFER 
RAISES.
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on the north and south sides* Panel fringe drifts were driven 

between panels connecting the two grizzly drifts* In addition to the 

fringe drifts, a main crosscut and a ventilation crosscut were driven 

from Shafts 1 and 4 to the mining area*

The ventilation of the mine is. from Shafts 1 and 4, through the 

ventilation crosscut on the 1415 level, thence to the haulage level 

through the transfer raises, and finally exhausted through Shafts 3A 

and 3B* A total of 400,000 cubic feet per minute of fresh air is sup

plied to the mine.

Mining at San Manuel will be done in 600-foot lifts starting with 

the 1475 level and working downwards. Development of the 2075 level is 

already under way to insure a smooth change over to thin deeper operat

ing level in the future.

Development of Blocks for Caving*

At San Manuel the caving blocks have a width of 210 feet, except 

Panel 3 where the width is 175 feet, and a length varying from 150 to 

270 feet, depending on the number and spacing of the grizzly drifts in 

the block* The height of the ore column above the undercut is up to 

600 feet which is high when compared with similar mining operations.

At present only blocks having virgin ground, i.e* solid rode, on 

all sides are being caved. The pillar blocks will be drawn after 

completion of the adjacent blocks and sufficient time elapsed to allow 

the capping to consolidate. These blocks will be caved in order to 

have the maximum number of sides against virgin ground. About seven
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developed and producing blocks will be required to produce the large 

tonnage the mine is designed to handle • As of February, 1857, six 

blocks were in production, namely: 4*1, 5^3, 6-2, 7-1, 8-2, and 5HU*

Figure 6 is a block diagram of a typical stope at San Manuel»

After the panel haulage drifts on the 1475 level and the panel fringe 

drifts on the 1415 level are completed, development of the individual 

blocks for caving commences. Development starts with the driving of 

the transfer raises from the panel haulage drifts up to the gristly 

level. Figure 5 shows the difference in the arrangement of the raises 

for a block using the slasher system and one using the gravity system.

For blocks using the gravity system raises measure 4 by 4 feet in the 

dear, while blocks using the slusher system require larger raises 

measuring 4 by 6 feet in the dear. All raises are cribbed, using 

6 by 8 inch timber with 3 by 4 by 3/8 inch angle iron for armoring.

While raises are being driven, temporary "joker" chutes are used to 

minimise damage during blasting. The raises are driven two feet above 

the sill elevation of the grissly level; the last round is drilled and 

blasted to form a dome to prevent sloughing until the grissly drifts 

are driven. Permanent steel undercut-type chute gates, which are 

operated by air, are installed after completion of the raises.

The driving of grissly drifts closely follows the completion of 

the transfer raises. When these drifts connect with the raises, crib

bing is completed up to the sill elevation, and the grisslies and control

*Panels are numbered consecutively from east to west; blocks are 
numbered from north to south, e.g. Block 4-1 is the northernmost block 
in the fourth panel to the west.



FIGURE 6. BLOCK DIAGRAM OF A TYPICAL 
GRAVITY SYSTEM STORE
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sets are installed. The grizzly drifts are timbered with 10 by 10, and 

12 by 12 inch timber between control sets, but concrete and circular 

steel sets are being used to compare their costs and select the optimum 

means of supporting these openings.

After completing the grizzly drifts, finger raises are driven from 

each grizzly in the gravity system blocks, or every 17.5 feet along each 

grizzly drift in stopes using the slusher system. Figure 6 shows the 

relationship of these raises to the grizzly drifts. The finger raises 

are lightly timbered, using only that amount of timber consistent with 

safe driving of the raises.

Undercutting the blocks is accomplished by first driving small head

ings at right angles to the underlying grizzly drifts; these headings 

connect the finger raises at the undercut level. After completion of 

these undercut drifts, the ribs of these headings are slabbed to decrease 

the width of the intervening pillars. The final step in the undercutting 

operation is to drill and blast the pillars, starting at one corner and 

retreating diagonally across the stope. Drawing commences immediately 

to allow room for caving to commence.
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CHAPTER H I

SURFACE EXPRESSION OF THE UMJERGRWND CAVING

General

As of March 1957, six caving blocks were in production; none of 

these blocks, however, had been drawn to completion# Block 7-1, the 

stope nearest to exhaustion, was about 90 per cent drawn* In the fu

ture, when several blocks have been drawn to completion, data will be 

available as to the percentage of extractions of both the expected ton

nage and metal* These data wall give valuable information for comput

ing the actual volumes of material removed from the blocks. By knowing 

the actual voluaes of material, the areas of the undercut and the aver

age heights of the ore columns, then the shapes of the volumes caved can 

be resolved along with contingent angles of draw.

Although the information described in the above paragraph is lack

ing at the present time, some valuable correlations can be made between 

the surface subsidence and the amount of ore drawn* These correlations 

can be used to theorise on the manner in which caving may take place* 

Description of the Present Mining Area

Plate 6 is a topographic map of the surface in the immediate area 

of mining at San Manuel. This map shows the topography before subsidence 

occurred due to the caving of blocks* the positions of the blocks which 

were in production as of February 1957 are shown on this plate.



The present area under the influence of caving is almost entirely 

covered by a variable thickness of Gila conglomerate.* As shorn in 

Plate 13, the San Manuel fault forms the contact between the conglomer

ate and the underlying monzonites except in the extreme eastern portion 

where the conglomerate is assumed to be directly deposited on the mon- 

zoniteo The East and perhaps the Vest faults cut through this area* 

Physical Characteristics of the Rocks

The monzonite porphyry and quartz monzonite are highly fractured 

and therefore cave readily; little difficulty is experienced in passing 

the caved rock through the 11-inch spaced grizzlies at the draw points* 

Occasional boulders cause draw points to hang up, and blasting is some

times required to free them*

The Gila conglomerate is very competent when contrasted to the mon

zonites. Very few planes of weakness exist in this formation; even the 

bedding planes are strong as shown by the absence of appreciable numbers 

of cracks developed along these planes after the beginning of subsidence* 

Most of the cracks formed due to subsidence are vertical, cutting across 

the bedding planes*

Strength tests have not been made on the conglomerate or monzonites. 

The effects of fractures on the strength of the monzonites are probably 

profound. Testing the monzonites would be difficult unless sufficiently

31

*From this point on in the report the writer will omit the symbol 
(?) with the word Gila, yet it should be understood that the Gila Con
glomerate is only tentatively correlated to the true Gila conglomerate.
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large samples were used which would include the effect of the numerous 

fractures that exist throughout the rocks. Such samples would be too 

large to be handled in any known testing machine.

Description of the Area Influenced by Caving

Subsidence

Plates 7 through 10 are maps of subsidence made at periodic inter

vals by the San Manuel Copper Corporation. The contours on these maps 

represent total subsidence and are not contours of the present land 

surface.

The subsidence maps were compiled from data obtained from periodic 

triangulation surveys of a grid of stations placed over the area prior 

to subsidence. The locations of these stations are show on the subsid

ence maps. The amount of subsidence for each station was determined by 

subtracting the elevation after subsidence from the original elevation.

The subsidence for each station was plotted, and these values were con

toured at one foot intervals.

The numbering system of this survey grid will be described at this 

point because it will be convenient to define certain areas on the sur

face by reference to these stations. Plate 5 is a photograph of one of 

these stations which consists of a 4^-foot length of pipe mounted in the 

ground with a sheet metal sign placed on top giving the station nuaber. 

Referring to Hate 10, a grid of more than 250 stations was placed on 

100-foot intervals along northeast and northwest coordinate lines. The 

••base line" of this survey grid is a line extending to the northeast 

from Shaft 2; these stations are numbered consecutively from 0 through 20. 

All other stations are numbered with reference to the base line and their
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distance from the base line in hmdreds of feet in northwest and south

east directions. To illustrate, station M5N4n is 500 feet northeast 

and 400 feet northwest of station *W; similarly station *584" is 500 

northeast and 400 feet southeast of the starting point "O".

