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PREFACE

The nature and extent of ground movements resulting from
the extraction of coal can be predicted with a fair degres of accuracy
as a result of extensive research carried out in the past. There is,
héwever, little quantitative information sbout the effeect of such
movements on structures. This information is necessary for the |
protection of existing structures from damage due to mining oparations
and for the design of new structures for erection in mining areas.

The work described here was carried out to study the
factors governing the ﬁransmission of ground movement to structures,
and the damage arising from the transmitted movement.

Section 1 is concerned with theoretical aspects of the
transmission of ground movement to structures. The effects of vertical
and horizontal movements ere considered separately. In each case an
expression is derived for the critical length of structure at which
damage will occur.

Tests on existing structures which were subject to mining
subsidence are described in Sections 2 to 4. The development and
application of suitable techniques for the measurement of horizontal
and vertical movements of ground and structures, and for the measurement
of wall tilt, are described. Damage which ocecurred to the structures
is listed and is related where possible to measured ground movements.

Section 5 describes tests which were carried out with sand

models to study movements in a cohesionless mass subjeet to horizontal



extension. B

A paper entitled "SUBSIDENGE - The Transmission of Ground
Movement to Surface Strustures® was read to the Mining Institute of
Scotland by the author and his supervisor. This paper has since been
accepted for publication by the Institution of Mining Engineers.
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Section 1 THECREFICAL ASPRCTS OF THE TRANSMISSION CF
| GROUND _MOVEMENT _TO STRUGTIRES

dal- Introduction.

Ground movements which occur at the surface over g mine working
are three dimensional in character though, as a result of the methods
used in their measurement, it is usual to consider the vertisal and
horizontal components separately. The factors affecting the
distribution of such vertical and horizontal movements have been
sufficiently discussed and documented by other workers [1.1, 1.2,

1.3 ]’to render description of them here unnecessary. The object of
the research described herein is the study of the effect of such ground
movements on structures, with reference to the type and amount of ground
movement which would cause damage and to the factors which govern the
transmission of ground movement to structures. Though the damage
caused by ground movement is a result of the combined effect of vertical
and horizontal movement, for the purpose of the dissertation which

follows the effect of each type of movement will be considered separately.

1.2, The Effect of Vertical Movement.
Differential vertical movement of the ground surface results in

tilting which can be dangerous in the case of tall structures where it
may lead to instability. Some structures must be kept level in order
that they function properly (e.g. bridges, foundations of machinery etc.)
and are, therefore, adversely affected by tilting; methods of relevelling
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such structures have been described [1¢4:], The efficiency of sewage
and land drainage layouts may also be impaired by reduction in the flow
gradients necessary for the proper operation of the systems.

The strength characteristies of most conventional structures are
such that a structure set on ground which is subject to vertical movement
will, in general, deflect under the action of its own weight to conform
to the shape of the ground surface. Thus the curvature of the ground
surface, which is an essentlal feature of subsidence mowvement, will give
rise to differential vertical movement over the area of a struecture set
thereon, Such differential movement, if large enough, will cause
cracking of the structure.

A survey of published work was made to determine the magnitude
of the relative deflection between adjacent parts of a structure which
would result in eraeking of the strusture [Ref. 1l.5 to 1.10 ].

The data obtained are shown in Table 1.1 ; it will be noted that the
data fall into two groups which relate to two distinct types of deflection.
Some of the authorities quoted in Table 1.1. relate the incidence of
damage to the tilt of sections of a structure while the others relate
it to the ratio A/{ of the displacement '/\' at the cenmtre to the
length 'L? of the struecture. The first concept 1s more useful in
considering the incidence of damage to the brick infilling of framed
structures when the frames are distorted out of square. In the second
category the figures given relate to the displacement of load bearing
brick walls set on conerete strip foundations. Consideration of the
data given (Table 1l.1.) suggests limits of deformation of 5%3 in the

1
first case and 7,000 in the ssecond.
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Consider the deflection of a load bearing brick wall of length
'L' feet which is subject to curvature as a result of mining subsidence.
If, when the radius of curvature of the ground and building is 'R! feet,
the deflection of the centre of the wall relative to its ends is '/\!' feet

- it can be shown that

2

L
t— res—— — ‘2.
R 5 (1.2.1)

Now consider the equation of the subsidence curve given by

Whetton & King [1.11] s namely

] 2y
2 ( h tan dg) ( )
where
x = subsidence at a distance 'yt from the point of inflectien

of the subsidence development curve.
S = amplitude of the subsidence development curve.

h = the depth to the panel being extracted.

o

the angle of draw.