The subsidence extended several hundred of feet beyond the caving 

blocks and therefore was not limited to the area directly above each 

block. Station 051 for example was well within the area of subsidence, 

yet this station was 530 feet from the nearest caving bio*#. Block 8-2.

In addition, the subsidence did not decrease at a uniform rate in 

going outward from the individual blocks. In general, subsidence was 

limited by a definite line which caused an escarpment to form; this 

escarpment will be termed the "major escarpment”. Subsidence did occur 

in places outside of the major escarpment, but the amount was minor 

when compared with the area within the major escarpment line.

The major escarpment line is shown on subsidence maps. Plates 7 

through 10, by the convergence of contours. The escarpment was partic

ularly well developed in the vicinity of Shaft 2 and in the area around 

stations 5S3 to 783. Plate 11 is an aerial photograph of the subsidence 

area taken in February 1957. This photograph illustrates the appearance 

of the subsidence area and the major escarpment. Plates 3 through 5 are 

a group of photographs which show closer views of the major escarpment. 

Cracks 'Developed on the Surface

Plate 13 is a map which shows the location of cracks which have de

veloped in the area influenced by caving. These cracks extend up to 600 

feet beyond the subsistence area, or a distance of almost 900 feet from 

the nearest caving block. Plates 3 through 5 are photographs which show 

the appearance of these cracks.



34
These cracks were mapped by plane table methods except for those 

within the major escarpment. The main subsidence area was inaccessible, 

and the cracks were located approximately by observing the trends in 

relation to the survey grid.

The width of these cracks varied from a fraction.of an inch to ten 

feet or more, and in general the width decreased as distance was gained 

outward from the subsidence area. The depth of these cracks is not known, 

but the writer has observed several cracks to an estimated depth of 200 

to 300 feet. The widest portion of the cracks was at the surface, and 

the width gradually diminished with depth.

By far the majority of the cracks were vertical or dipped steeply 

outward from the subsidence area. A few cracks had dips of less than 

80°, and most of these were developed along the bedding planes of the 

Gila conglomerate which dips at about 30° to the northeast.

The largest depression show on the subsidence maps between stations 

4S3 and 9S3 was caused by a large wedge of conglomerate sliding dowward 

into a large crack. Plate 4 is a photograph looking to the southwest at 

this particular crack. Two similar occurrences happened directly north

west of Shaft 2.

The caving action of the blocks had s toped, or “piped" through to 

the surface in only one place which was due to Block 9-1. This pipe is 

shown on the subsidence and crack maps as a circular depression between 

stations 2N4 and 4N4.
Other than the above mentioned depressions, the subsidence area was 

rather uniform, and the surface was broken only by a system of cracks.
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„ABOVE, The major escarpment 
is shown at the extreme 
right; the area to the left 
of the escarpment is inside 
the subsidence area. Photo
graph was taken from station 
0N4 looking south.

RIGHT. Photograph taken 
near survey station 0 
looking north. The major 
escarpment is on the left, 
and the area to the right 
is within the subsidence 
area.

'PLATE 3. PHOTOGRAPHS OF THE MAJOR ESCARPMENT TAKEN ON
MARCH 9, 1957
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ABOVE. Photograph 
taken from survey 
station 16S3 looking 
southwest# Note 
the wedge of conglom
erate which has slip
ped into the escarpment 
crack.

"RIGHT. Photograph of 
"movement recording 
station Photo
graph was taken toward 
the subsidence area.

PLATE 4 PHOTOGRAPHS OF THE SUBSIDENCE AREA TAKEN ON
MARCH 9, 1957
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BIGHT. Photograph taken 
from Shaft 2 dump looking 
northeast into the sub
sidence area over Block 
9-1• Note the pipe which 
has broken through to the 
surface and the cracks 
surrounding the crater.

LEFT. View of the 
major escarpment on 
the northwest side of 
the subsidence area.

PLATE 5. PHOTOGRAPHS OF THE SUBSIDENCE AREA TAKEN ON
MARCH 9, 1957
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Movement Within the Subsidence Area 

First Appearance of Subsidence

Table 1 gives some of the pertinent data, including the date when 

regular drawing commenced, for each block as of the end of December 1956• 

As would be expected, subsidence did not take place immediately after 

drawing started; the first subsidence occurred several months afterwards»
23

The first evidence was the formation of a crack on May 8, 1956 parallel 

to the bedding of the Gila conglomerate near Block 7-1 between stations 

7B4 and 8N4» This crack was probably due to the caving of Block 7-1 which 

had been drawn continuously from. January 25, 1956 and from which approxi

mately 4,800,000 cubic feet of ore had been withdrawn up to the time of 

formation of the crack. This represents an elapse of 103 days from the 

commencing of regular draw until evidence was noticeable at the surface. 

The time required for subsidence to occur after drawing was started will 

be referred to as the "time lag."

Soon after May 7, 1956, many cracks began to develop and measurable 

amounts of subsidence were detected at the survey stations. At -this 

time, four blocks, 6-2, 7-1, 8-2, and 9-1, were being drawn, and the 

actual time when each caused surface subsidence was difficult to trace 

because of the tendency for the subsidence areas to overlap. Only an 

approximate estimation therefore was possible of the time lag between

23. Pelletier, J. D., Chief Geologist, San Manuel Copper 
Corporation, personal conraunication.
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Table 1. Production Data

Block Date of1 Production Data2, as of Height3 4 5 Thickness of*
- Undercut 1956, cu. ft. of Mon so— Conglomerate,

Oct. 11 Dec. 26 nite, ft. feet
4-1 11—16—56 2,010,000 955 100
5-3 6-15-56 3,450,000 5,790,000 825 255
6-2 3-28-56 9,037,000 12,630,000 740 310
7-1 1-25-56 8,875,000 11,400,000 765 360
8-2 4-27-56 7,480,000 11,160,000 650 450
9-1 14,500,600 17,300,000 675 450

Block Area of6 
Undercut, 
sq. ft.

Tons per 
Vertical 
foot

Volume of* 
Monzonite, 
cu. ft.

Average Height 
of Ore Column,

feet
Rate of7 
Draw,
ft/day

4-1 37,800 3024 36,099,000 267 1.2
5-3 50,400 4032 41,580,000 329 0.6
6—2 50,400 4032 39,816,000 467 0.9
7^1 37,800 3024 28,917,000 398 0.7
8-2 51,450 4116 33,442,000 512 0.9
9-1 51,450 4116 34,729,000 566 1.0

All volunes are for rock in place.

1. Date undercutting was complete and regular drawing commenced.
2. These data are only approximate and represent cummulative 

production.
3. Average distance between the base of the Gila conglomerate 

and the undercut.
4. Average thickness of the Gila conglomerate directly over 

each block.
5. This volume is the product of the area of the undercut and 

the average height of the monzonite.
6. The width of Block 7-1 was decreased from 270 feet to 180 

feet during August 1956.
7. Based on the . average rate of draw up to December 31, 1956. 

These rates fluctuate and generally increase over the life 
of the blocks.
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the starting of caving until the appearance of surface subsidence. As 

stated before, the lag was about 100 days if the crack over Block 7-1 

was due to that block.

Regular drawing commenced from Block 4-1 on November 16, 1956.

This block was far enough away from the original subsidence area to 

discern when actual subsidence started due to this block. The subsid

ence map for February 25, 1957, Plate 7, shows that subsidence had ex

tended out to that Block; therefore, a time lag of about 100 days was 

indicated for that particular block.

The amount of time required for caving to manifest itself at the 

surface is a function of at least three conditions: namely, the height 

of the column of rock above the undercut level, the strength of the 

overlying rock, and the rate of draw. True Caving action is the spall

ing of the roof of the stope; therefore, if the rate of draw does not 

keep abreast of the expansion of caved rock the stope will fill complete

ly and retard the caving. If the rock is weak, caving may take place 

as fast as material is withdrawn from the stope, in which ease the time 

required for the cave to read: the surface would depend only on the 

height of the coltem. If the rock is strong, caving action will be 

slower, and may cease by the formation of a stable arch.

The time lag at San Manuel between the starting of draw and the 

beginning of surface subsidence was difficult to compare with other simi

lar operations because the above mentioned factors are not the same. The 
writer does not know of any other block caving operation which had a cover 

of strong rock such as the Gila conglomerate overlying readily cavable 

monzonite rocks.
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As Plate 11 illustrates, the Gila conglomerate does not appear to 

fragment as does the raoneonite. Instead# the rode fails by the foraar- 

tion of a system of cracks which are widely spaced. The conglomerate 

evidently is too strong for the true caving action to take place.

Referring to Figure 13# at San Manuel caving probably takes place 

by spalling of the roof of the stope until the conglomerate is reached. 

The conglomerate is too strong to cave and a stable arch may be formed.

As the drawing continues the conglomerate sags causing it to crack at 

the surface.

If the conglomerate does not fail by normal caving then the time

lag is dependent upon two main factors. First, the time required for

caving to reach the conglomerate cover, and second# the time required

until sagging of the conglomerate causes surface subsidence and cracking.

The time required for this to happen at San Manuel was about 100 days.

At the mine of the Miami Copper Company a stope 650 feet high and

having highly fractured rode, similar to the monzonite at San Manuel,
24the time required to reach the surface was 104 days. Another example

of time lag is a stope 600 feet high at the Climax Molybdenum Mine which
25required about 3 months for subsidence to start at the surface. These 

heights are approximately equal to the heights of the monzonite at San 

Manuel,

24. MacLemnan, F. V,, op. cit., p. 169.

25. Vanderwilt, J. V., op. cit., p. 365.
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Cosparing the time lag at San Manuel, which involves monaonite and 

conglomerate, with the time lags at Miami and Climax, which involve only 

monaonite, it would appear that the time lags were the same* This indi

cated that the conglomerate failed as soon as it was reached by a caving 

stope. .

The effect of the rate of draw at San Manuel cannot be compared 

with other operating mines because data are lacking* At San Manuel 

subsidence started over Block 7-1 and 4-1 after approximately the same 

time lag, yet the height of the monzonite coitem is 765 feet over Block 

7-1 and 955 feet over Block 4—1* This would indicate Block 4-1 was 

drawn faster than Block 7-1. The production data which follow substan

tiate this conclusion

Block Timelag,
days

Volume of Ore Removed 
at Time of Subsidence; 

Cubic feet

Area of 
Undercut, 
sq* ft.

Ore
Drawn,
feet

Rate of 
Draw, 
ft/day

4-1 101 4,025,000 3780© 106.5 1.05
7-1 103 4,800,000 56700 86.4 0.84

The example described is an over simplification of the problem 

because the exact date of subsidence was difficult to establish and the 

area over Block 4—1 was cut by msserous cracks due to adjacent blocks 

prior to subsidence* In addition, the rocks are not homogenous and there

fore their strengths may vary considerably from place to place* The thick

ness of the conglomerate was much less over Block 4—1 which would cause 

subsidence earlier than that over Block 7-1*
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To summarize the foregoing the following statements may be made:

(l) a time lag of about 100 days was required for subsidence to occur 

over a block after drawing started; (2) the conglomerate probably failed 

immediately after the cave readied the base of this formation, and (3) 

as the rate of draw increased, the time lag appeared to decrease.

Vertical Movement Inside the Major Escarpment

This description will treat only the vertical component of movement 

inside of the major escarpment which was the area where most of the 

movement took place.

As shown in Plate 10, the major escarpment was defined by the con

vergence of contours along the periphery of the subsidence area. When 

this map was compiled, the areas over Block 4-1 and 5-3 had just started 

to subside which caused the contours to extend out from the escarpment 

into these areas. The map shows that the maxunun subsidence was not 

directly over the active blocks as might normally be expected. The maxi

mum subsidence occurred in the areas between the blocks which might be 

called pillars. To illustrate, the maximum subsidence shown on Plate 10 

occurred in the vicinity of station 9N2 where 52.6 feet was recorded.

This was in the pillar area between Blocks 6—2, 7-1, and 8-2. Similarly, 

the pillar area between Blocks 7-1, 8-2, and 9-1 showed more average 

subsidence than the area over the individual blocks.

After active subsidence did start, the rate of subsidence proceeded 

at a rather unifora rate. Plates 17 and 18 are subsidence rate maps™ 
compiled from data supplied by the San Manuel Copper Corporation. These 

show the monthly subsidence for January and February of 1957. These 

maps are designated by the author as “rate of subsidence" maps because
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they show the amount of subsidence during finite periods0 The rate of 

subsidence maps are, in general, similar in shape to the total subsi

dence maps, and they show that the maximum rate of subsidence was not 

directly over the individual blocks*

As shown on Plates 17 and 18, the maximum rate of subsidence was 

about eight feet per month during January and February of 1957* Eight 

feet per month is equivalent to 0.26 feet per day which was considerably 

less than the average rates of draw from the blocks. The average rates 

of draw for the various blocks are given in Table I, and range from

0.60 to 1.2 feet per day.

Figures 7 and 8 are time versus subsidence graphs for several survey 

stations within the subsidence area. These graphs are typical of some 

40 such graphs which were made from data supplied by the San Manuel 

Copper Corporation on October!!, 1956; however, this company had surveyed 

several stations, including stations 9N3 and 2KL shown in Figure 8, dur

ing the months of May, June, and July.

On each graph, the subsidence was assumed to have started after a 

time lag of 100 days from the date regular drawing commenced from the 

nearest block. The dates on which regular drawing started from these 

blocks are noted on each graph.

Figure 7 shows the subsidence versus time graphs for two stations 

directly over two active blocks: station; 5N3 over Block 9-1 and station 

10N4 over Block 7-1. Neither of these stations was surveyed prior to 
October 31, 1956; therefore, the graphs are not complete and the dotted 

portions represent the assumed trends during the period preceding the 

first survey.
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The subsidence at station 5 N3 was 8*2 feet on October 11> 1956; on 

March 27, 1957, 167 days later, the subsidence was 35.6 feet or a subsi

dence rate of 0.16 feet per day. The graph shows the subsidence proceeded 

at a fairly uniform rate during this period and was considerably less 

than the rate of draw for the underlying stope. Block 9-1, which was 

drawn at a rate of 0.66 feet per day during the same period. These fig

ures show that the rate of draw was about four times faster than the rate 

of subsidence directly over the block.

Station 10N4 was over Block 7—1, and the rate of subsidence for this 

station was 0.20 feet per day between October 11, 1957 and March 27, 1957. 

Block 7-1 was drawn at a rate of 0.91 feet per day. Therefore the ratio 

of the rate of draw to the rate of subsidence is 4.5, which was quite 

close to the value over Block 9-1.

Similar calculations have been made for stations over Blocks 6-2 

and 8-2. Table 2 gives the average ratios of the rate of draw to subsi

dence for Blocks 6-2, 7-1, 8—2, and 9-1. These data are based on the 

period from October 11, 1956 to February 25, 1957. Blocks 4-1 and 5-3 

were not considered in the analysis shown on Table 2 because the areas 

over these blocks had not subsided enough so conclusions could be formed.

Table 2. Ratios of Rates of Draw to Rates of Subsidence

Block No. of Stations Average Rate Average Rate Ratio of Rates
Number averaged .of Draw, ft. of Subsidence, of Draw to

per day ft. per day Subsidence
6-2 6 0.82 0.19 4.3
7-1 4 o m 0.17 5.4
8-2 3 0.94 0.16 5.9
9-1 3 0.66 0.13 5.1
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Figure 7 shows that the initial rate of subsidence over Blocks 7-1 

and 8-1 after the 100-day time lag until October 11, 1956 was probably 

much less than the later rate. Both figures 7 and 8 indicated that after 

October 11, 1956, the subsidence rate was remarkably constant and appeared 

to stabalize at a rate varying from 0,13 to 0,19 feet per day directly 

over tjhe active blocks. The writer believes the rate of subsidence prob

ably increased with the rate of draw; however, the data shown in Table 2 

were not conclusive enough to substantiate this statement. If the rates 

of subsidence and rates of draw had been analysed for more blocks a 

general trend would probably have been evident which would have indicated 

the subsidence rate was proportional to the rate of draw.