The above equation was derived by Whetton and King as a result of
experiments on gelatine models; it was shown to be in reasonable
agreement with actual subsidence profiles measured in the field and is;
therefore, suitable for use in this analysis.

Using equations (1.2.1) and (1.2.2) it can be shown that



Sect. 1) ' 4

2 ,
1 - 4x _ 8A _ 48 gec h32y sin h 2y
R dyz L bz tanzo( h t&nd h tan d

and that curvature is a maximum when y = X 0.33 h tan . As the
important factor of the curvature is its magnitude the signs need not

be considered.

2
Therefore maximum curvature d*x . 1,528 = _8A
dy? tan® o\ L.

which for average values of -‘%— and O\ of Z%a and 35° respectively

glves
h2
L = (1.2.3)
c 1550 8.
where L, = “eritieal length of structure in respect of the incidence
of damage due to curvature.
Section 1.3. THE EFFECT OF HORIZONTAL MOVEMENT
le3:.1e _ Goneral.

Differential horizontal ground movements at the surface are
transmitted in a greater or lesser degree to structures set thereon,
causing them to strain and, if the movements are large emough, to break.
Research work over the years has provided a considerable amount of
information about the magnitude and distribution of horizontal ground
movement and has enabled methods of prediction to be evolved [1.12] 3

in addition a reasonable estimate can be made of the amount of movement
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a particular structure can stand. There is, however, a great lack of
information about the factors which govern the transmission of ground
movement to structures.

If structures had their foundations set into bed=rock there would
be 1ittle difficulty in determining the relationship between ground and
structural movement. Most structures, howsver, have foundations resting
in unconsolidated material and it is necessary to investigate the factors
affecting the transmission of movement through this unconsolidated

material to relatively rigid structures.

e3:2., The transmission of horizont ound movement by unconsolidate
materials is a problem which could best be investigated by field measure-
ment, over mine workings, of movement at the rock head and at the surface
of the unconsolidated material. Suitable sites where measurements of
this type can be made are difficult to find, but the appliecation of
simple soil mechanics theory helps to elusidate the problem in a general
way.

Consider the state of stress in a soil mass with horizontal

surface, subject to horizontal movement. The shearing resistance '--!
on a plane in a soil mass is related to the normal stress 'g—' on that

plane, by the equation

"'t/ = @0 tan ¢ + 0 (10301)

where ¢ angle of internal friction
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c = coefficient of cohesion of the material.

It can be shown by reference to standard soil mechanics thecry
[.13] that a state of temsile stress cannot exist in a cohesionless
mass (1.0 one in which € = O ) even under a condition of elongation.
In such a case failure takes place along planes ineclined at an angle of
(45 - .g_ )® to the vertical. It can be shown that under this
condition the relationship between the horizontel prineipal stress 'G—H '

and the vertical principal stress 'O y' 1is

0f = Oy tan® (45-_3;_) (1.3.2)

Similarly in a cohesionless mass, subject to compression, it can
)
be shown that failure takes place along a plane inclined at (45 + _g_)
to the vertical when the relationship between 0 and Oy 1is

Og = Oy ten? (45 + .g..) (1.3.3)

Thus, considering the case of fallure in a mass of dry sand, the
nearest practical approach to an ideal cohesionless material, and taking
a typleal value of ¢ = 40° it can be shown that

0y = 0220y (13.22)

for fallure resulting from elongation of the mass
and G_H = 4.56 Oy (1.3.3a)

for failure resulting from compression of the mass.

In the case of a soll mass with cohesion, subject to extemsion,
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it can be shown that a state of tensile stress can exist in a horizontal

direction for certain values of Oy , namely

when 0y =<2 tan (45 + _‘E_) = §h. (1.3.4)
2

where J = specific weight of material

h = depth to point under consideration

Taking typicel values of G, ¢ and ¥ of 500 1b/ft?, 15° and,
110 1b/£t> it can be shown that a state of tensile stress can exist to
a depth of approximately 12 ft.