The ratio of the draw rate to the subsidence rate appeared to vary 

between 4.3 and 5.9. However, each block was probably unique because the 

height of the monzonite column, thickness of the conglomerate cover, 

strength of the rocks, and many other factors probably influenced the 

rate of subsidence.

Figure 8 contains subsidence versus time graphs of two stations 

which were not directly over active blocks. Station 9N3 was over the 

southern end of Block 7-1; however, the length of this block was decreased 

from 270 to 180 feet during August of 1956. Therefore, after this date 

station 9N3 was not directly over Block 7-1 but in the pillar area between 

Blocks 6-2, 7-1, and 8-2. The pillar areas, as described previously, 

tended to subside more than the areas directly over active blocks. The 

rate of subsidence of station 9N3 was similar to those shown in Figure 7, 

in that the rate of subsidence after October 11, 1956 was at a faster rate 

than during the period proceeding this date. The average rate of subsidence
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from October 11, 1956 to March 27, 1957 was 0.24 feet per day, haying 

subsided 40.8 feet in 167 days. This rate was considerably greater than 

that for stations directly over active blocks. Table 3 gives the average 

subsidence rate for several stations in the pillar areas between blocks 

6—2, 7—1, 8—2, and 9—1.

Table 3. Rates of Subsidence in the Pillar Areas

Station Amount of Subsidence, feet Rate of Subsidence
Nimber Oct. 11, 1956 Feb. 25, 1957 feet per day
9N2 20.3 . 52.6 0.24
8N2 19.3 49.3 0.22
9N3 17.3 58.1* 0.24
6N3 19.2 42.5 0.17
7N3 15.0 46.2 0.23
6N4 15.5 41.5 0.19
7N4 15.8 40.1 0.18

Average - 0.21

*As of March 27, 1956.

The subsidence versus time graph for station 2N1 is shown in 

Figure 8. This graph is typical of those stations located a hundred or 

more feet from active caving blocks. The rate of subsidence was 0.11 

feet per day which was not as great as for those stations nearer the 

active blocks, also the rate of subsidence continued at fairly uniform 

rate from the onset of subsidence. This was not the case for those 

stations near the active blocks where the rate of subsidence apparently 

increased over the initial rate on or slightly before October 11, 1956.

Figure 9 contains two graphs of the rate of subsidence versus the 

distance outward from two blocks. Both of these graphs show the rate of 

subsidence decreased with the increase of distance from the blocks. The 

section through Block 9—1 is typical for illustrating the change in the 

rate of subsidence when the major escarpment was crossed. As stated pre

viously, most of the subsidence was within the major escarpment line*
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The foregoing, Wiich dealt with the vertical movement of subsi

dence may be summarized by the following statements: (1) The rate of

vertical movement increased towards the active caving blocks, but the 

maximum rate of subsidence was within the pillar areas. (2) the rate of 

draw exceeded the rate of subsidence; the ratios of draw to subsidence 

varied between 4.0 and 6.0 for the areas directly over active blocks.

(3) The rate of subsidence changed abruptly when the major escarpment 

was crossed.

Horizontal Movement Inside the Mai or Escarpment

Surface subsidence within the major escarpment was not vertical; 

instead# appreciable amounts of horizontal movements accompanied the 

vertical subsidence. As of Hard: 1957, only one survey had been made of 

the survey grid to determine horizontal displacements in the subsidence 

area. The survey was made by the San Manuel Copper Corporation on 

January 11, 1957, and the results of this survey are shown on Plate 12. 

The United States Bureau of Mines is presently engaged in a complete 

survey of the subsidence area which will give, when completed, additional 

information concerning the horizontal displacements.

Plate 12 shows the amount and direction of the total horizontal 

displacements of most of those survey stations within the major escarp

m ent. The writer has added the inclination of the total movement for 

each of the stations shown on this map.

The amount of horizontal movement varied from 0 to 43 feet which 
compared almost identically with the range of total vertical subsidence 

up to the same date. The angles of inclination of the total movements



indicated that the horizontal component was generally greater than 

the vertical component except in the immediate proximity of active 

caving blocks.

The direction of movement was generally towards the caving blocks; 

however, the pillar areas, ihieh were defined previously, did not conform 

to this general rule. In the pillar area between Blocks 6-2, 7-1, and 

8-2, the horizontal movement was towards the pillar. In the pillar area 

between Blocks 7-1, 8—1, and 9-1 the movement was to the southeast towards 

Block 8-2, and the areas over Block 7-1 and 9-1 was displaced in towards 

the pillar.

In the extreme western portion of the subsidence area, a group of 

five stations moved outward from the cave area. A H  of these stations 

lie outside of the major escarpment. This direction of movement was 

unique, and possibly was dee to a survey error.

Movement Outside the Major Escarpment
Subsidence

As stated previously, most of the subsidence occurred inside of 

the major escarpment, however, there were a few exceptions worthy of 

note. Referring to Plate 10, the subsidence map as of February 25, 1957, 

appreciable amounts of subsidence had extended beyond the major escarp

ment into the areas ever Blocks 4-1 and 5-3, which probably was due to 

the commencement of subsidence over these two new blocks. As time 

progresses, a new escarpment line will probably form which will enclose 

both of these areas into the older subsidence area.

52
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By comparing Plates 7 through 10, a steady progression was noted 

of the main subsidence area outward into the areas over Blocks 4-1 and 

5-3. In other words the areas directly over each of these blocks did 

not subside first and then extend back to older subsidence area. This 

was not in accord with what might have been expected if caving had 

proceeded vertically above each of these new blocks which would have 

caused the areas over each block to subside first. Perhaps the answer 

to this phenomena lies in prior weakening of the intervening rocks 

between the new blocks and the older subsidence.

The major escarpment did not limit subsidence to the north of 

Block 7-1, as shown by Plate 7. A possible cause for the subsidence 

extending beyond the escarpment in this area may have been due to the 

initial formation of the escarpment abnormally close to the Block 7-1 

and as drawing continued from this stope the subsidence area expanded. 

Development of Cracks

Plate 13 is a map which shows the location of cracks, as of February 

1, 1957, that have developed in the area influenced by caving. This map 

shows that cracks have formed much further out from the caving blocks 

than subsidence of measurable amounts. As will be discussed later, 

this phenomena tends to throw doubt on theories which attribute the 

formation of these cracks to vertical subsidence. The cracks shown on 

Plate 13 were due only to Blocks 5-3, 6—2, 7—1, 8-2, and 9-1. The cav

ing of Block 4-1 had not expressed itself at the surface at the time of 
mapping.
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The lateral extent of cracks formed due to the earing of blocks 

was asymetrical in respect to major escarpment, but they appeared to 

hare extended out to a more uniform distance from the active blocks»

For example, in the northern portion of the area cracks had formed 800 
feet beyond the major escarpment, but in the eastern part of the area 

cracks were almost absent beyond the major escarpment. However, the dis

tance varied from 300 to 950 feet from the active blocks#

The cracks appeared to have formed by tension because the walls in 

many cases appeared to have only separated. In general, the cracks which 

were adjacent to the major escarpment had some vertical movement as shown 

by the side nearest the escarpment being displaced downward. The average 

width and vertical movement are noted on Plate 13 for those cracks out

side the major escarpment. The cracks within the major escarpment 

probably had greater movements, but this area was inaccessible, there

fore the actual movements are not known. As shown by Plate 13, the width 

of the cracks decreased as distance was gained outward from the subsidence 
area.