For a cohesive material the relationships between ¢ y and 6v

when failure due to elongation or compression takes place, are as

follows
0% = 67 tan? (45- 9 | =204 -9
H vy tan (45 —i—) an (45 T)
for elongation @ = =0 o———mmmmmmmee- — (1.3.5)
0w = 0% ta (45+ 9 ) + 20tan (45 + 0
H v (Z’ t 7 e =

for compression. (1.3.6)

The typical values of ! 4) ' and 'C! given above gilve

0g = 0590y = 70 - - (1.3.5a)
for failure due to elongation

g = 169Gy + 1300 : (1.3.6a)
for failure due to compression.

Since in the undistributed state the horizontal prinecipal stress
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Since in the undisturbed state the horizontal principal stress
! o-ﬁ' is approximately equal to the vertical prinecipal stress ’ﬁF;v‘
it is obvious that compressive ground movements will give rise to
considerable lateral pressure on parts of structures below ground level.
(1.343a, 1.5.6&).

In an attempt to test the applicability of this theory in the
case of cohesionless material, some tests with sand models wsre carried

out. These tests are described in Section 5.

1e3.3. The transmission of horizontal movement from soil to g structure
can easily be visualised in the case of a echesive material in which

tonsile stresses can exist at or near the surface. Bearing in mind
that tensile stresses cannct exist in a purely cchesionless material, it
is difficult to visualise how a material such as dry sand can transmit
tenslle movement to a structure. To elucidate this matter consideration
will be given to some theoretical and practical aspects of the transmission
of ground movement to structures.

When a structure is sited on soil which is subjected to movement
as a result of mining operations relative movement of the soil and the
foundation of the structure may take place. Experiments at the Road'
Research Laboratory [1.14.] where concrete slabs were pushed and pulled
over different types of soll showed that, when relative movement took
place between slab and soill, the frictional resistance to movement wvaried

with the magnitude of the relative movement up to a maximum walue;
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subsequent relative movement took placs againsf this limiting resistance.
Values of maximum resistance between 100 and 300 1b/ft% at relative
displacements of 0.01 to 0.05 in. were found for materials ranging from
smooth sand to rough clinker. Though these results were obtained by
moving slabs over soil there is justification for using the results in
considering the movement of soil past slabs, or octher flat bottomed
structures as it is the relative movement between the two which is
important in each cass.

Consider the transmission of strain to a structure with a modulus
of elasticity ‘E? lb/Itz, base width ‘W' £t, length ‘L' £t and sectional
area 'A! £t2, Suppose that the structure is set on unconsoclidated
material subject to a horizontal extension of "CG' mm/m. The following
assumptions will be made

1) The force transmitted to the structure increases uniformly

with increase in relative displacement betweem soll and slsab

up to a 1limiting value of 'R' 1b/ft°, at a relative displace-

ment of '[§t' ft. For relative displacements greater than

A\_ the force tramsmitted is constant at R 1b/ft%. Fig. l.la.
2) The centre line of the structure does mot move relative

to the ground.
3) The relative displacement at points away frem the cenmtre

line is proportional to the distance of the points from the

centre line.

The assumed relationships regarding the force transmitted between
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the soil and structure are as shown in Figs. 1l.1. a and b,

It is obvious that the distance, 'a' ft from the centre line of
the structure to the point where maximum transmitted force obtains,
will depend on the magnitude of the ground strain fq. At small
values of ﬁq the critical displacement may not be reached within the
length, ‘L' £t, in which case the force at the centre line of the

structure will be given by

F, = W_R_L2 (1.3.7)

£, 8a

At large values of Eq the critical displacement Ac. will be -
attained within the length of the structure and the force at the centre
line will be given by

o= -%- (L - a) (1.3.8)

There will be a value of £q which will just cause the critical
relative displacement ! Ac“ t0 be attained at the end of the structure
1.e. there will be a value of §£ G where a = -%n . In this case the

force at the centre line of the structurs will be given by

Fy = —“—%"— (1.3.9)

Now it can be shown that the strain set up in the structure is negligible
compared with the ground strain Eq .  Therefore

_ Es.
Ac = 'quo'g' (1.3.10)
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[]
If the value of £_ at which a = _g_ is £, then from (1.3.10)
]
_ 2000 B¢
E 6 = T (1.3.11)

The total force at the centre line of the structure will be given
by q.(1.3.7) for £, < £, and by eq.(1.3.8) for £, > £,

Consider next the stresses set up at the centre line of the
structure as a result of the above forces; suppose that the sectional

grea of the structure is 'A! ft2

and its modulus of rigidity is °'I° ftt
If the length of the structure is small in comparison with its height
then the stress at the centre section will be eccentrically distributed
over the height of the strusture. If the distance from the neutral axis
to the bottom edge of the slaeb is 'yp'! £t. then the stress at any section

at a distance 'y' ft from the neutral axis is given by

6— = F‘E(—— + M) — (1«:3012)

The maximum stress will accur at the bottom edge and will be given by

= F 1 + y12 - (1.3.12a)
Opax, ~ ¢ * T e

I

o max. Eﬁ K
where K, = 1 + 21
A

If; on the other hand, the length of the structure is large in
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comparison with its height the stress at the centre section will be

more or less uniformly distributed and will be given by

T4
0 = - (1.3.13)

In general the maximum value of stress at the cenirs section will
have some value between that given by eq.(1l.3.12a) and (1.3.13) but as the
most critical condition is that expressed in eq.(1.3.12a) this equation
will be used in the analysis which follows.

Failure of the structure will occur when @ ., = O, the
ultimate tensile stress of the material from which it is constructed,

i.e. for cracking

For values of 6@, 366' and using eqs.(l.3.8) and (1.3.10) it

can be shown that

_ 200 , 10008
L = * (103014)
c RW
6 Ee
where L. = critieal length of structure with respect to

damage due to extemsion.

For values of Eﬁé E ‘: and using equations (1.3.7) and (1.3.10)
it can be shown that

ch = _E&, (1-3015)
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gooo Do oy

REW.

where K2

The graph of L, against E,G' is shown in Fig, 1.2.

As 6’@» tends to oO Ly, eq.(1.3.14), tends to a limiting value
of 2 O-J/Klﬁw which is a constant for a given set of circumstances.
Let this limiting value of L, be called the ‘maximum safe length? | of
structure. It is obvious that a structure of length less than the
maximum safe length will not suffer damage due to ground strain,
irrespective of the magnitude of that ground strain.

Consider next the factors which affect the maximum safe length

of structure, L s Where

Lpax = ;:E (1.3.16)

The effect of each of the quantities in the above expression will be
consldered in turn.

The strength of the material from which the structure is constructed,
Oy » Wwill be fairly constant for the normal brick or concrete structure.
In general the strength of the structure can be inereased by the provision
of tensional reinforcement. The most effective position for this
tensional reinforcement can be seen from consideration of the effect of

the constant Kl
2

A I

For a given cross sectional area, 'A' it is obvious that Ly, will
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increase with increase in 'I', the modulus of rigidity of the structure,
and with decrease in 'y;' the distance from the neutral axis to the base
of the structure. These desiderata can be ashieved simultaneously by
the provision of tensional reinforcement as near ground level as possible.
In general the width of the foundation 'W! will be a constant for a
given structure.
Reduction of the value of 'R’ will cause increase in ‘I, .'.
This reduction can be achieved by laying the foundation on a smooth
layer of a material with low shear stremgth. Such a procedure has
been described by Gibson [1.15 ]

le3e4ke CONCLUSINS

The foregoing analysis has been made on the basis of experiments,
with concrete slabs, carried out at the Road Research Laboratory [?.14].
Certain simplifying assumptions were made. In order that the validity
of the analysis can be tested fisld trials are necessary. The object
of these trials should be

a) to determine the relationship between the force R,

transmitied to a structure and the relative displacement

between ground and structure for different types of soil,

b) to determine the relationship between the bearing pressure
and the force, R , transmitted for different types of soil.