The writer placed 28 movement recording stations on the same number 

of cracks surrounding the subsidence area. The recording stations were 

used to measure the relative movement along these cracks. Each record

ing station consisted of three steel stakes placed on a line normal to 

•tie strike of the crack; two stakes were placed on the side of the crack 

away from the subsidence area and were used to define the relative move

ment of the third stake which was located on the opposite side. One 

complete set of measurements of the relative movement was made represent

ing the period from January 11, 1957 to March 1 , 1957, the results of
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which are given in Table 4, In each case, the side of the crack away 

from the subsidence area was considered to be stationary, and the side 

towards the subsidence area was considered to have moved.

In addition to the data given in Table 4, the direction of movement 

and the angle of inclination are shown for each recording station on 

Plate 13. The direction of movement did not, in most cases, represent 

simple tension because considerable movement parallel to the strike of 

the cracks was observed. For example, recording station 2, which was 

located 40 feet southeast of survey station 0N5, showed the movement on 

the crack it recorded was in a 836% direction which was within ten 

degrees of the strike of the crack.

The angles of inclination of the movements on the cracks outside 

the major escarpment were rather flat. The steepest angle recorded was 

56 degrees at recording station 16 which was just south of Block 4-1, 

and this movement was probably due to the initial subsidence over this 

block. The angles of inclination for the movements recorded on those 

cracks lying further out from the active blocks were less than 45 degrees, 

and averaged about 25 degrees.

The Effect of the Gila Conglomerate on Subsidence 

The Gila conglomerate, as previously stated, covers the entire area 

presently under influence from the caving of blocks. The thickness of the 

conglomerate appeared to have a definite effect on the extent of subsi

dence outward from the active blocks. The subsidence maps. Plates 7, 

through 10, indicated the subsidence extended further to the southwest
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Table 4. Results of the Relative Movement Deteraiaations

Recording Movements Recorded,* feet 
Station Momel Tangential Vertical

Net Displacement 
Distmce Direction Inclination

1 0.005 0.05 -0.03
2 0.035 0.08 -0.07
3 3.05 0.53 -0.75
4 -0.067 0.03 0
5 0.02 0.24 /0.09
6 0.01 0.09 -0.03
7 No Movement
8 0.07 0.09 -0.02
9 0.05 0.07 -O.OSj

10 No Movement
11 1.29 0.80 -0.87
12 0.79 0.85 jfo.33
13 -0.03 0.04 -0.04
14 0.035 0.12 -0.06J
15 2.37 0.30 -3.54
16 -0.H 0.26 -0.40
17 0.22 0.075 -0.11
18 -0.11 0.04 #60.03
19 0.025 0 -0.02!
20 No Movement .
21 0.005 0.02 0
22 0.008 0.03 0
23 0.89 1.50 -2.07
24 •*0.03 0 -0.03
25 1.38 0.20 -1.23.
26 -0.64 0.05 J&.28
27c -0.03 0.04 ^0.05
28 -0.06 0.04 -0.01

feet
0.060.11
3.10
0.07
0.26
0.10
0.12
0.H

1.70 
1.14 
0.06 
0.14 
4.25 
0.49 
0.26 
0.13 
0.35

0.02
0.03
2.70 
0.04 
1.85 
0.71 
0.07 
0.07

bearing 
S 29 E 
S 46 E 
S 51 E 
N 73 V 
S 80 V 
N 77 V

N 40 V 
N 57 V

N
■
N
N
Sss
Ns

degrees
-31
-39
-14
0S

81 V  
74 V 
74 W 
61 W 
60 V 
15 E 
79 ¥ 
60 E 
36 W

74 ¥ 
69 E 
56 ¥ 
8 E 

N 40 ¥ 
S 01 E 
N 28 E 
S 39 ¥

*Normal movement is at right angles to the strike of 
the crack, and tangential is parallel to the crack. 
Negative values for the normal componet indicates 
the crack width decreased.
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from the active blocks than to the north. This is in direct accord with 

the thickness of the conglomerate, which reaches its maxhatan thickness 

in the southwestern portion and decreases to the north and east.

The writer has made a graph to illustrate the above effect of the 

conglomerate. Figure 10 illustrates the distance from the nearest 

active block to the major escarpment, plotted against the thickness of 

the conglomerate at each point. Some 21 points were selected which were 

approximately equally spaced around the major escarpment line. This study 

did not include the recently subsided areas over Blocks 4—1 and 5-3 be* 

cause they had not formed such an escarpment.

The points were scattered to a certain extent, but a trend was 

noticeable. It appeared that as the thickness of the conglomerate increased, 

the major escarpment tended to form further out from the blocks. A line 

has been drawn on Figure 10 to represent the mean, and this line has an 

approximate slope of 1 to 2. That is, the major escarpment occurred at 

a distance out from each active block equal to one half the thickness 

of the Gila conglomerate. This relationship varied considerably as 

shown by the wide deviations from the mean of the points used to determine 

the mean value.

Figure H  is the same type of graph as Figure 10 except the height 

of the monzonite above the undercut level elevation was used instead of 

the thickness of the conglomerate. This graph is the exact opposite to 

the graph, of Figure 10, that is the major escarpment occurred closer to 

the active blocks as the height of the monzonite column increased# This 

graph, however, does not give a true concept of the effect of the height
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of raonzonite above the undercut elevation upon the location of the major 

escarpment. The writer believes that the dominant factor was the thick

ness of the conglomerate, ami the main conclusion thich can be drawn 

from data of Figure 11 is that the height of the monzonite did not 

appreciably effect the extent of subsidence outward from the blocks.

A study of Figures 10 and 11 has led the writer to believe that 

subsidence would have been limited to the area directly above each caving 

block if there had not been a blanket of Gila conglomerate covering the 

mining area.

X



CHAPTER IV
CORRELATION OF THE SUBSIDENCE TO THE DRAWING OF ORE

General

•" As stated previously, the conglomerate does not appear to fail 

"by spalling as does the monzonite. As of March 1957, although general 

subsidence was in evidence at the surface, only one pipe through the 

conglomerate was formed. At other block caving operations, many pipes 

were formed over active blocks shortly after subsidence occurred at the 

surface. These pipes formed inverted cones which eventually merged and 

formed a large pit over the area which had been drawn underground.

At San Manuel the entire surface subsidence area tended to move 

downward as a unit; the writer has assumed this to be due to the strong 

conglomerate cover which did not fracture appreciably during caving of 

the underlying monzonite.

As drawing continues at San Manuel, the conglomerate will be 

placed under increasing amounts of stress, which will probably cause 

more fracturing than was present during the period of the writer's in

vestigation of the area. When the conglomerate is sufficiently frag

mented, the manner in which caving takes place may be altered; therefore, 

the writer wishes to state that the hypotheses advanced in this chapter 

are based on the assumption the conglomerate has not been broken to any 
marked degree.

Plates 11, 12, and 13 contain cross-sections through the present

mining area; the amount of subsidence and the inplace rock volumes of
61
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ore drawn from stopes are shown as of December 26, 1956* These cross- 

sections exemplify the wide area which has subsided in proportion to 

the area of the blocks from which ore has been drawn. The tension.: cracks 

which were mapped on the surface are shown on these cross-sections as 
vertical cracks which diminish in depth as distance is gained outward 

from the subsidence area. This method of representation was used be

cause the cracks diminished in width going away from the subsidence area 

which may indicate that their depth decreased. The majority of the 
cracks were vertical as observed at the surface. These explanations were 

the most plausible to the writer, although the data were not available 
for proof.

Change in Volume of Ore in Place to Broken Ore
General

As the roof of a caving stope spalls, the broken rock will oc

cupy a volume larger than the original in place volume due to the forma

tion of voids. The writer has used the term "expansion" to describe the 

increase in volume. To compute the amount of expansion three volumes 

must be known as follows: (1) the original volume of rock before cav

ing; (2) the amount of ore withdrawn; and (3) the volume of subsidence 
which accompanied the caving. In this study the effect of broken con

glomerate was considered to be negligible on the overall expansion.