This information could be cbtained by laying a series of long,
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narrov slabs of concrete on ground which is to undergo movement
arising from mining operations; measurements could be made of ground
strain, slab strain and relative horizontal displacement between ground
and sleb. By siting the slabs close together and laying them on
different types of underlay the effect of different soil types, for a
given set of strain conditions, could be investigated. Such field tests
could not be carried out as no suitable sites could be found.

Several sites wers made available by the National Coal Board
where existing structures were to be undermined. Though there was not
the variation in soil type, foundation type and structure type that was
desired it was felt that valuable information could be obtained by making
measurements, at these sites; of ground and structure movements. The

work carried out on these sites is the subject of Sections 2, 3 and 4.
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Section 2.1 CARDOWAN HOUSE SITE

A plan of the site is shown in Fig. 2.1.

When work commenced in October 1957 a face in the Meiklehill
Wee Seam was being worked in a south easterly direction under the
grounds in front of Cardowan House. The following data relate to

the working :-
Width of face 500 £t
Thickness of extraction 26 in. - 29 in.
Dip 1 in 15 North east
Depth of Cover 1,300 £t

The ground in front of Cardowan House dips in a southerly
direction at about 1 in 12. The plot marked °‘A' in Fig. 2.1 is
enclosed on the south and east by a brick wall which varies in height
between 5 and 10 feet, the lowest portions being on the eastern,

i.e. the sloping side. |
To determine if differential vertiecal movement was taking

place between the ground and the wall it was decided to measure -

a) the change of slope of the wall and ground with time,

and b) the change of level of the wall and ground with time.

'To determine if differential horizontal movements were

occurring in the wall and ground it was decided to measure -

a) change in distance between stations in the wall,
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and b) change in distance between stations in the ground.

Section 2.2 MEASURING STATIONS

2.2.1. _Wall Stgtions.
Details of the wall stations are shown in Plate 2.1. The

stations were fixed in prepared holes in the wall (with the main and
cross members horizontal) by means of nut. , Cement grout was
placed in the hole to provide a firm anchorage. Thirty two stations
in all were installed at intervals of approximately 12 feet. The
spacing was diﬁtated by the presence of strengthening butts bullt
at 12 foot intervals along the wall. The 16 stations on the south
wall were installed on a level course approximately 5% feet above
ground level. Those on the east wall were installed along a uniform
grade at heights varying from 4 to 6 feet above ground level.

‘The tilting of the wall was recorded by measuring the changes
in inclination of the main and e¢ross members of the stations using
a Watts' Adjustable Block Level. By this means the tilt perpendicular
and parallel to the wall was found. Positive location of the block
level was provided by a taper pin set in each member.

To enable vertical movements of the wall to be detected,
precise levelling measurements were made with the levelling staff

placed on the taper pin in the cross member of a wall station.
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2:2.2. Ground Stations.

The ground stations (see Fig. 2.2) consisted of 3 ft lengths
of £ in. bore malleable iron pipe set in concrete. The top end of
each was screwed internally and externally. A brass plug with a
domed head and engraved cross was screwed into the internal thread.
The outside thread was to take & detachsble, screw-cn extension piece.
The station heads were set below ground level and protected by cast

iron drain covers from accidental damage by animals.

Section 2.3 SURING PARATUS TECHNIQUES

2.3.1. Vertical Movements.

The apparatus used for the detection of vertical movements
was of a type previously used and described by other workers in the
field of subsidence research. [?.i] 35 1t comprised a precise level
(Cooke, Troughton & Simms S.500 geodetic level) and invar staff.

The levélling procedure which was evolved for use on the
8ite was as follows :-

The ground stations were levelled and all levels related
to station 32 Ground. Six instrument settings were required due
to the slope of the ground and the presence of trees. The staff
was read with the level on both faces to eliminate eollimation errors,
and the mean value calculated. Fore sights were made immediately

following back sights to minimise error resulting from settlement
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of the instrument. Intermediate sights were then made. The
back sight reading was checked to see if settlement had occurred.
Any error noted was allocated proportionately to all intermediate
sights on the assumption that settlement had taken place at a
uniform rate with time.