Although the amount of ore withdrawn and the volume of subsidence 

were readily obtainable, the original volume of monzonite before caving 

was difficult to deduce. The volume depended on the manner in which 

caving took place. The subsidence area was considerably larger than the



total area of the undercut "blocks; therefore, the material must have 

funnelled downward in sane manner towards each block. The simplest in

terpretation was an inverted conical shape for each block which coalesced 

into one volume before reaching the base of the Gila conglomerate.

Another possibility of the manner by which caving took place was 
that the stopes had vertical boundaries near the base and flared or belled 

out near the base of the conglomerate.' The exact shapes of such volumes 

could not be obtained; therefore, calculations of the exact amount of ex

pansion could not be made. The writer has computed the expansion of rock 

by assuming vertical boundaries for each stope; it was hoped this method 

would at least shed some light on the amount of expansion if the volume 

of rock influenced by caving was an upward flaring column for each stope.

Development of a Formula for Expansion -

The writer will describe the1 method he used to compute expansion. 
Figure 12 is a schematic diagram of a block caving stope; and the amount 

of ore drawn and the volume*" of subsidence are shown. If the volumes 
in place are denoted as:

Vq ■ original volume of rock influenced by caving.
0 s volume of ore drawn from the stope.
S e volume of subsidence resulting from the drawing of ore.

then

63

Vi ;Vo -0
Where V]_ = Volume or rock remaining after drawing of ore. This rock 

will expand by caving action until it fills the available space. If 

the space available is denoted as Vg then;
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V2 ■ V0 - S.

Now if E equals the expansion in per cent, it follows that;

100

or

Vl

Finally, substituting the equivalents of Vj_ and Vg 

E s 0—3
VQ - 0 x 100

The above formula was used for all calculations of the per cent of ex

pansion, E.

Determinations of the Average Expansion.

E, the expansion, was determined as of two dates, December 26, 

1956 and February 25, 1957 • The volume of subsidence was obtained by 
using the subsidence maps. The method used was to determine the areas of 

the 5-foot interval contours by means of a planimeter; the volume be
tween contours was obtained by multiplying the average areas by the 5- 
foot intervals. The one-foot contour was used as the limiting boundary 

of subsidence; that is, the volume of subsidence which occurred outside 

this contour was considered to be negligible. The volumes of ore drawn 

from each block are shown in Table 1.

The expansion was low when the inverted conical shapes were as

sumed. The average expansion was found to be 5.8I and 6.73 per cent on 
December 26, 1956 and February 25, 19̂ 7 respectively. This was probably
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due to the large volume of monzonite involved when the conical shapes 

were assumed. These volumes were arrived at by dividing the subsidence 

area into four sections corresponding to the subsidence attributable to 

Blocks 6-2, 7-1, 8-2, and 9-1. These areas were considered to be the 

tops of the respective inverted cone and the undercut area was considered 

to be the base. A structural contour map of the base of the conglomerate 

was used to correct the volumes for the slanting interface of the mon

zonite -conglomerate interface. The calculation of the per cent of ex

pansion as of December 26, 1956 included the volumes of the four cones 

mentioned plus the volume of monzonite vertically above Block 5-3 • A 

conical shape was not assumed for Block 5-3 because this block has not . 

given any indication that the subsidence extended outside the vertical 

limits (see Plate 8). Block 4-1 was not considered because it had not 

shown evidence of surface subsidence.

The calculation of the expansion, E, on December 26, 1956 was as
follows:

V0 = 677,702,000 cubic feet
0 = 58,280,000 cubic feet
S a 22,261,000 cubic feet
E a O^S 100 58,280,000 - 22,261,000 x 100 = 5.81 per

Vo-0 X * 677,702,000 - 58,280,000 cent

A similar procedure was used as of February 25, 1957, but the 

volume of monzonite vertically above Block 4-1 was added to the original 

monzonite volume. The volume vertically above this block was used for 

the same reason as for block 5-3* This calculation showed the expansion 

has increased from 5*81 to 6.73 per cent.
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The second method of calculating the expansion yielded con

siderably higher values, as would "be expected, because the original 

volume of monzonite was considerably.less. The total original volume 

of monzonite was taken as the sum of the volume of monzonite vertically 

above each block.

In calculating the expansion on December 26, 1956, Blocks 5-3, 
6-2, 7-1, 8-2, and 9-1 were considered; Block 4-1 had not caused sub

sidence as of that date. The calculation of the expansion factor, E, 

was as follows:

V0 * 192,942,000 cubic feet
0 ss 58,280,000 cubic feet
S m 22,261,000 cubic feet
E « 58,280,000 - 22,261,000 x 100 > 26.75 per cent

' 192,942,000 - 58,280,000

Similar computations as of February 25, 1957 gave an expansion 

factor of 27.9 per cent. This computation included all six of the 

blocks which were being drawn on that date.

Some Deductions from the Calculation of Expansion
The writer was unsuccessful in his attempts to find in the 

literature reference to the expansion of caved rock in stopes at other 

block caving operations. Wideman gives 40 per cent expansion for ore 

which had been withdrawn from the stopes at the Sunshine Mine.̂  This 

percentage would not be the same as that calculated by the method

26. Wideman, F. L., Block-caving Methods at the Sunshine 
Mine, Platte County, Wyoming, U. S. Bureau of Mines Information 
Circular 7759, p. 25.



68

described because packing, due to the weight of overlying rock, was not

considered, such packing would reduce expansion. The expansion at Butte

was given by Popoff as 25 per cent, but the method of computation was not 
27described. 1

The effect of packing due to overlying material within a stope
28is not known quantitatively. The writer has applied Ketcham’s formula 

for the vertical pressure due to a high column of broken rock for a 

hypothetical case of broken material weighing 125 pounds per cubic feet, 
750 feet high over a horizontal area of 210 by 2k0 feet. These data 

would apply to a typical stope at San Manuel if the expansion was 27*5 

per cent. The maximum vertical pressure obtainable under such conditions 

is 300 pounds per square inch. The effect of such pressures on the com

pression of broken monzonite type rocks is not known, but it may decrease 

the volume considerably.

The writer believes that the expansion should be at least 20 to 

30 per cent for rock which has been broken by true caving action. If 

this assumption is correct, then the material lying outside of the 

vertical boundaries of each block could not have expanded to any ap

preciable extent because the expansion was only 6.73 per cent when the 
inverted conical shapes were assumed.

27. Popoff, C. C., Block Caving at the Kelly Mine, Information 
Circular 7758, U. S. Bureau of Mines, p. 13.

28. Peele, R., Mining Engineers Handbook, Third Edition,
19^1, Volume 1, p. 12-132.
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Evidence Supporting Initial Vertical Boundaries of Caving

A review of the recent literature confirmed the vertical angle 

of draw theory for most mines employing block caving methods. A sym

posium was conducted on block caving at the Colorado School of Mines in 

1956, and all of the participants in the discussion, representing four

mining companies conducting caving operations, stated the angle of draw
29was generally vertical.

Evidence was present at San Manuel which indicated the initial 

caving took place vertically above the undercuts. This evidence was 

found by diamond drilling into Block 9-1 during April 1956. Two holes 

were drilled over this block, and caved ground was not encountered until 

approximately over the vertical limits of the block. The first hole 

intersected the cave 210 feet above the undercut level, and the second 

hole intersected the cave 4l0 feet above the undercut. At the time this 

drilling was done, approximately 3/750,0C0 cubic feet of ore had been 

withdrawn from the stope, but subsidence had not started on the surface. 

This evidence is not absolute because only one block was drilled in 

such a manner.

Assuming that the initial caving did take place vertically, then 

some later action must have taken place which would cause subsidence to 

occur outside the vertical limits of each block.

29. Bucky, P. B., et. al.. Mining by Block Caving, Colorado 
School of Mines Quarterly, Volume 51, Humber 3, July 1956, p. 165.
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Possible Methods Whereby Caving Extends Outside the 

Vertical Boundaries of a Stope

The writer will describe four possible methods whereby movement 

may take place outside the vertical limits of a stope. These methods 

are only hypotheses because access into the stopes to observe the 

actual conditions was not possible.

First Hypothesis

Figure 13 is a schematic diagram of stope showing a possible 
method whereby caving may extend outwardly from the vertical boundaries 

of a block after the caving action has reached the base of the conglomer
ate .

- Figure 13 (a) shows the initial vertical boundaries of the

undercut limiting the caving action; Figure 13 (b) shows the ceasing of

caving when the conglomerate is reached. As the drawing from the stope

is continued, the weight of the overlying conglomerate is shifted to
1

the ribs of the stope; this increased weight causes shearing of the mon- 

sonite outside the cave as shown in Figure 13 (c). As the rock slides 

into the stope the conglomerate is flexed downward by causing vertical l 

tension cracks to form around the periphery of the subsidence area on 

the surface and perhaps directly over the stope at the base of the 

conglomerate.

The major escarpment would form where one of the tension cracks 

on the surface extends far enough in depth in order to completely cut 

the conglomerate as shown in Figure 13 (d). The distance out from the
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block where a crack would form should be proportional to the thickness 

of the conglomerate; therefore, the escarpment forms further out from 

the block in the direction of increased thickness of the conglomerate.

The excess weight caused by supporting the span of conglomerate is re

lieved on the monzonite outside the major escarpment when this through- 

going crack is developed. This stops subsidence from extending further 
outward from the block.

Second Hypothesis

Another possible explanation to account for movement outside 

the vertical boundaries of the stope is to assume that a system of 

vertical tension fractures are formed adjacent to the vertical column 

of broken rock, as shown in Figure l4. After these cracks separate the 

outlying monzonite into a series of columns, the weight of the conglomer

ate causes the individual columns to collapse and the broken rock slides 
into the stope. This method is almost identical with the description of 

caving, advanced by Vanderwilt^, for the Climax Mine in Colorado with 

the exception a conglomerate cover was not present.

This hypothesis is attractive in that rock outside the vertical 

limits of the stope moves inward to fill open spaces only, and broken 

rock does not have to be compressed by sliding masses of rock as does 

the first hypothesis. The major escarpment would form where a through- 

going tension crack would completely transect the overlying conglomerate

30. Vanderwilt, J. ¥., op. cit., pp. 360-70.
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which in turn would relieve the compressions! force outside of the 

escarpment.
The weakness in this hypothesis is in not "being able to describe 

the mechanics by which these tension cracks are formed. This type of 
failure has been observed by the writer in pillars which were subjected 
to compression; failure of the pillars generally occurs by spalling and 
slabbing parallel to the direction of compression and not by shearing 
across the pillar. This mode of failure in rocks has been recognized and 
described by many writers, notably McKinstry^ and Ducky.^ McKinstry 
used so called "environmental" stress, stress which is present before 
a mine opening is made, to explain the formation of an "extension" 
direction toward any lower pressure area formed by a mine opening. 
Possibly the same reasoning could be applied to a stope which is filled 
with broken rock and in which voids are intermittently formed by the 
drawing of ore. These voids would form at the base of the conglomerate 
and would allow the monzonite outside the vertical boundaries of the 
stope to expand and fill the voids by lateral movement, which might be 
called slumping of rock.

There are several criticisms of this hypothesis. First, the 
voids formed at the base of the conglomerate should form directly over

31. McKinstry, H. E., Mining Geology, 1948, New York,
Prentice-Hall, Inc., p. 537•

32. Bucky, P. B., Fundamental Considerations in Block Caving, 
Colorado School of Mines Quarterly, Volume 51, Number 3, July 1956,
p. 134.
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the areas of greater amount of draw and lateral movement should he 

most pronounced in these areas. A study of the distribution of draw 

from the various blocks did not support this conclusion; neither the 

distance outward to the major escarpment nor the amount of subsidence 

could be correlated to the variances in the amount of draw within a 

particular stope. Second, the formation of voids which are later filled 

by lateral movement into the stope should cause erratic subsidence 
rates; however, as explained previously, the subsidence rate was remark

ably uniform. Lastly, the formation of a void of any appreciable size 

would leave the conglomerate unsupported over a span which probably 

would cause some caving. The method of failure would be the dropping 

of large masses rather than the spalling of smaller fragments, and 

the void would be filled by conglomerate instead of by the lateral 

movement of the monzonite.

Third Hypothesis

Most of the tension cracks observable on the surface were ver

tical or dipped steeply away from the subsidence area. Unfortunately 
these cracks were observable only in the conglomerate and not in the 

monzonite because of the lack of exposures of monzonite in the subsidence 

area. There is a possibility that these cracks may deviate from the 

vertical at depth and swing inwardly towards the subsidence area. Such
33curved cracks, or surfaces of rupture, have been described by Moulton.

33« Moulton, H.G., Earth and Bock Pressures, Transactions of the 
American Institute of Mining and Metallurgical Engineers, Volume LXIII, 
1920, pp. 327-69.
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Such a mode of failure was observed by Moulton and others in the failure 

of the sides of open cuts.
Figure 15 is an illustration of this hypothesis applied to a 

typical stope at San Manuel. The mechanics as described by Moulton re

quires rupture to extend upwardly from the undercut elevation to the 

surface along a curving surface. If such a condition does exist it 

would certainly explain why subsidence occurred beyond the vertical 

limits of the stopes.

The writer cannot conceive how this method of caving could 

apply to San Manuel because of the following reasons: (l) The major

escarpment does not form at equal distances from each block as this 

method would indicate. (2) The method requires masses of rock to 

slide into the stope at elevations near the undercut level which is the 

area which should offer the most resistance to such movement because 

it is under the greatest pressure due to the column of broken rock 

above the undercut. (3) The writer has observed one crack on the 
major escarpment to an estimated depth of 250 feet without detecting 
any change in the vertical dip, and Pelletier^ estimated the depth of 

a similar crack to be 5̂0 feet by timing the free fall of a rock dropped 
into the crevice. If these cracks remain vertical for such depths then 

an abrupt change in direction would be necessary to bring the surface

3^. Pelletier, J. D., Chief Geologist, San Manuel Copper 
Corporation, personal communication.



of rupture into the stope area. (4) Normal faults which have "been ob

served in the mine area, notably the East fault, did not show any 

indication of deviating in dip when passing from the conglomerate into 

the underlying monzonite; therefore, planes of rupture caused by sub

sidence should not be expected to change in dip when crossing the inter
face.

Fourth Hypothesis

This method is similar to that illustrated in Figure 1 (a) 

and requires the development of shear surfaces extending from the under

cut to the outer limits of subsidence. Figure l6 is an illustration 

of this method modified to apply to San Manuel. The shear surfaces 

are assumed to terminate at the base of the conglomerate, and movement 

along these planes causes the conglomerate to flex which in turn causes 

the formation of vertical tension cracks in the same manner as described 

for the first two hypothesis of caving described.

This hypothesis has the advantage of simplicity in explaining 
subsidence outside the vertical limits of the stopes. Another support

ing argument for this manner of caving was observed on the 1285-level of 
the mine where a drift collapsed well outside the vertical boundaries 

of Block 8-2. The estimated angle of draw based on this collapsed 

drift was approximately 4$ degrees.

The disadvantage of this manner of caving are: (l)Lateral move

ment is required at the base of the stopes, which should be the region 

which would offer the maximum resistance to any such movement. (2) The 

maximum stress concentration should be along the boundary of the vertical

78
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stope once the weight of the conglomerate has "been transferred to the 

outside of the stope. The writer finds it difficult to imagine the 

development of almost vertical shear surfaces which would extend to 

the undercut.