As; a check the line was relevelled using the same stations
as change peints. No intermediate sights were taken. The mean
value of the vertical distance between adjacent change polnts was
then calculated and used in the calculation of reduced levels,
provided that the two measured values of a vertical distance did not
differ by mo;-e than 2/1,000 ft. Where the discrepancy was greater
than this value, the wvertical distance between the two stations was
remeasured till two readings were obtained which came within the
presocribed limits. Checking was done during the second levelling
so that discrepancies would be discovered in the field and any
supplementary measurements made forthwith.

The vertical distance between ground and well stations was
then obtained by positioning the instrument so that both stations
could be levelled at the cne setting. When making measurements on
wall stations the staff had to be held by the staff man while sitting
on top of the wall. As steadjing poles could not be used in this
position it was difficult to hold the staff steady in a winde In
an attempt to overcome this difficulty a short staff was constructed
from a draughtsman's seale and fitted with a spirit level. On test
the small staff proved to be more unsuitable than the large on the



Sect. R) | 20

following counts.

(2) The staff was difficult to read due to the faint
gradustions and to the lack of light in the shadow
of the wall.

(b) The staff was difficult to hold steady while standing
on a ladder, a procedure rendered necessary by the
height of some of the stations.

(¢) The rate of measuring was slowed down since the level
had to be moved and re-set for every station on the

8loping east wall.

The measurements were therefore continued using the large
staff, measuring being limited to calm days.

The vertical distance between corresponding ground and wall
stations was measured twice and the mean value accepted, unless the
individual measurements differed by more than 2/1,000 ft. In such

a case further messurements were made.

2,3,2,  Inclination Measurements.
A Watts' Adjustable Block Level was used for measuring the

inclination of the main and cross members of wall station. The
instrunent is shown in Plate 2.2a. The level has a range from - 2°
to + 3°,  The micrometer drum is graduated in degrees and minutes,

and the bubble tube in intervals of 20 sec. " .
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As slight roughness on some of the station members was causing
damage to the machined faces of the V-groove on the level, a packing
piece was constructed (Plate 2.2b). The packing piece has a machined
V-groove to fit over the station members and a flat machined upper
surface with a locating spigot to take the block level. One end of
the packing piece was marked to ensure that the packing plece was
always presented to the measuring station correctly oriented. This
precaution was taken to allow for any lack of parallelism between the
upper and lower surfaces of the packing piece which would introduce
an error 1f the packing piece were turned end for end between two
measurements on a station. The packing piece was tested for parallel-
ism by making several measurements on a station, turning the packing
piece through 180° between consecutive measurements. It was found
to be parallel within the 1imits of acecuracy of the block level.

The measuring procedure with the block level was as
follows :=

The packing piece was set on a station member with the
marked end butting against the taper pin. The block level was
placed squarely on top of the packing piece and the cross levwel
bubble brought to zero by rotating the assembly about the member.

The micrometer drum was rotated to btring the main bubble near
the centre of its run; the micrometer was set to the nearest
nimite and the reading noted; both ends of the main bubble were
read, estimating to 1/10th of a division. The block level was
then turned through 180° and the reading repeated to allow for
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the axis' of the bubble being not parallel to the base of the
level. The mean of the two readings of inclination was taken

as the inclination of the member,

2 Megsurement of Horizo Movements.

The magnitude of the maximum horizontal ground movement likely
to occur in the vicinity of the measuring stations was estimated to
be 0.4 m.m./m. tension. This would cause an increase in the distance
between stations of 0.06 inches. To measure the development of such
movements a measuring device with a high degree of accuracy was
required. The measurement was rendered difficult by the following

factors.

(1) Wall stations were not uniformly spaced (distance
between stations ranged from 11 feet 9 inches to
12 feet 3 inches) nor were they parallel to sach
other.

(1i) Ground stations were of necessity below ground level.