Possible Mode of Formation of Cracks 

Outside of the Major Escarpment

The cracks developed outside the major escarpment did not 

appear to have "been formed by shearing forces because the most movement 

appeared to be simple separation of the walls accompanied by only 

minor, if any, amounts of subsidence. This indicated the cracks 

were formed by tension.

Tension would be developed by the flexing of the conglomerate 

due to subsidence, and this was probably the dominant cause for those 

cracks within and nearby the major subsidence area. As shown on Plate 

13; tension cracks, which did not show any observable amounts of verti

cal movement of adjacent rock, occurred far out from the subsidence 

area. These cracks probably did not form by flexing of the conglomerate 

because subsidence was not present to any measureable extent in these 
outlying areas.

The outlying cracks may represent true "extension" fractures
35which as previously noted have been described by McKinstry and which

35' McKinstry, H. E., op. cit., p. 537



were caused by the relief of environmental horizontal stress by the 
formation of the subsidence area. Direct evidence that such stresses 
exist has not been proven, but certainly some horizontal forces are 
required to counteract the lateral expansion of the rock caused by the 
vertical gravitational forces.

If the outlying cracks were caused by the release of pressure, 
some tangential movement could be expected to take place along these 
ruptures. As shown by Table 4, considerable movement parallel to the 
strike of the cracks was evident.

One obstacle to the method of rupture described is that the 
tension cracks do not symetrically surround the major escarpment.
If the rocks are homogeneous and the stresses are uniform the tension 

cracks should extend out to a fairly uniform distance from the low 

pressure or subsidence area. As shown on Plate 13, cracks were almost 

nonexistent outside the subsidence area in the vicinity of Shaft 2, but 

cracks were developed up to 800 feet outward from the escarpment in 
the area north of the subsidence.

The asymetric distribution of cracks may be explained by the 

attitude of the San Manuel fault and the possible presence of another 

zone of faulting. The average dip of the San Manuel fault is 26 
degrees to the southwest. Only a few cracks were observed beyond the 

major escarpment in this direction. The conglomerate to the southwest 

would have to move up the dip and against gravity in order to expand 

into the subsidence area which would tend to reduce the amount of 

possible movement. The West fault is shown on Plate 1 as extending

81
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"between Shaft 2 and the subsidence area; however, as previously mentioned 

this fault was not observed in the underground workings in this area 

and some doubt exists whether this fault extends as far south as the 

Shaft 2 area. If a zone of faulting, even though minor, exists between 

Shaft 2 and the subsidence area the lateral stresses may be relieved 

along it. This would tend to limit the formation of tension cracks 

to the area north and east of the fault zone.

Author1s Opinion of the Most Probable Method 

of Caving at San Manuel

The writer favors a combination of the first and second hypo
thesis to explain the probable manner by which caving takes place at 

San Manuel. This choice, frankly, was based on the author's desire to 

formulate a hypothesis of caving which would approximate the conditions 

observed in the field yet utilize the more recent published theories 

of others developed for similar mining operations. The author realizes 

San Manuel differs from most block caving operations by having a strong 

conglomerate cover over highly fractured and easily cavable granite 
type rocks.

The writer believed the evidence shewn by diamond drilling into 

the area above Block $-1 was fairly conclusive that the initial caving 

proceeded vertically above each block. After the caving action had 

reached the conglomerate, sliding from the sides occurred in the mon- 

zonite until a sufficiently long span of conglomerate had been flexed 

to cause a vertical tension crack to completely transect the conglomerate.



If the "broken column of rock did tend to separate from the 

conglomerate, even to a very minor amount, the weight of this over- 

lying conglomerate would have been shifted to the ribs of the stopes. 

It would seem logical to assume that shearing of the ribs would occur 

which would force the material into the stope. As each slice of rock 

was displaced downward, the weight of the overlying conglomerate 

would be shifted further out from the block causing another slice to 

shear and move towards the stope. This action would proceed until 
a span of conglomerate of sufficient length was flexed which caused 

a tension crack to separate the conglomerate. These cracks formed 

the major escarpment because an appreciable increase of weight was not 

shifted onto the monzonite outside this escarpment line, therefore 

additional shearing of the monzonite ceased.

The angles of dip at which these shears formed are not known, 

but the theoretical dip would be at 45° if the maximum stress was 

assumed to be vertical. According to Hartman* s Law, a tensions! force 

may be formed normal to the compression direction, which in this case 

would be horizontal.^ This tensions! stress may have caused vertical 

tension cracks to open in the sliding masses of monzonite. These 

cracks may have weakened the monzonite sufficiently to allow crushing" 

to take place which would cause the rock to move along fairly flat 

angles, say 30 to 40 degrees, and toward the vertical column of al
ready broken rock.
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If continued drawing caused a void of any appreciable size to 

form at the base of the conglomerate, large pieces of the conglomerate 

probably would break off and fill the void. Therefore, the base of the 

conglomerate may have arched upwards to some extent over the block.

This arching does not appear to have proceeded very far, except in the 

case of Block 9-1 where a pipe through to the surface was formed.

A detailed visual observation of the pipe over Block 9-1 gave 

some interesting deductions which may be used to supplement the shear 
and tension failure already described. Plate 5 is a photograph taken 

of this pipe on March ^ } 1957• A ring of tension cracks, which appear 
to be vertical, surrounded the pipe. There was vertical displacement 

along each of these cracks which caused a stair-step appearance of the 

surface. The writer believes that situations almost identical to this 

only on larger scales exist at the base of the conglomerate over each 

stope. As stated previously, the crater inside the pipe would be 

filled by monzonite which had moved laterally and large pieces of con

glomerate which had dropped vertically downward into the void.

The writer favors the method described because it allows for 

lateral movement into the stope only at the upper elevations. This 

is the area which would offer the least resistance. The monzonite 

outside the vertical boundaries would not expand to any great extent; 

therefore the expansion factor for the broken material in the stope 

would approximate 20 per cent.
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The collapse of the 1285-level far out from Block 8-2, as 

described previously, must be explained by means other than shearing 

if the method advocated by the writer is accepted. A visual study 

of the extent to which increased weight was noticable away from the 

active blocks was made by the writer on the l4l5-level. Moderately 

heavy weight existed up:to several hundred feet away from some of the 

active blocks. Therefore, similar conditions should be expected on 

the 1285 level which is only 130 feet above the l4l5 level. This 

increased weight would cause mine timber to collapse after sufficient 

time had elapsed.

Conclusions

To summarize the writer ‘ s study of the subsidence at San Manuel the 

following conclusions were made:
1. The monzonite rocks probably caved vertically above each 

undercut. When the caving action had reached the base of the con

glomerate, the weight of the overlying conglomerate was shifted to 

the periphery of the underlying stope. The increase of weight pro
bably caused shearing and tension ruptures, and the monzonite moved 

laterally into the vertical column as drawing continued. This 

action probably accounted for the wide subsidence area over each

active block.
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2. The conglomerate rock apparently was too strong to fail by 

the normal spalling action. Tension cracks were developed in the 
conglomerate probably by flexing caused by subsidence. An escarpment 

was formed where tension cracks completely transected the conglomerate, 

and this escarpment limited most of the subsidence. The location 

of the escarpment appeared to be dependent upon the thickness of the 

conglomerate.

3* Subsidence commenced about 100 days after drawing started 

from the caving blocks. This time lag probably represented the time 

necessary for the caving action to reach the base of the conglomerate.

4. The amount and rate of subsidence were greatest in the 
immediate vicinity of active blocks, but the maximum subsidence was in 

the pillar areas between adjacent blocks.

5* If the hypothesis of caving favored by the writer is ac

cepted, the per cent of theoretical extraction of ore should be 100 per 

cent or slightly better, particularly for high ore columns.

6. The lateral extent affected by caving was variable.
Tension cracks have appeared up to 950 feet away from the nearest active 

block. The location of the major escarpment appeared to be dependent 

on the thickness of the Gila conglomerate.
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