W.H. Ward [2.2] clains an accurscy of % 0.001 inshes on
a 10 ft. gauge length when using a rod fitted with a micrometer
under steady temperature sonditions. Since steady temperature
could not be expected at the site, any device similar to that used
by Ward would require to be of invar to minimise error in the

application of a correction for thermal expansion. The use of an
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invar strip as a gauge length, with a micrometer for measuring
lengths in excess of the gauge length, was considered. The means
of locating the ends of the measuring device on the stations, especially
those below ground level, proved a difficulty. After unsuccessful
trials with mechanical means of 1oeétion it was decided to try to
locate the ends by optical means = using optical plummets to set up
over or under the station. Macca base line measuring equipment
(Plate 2.3) was tested to find if it could be applied to the job in
hand. The apparatus was set up over the measuring stations then
centred over the stations using the optical plummets ‘A'. The plummets
were replaced by tape micrometers 'B! and the distance between the
measuring marks read from the invar tape.

Measurement of the distance between the tape micrcmeters
could be repeated to within 1/10,000 £t while, with replumbing between
measurements, a range of 16/10,000 £t was obtained. It was thus
obvious that the main source of error lay in the plumbing operation.
Since it was impossible to modify the existing stations to provide
positive location for the tape micrometers it was decided that optical
plumbing be used for measurements on the site. By the time the
necessary equipment was delivered by the manufacturer ground movements
on the site had virtually ceased. No measurement of the horizontal
movements in the ground or wall were made. With the absence of such
measurement the main object of the test was lost.

It was obvious from trials with the base line measuring
equipment that the technique was very time consuming and required at
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least four men for its operation, also the accuracy obtained was nct
sufficient to justify the time and labour expended. The 95% confidence
limits for the mean of three measurements of the distance between ground
stations, (the measuring heads being replumbed between each measure-
ment) was found to be % 1.5/1,000 ft. It was, however, apparent

that an invar tape, under standard tension and used in conjunction with
tape micrometers, was capable of giving a measure of the disitance
between two stations to within 1/10,000 ft provided that a positive
means of locating the micrometers on the station markers could be
developed. This could be done in the case of a wall stationvby
mounting a clamping device on the wall; in the case of a ground station
a concrete beacon with its top some inches above ground level would be

required. Three difficulties are at once apparent.

(1) ©Cost, (initial and replacement in event of damage).

(2) The difficulty of finding a site where such fittings
would not interfere with or be damaged by normal use
of the land or buildings.

(3) Measuring stations would be conspicuous and therefore
liable to malicious damage.

The first difficulty can be reduced by uzing fewer measuring
stations set at greater distances apart. This would also reduce the
fractional error of the measuring technique as the error in rsading
the tape is independent of the length, long lengths thus giving

smgller fractional errors than short omes. The use of widely spaced
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stations is not permissible when measuring over shallow seams since
under these conditions the magnitude of ground movements may change
considerably over a comparatively short distence.

The difficulties listed as 2 and 3 were in fact the governing

factors in the choice of the measuring technique which was evolved

for use on other sites.

Section 2.4 RESULTS
2ehele  Vertical Movements.

Periodic measurements were made of the difference in level

between

a) ground staticns,

and b) adjacent ground and wall station.

The results obtained are summarised in Tables 2.1 and 2.2.

From the data in Table 2.1 the following were calculated —

Average tilt in ground adjacent to East Wall - 2.3 sec.

Average tilt in ground adjecent to South Wall = 1.5 sec.

The ground tilted uniformly along the length of each wall.
Reference to Table 2.2 shows that there was no significant

differential vertical movement of the ground and wall.
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2.4.2.  Angulsr Movements.
The change in inclination of the main and cross members of the

wall stations was measured. The data obtained are shown in Tebles
2.3 and 2.4. The sign convention adopted for the angular movements

is as follows &~

Clockwise rotation in the plane of either wall, viewed
from inside, is positive.
Movement outwards in the plane at right angles to the

wall 1s positive.

Graphs were drawn to show how the movement of the well veried
with time. Fig. 2.3 shows that movements of the cross members of
the stations in the south wall were similar for all stations except
station 3. Movement at station 3 was markedly in excess of that at
other stations. A different pattern of movement was shown by the
station members at right angles to the wall (Fig. 2.4). It will be
seen that in this case the curves fall into two groups sorresponding
to the two parts of the wall. Movement at station 3 was not markedly
different from that at other stations in the same group. Fig. 2.5
also shows the difference in movement of the two sections of the south
wall. The movements in sections 9 to 16 were uniform and comparable
in magnitude to the ground movement; movements in the other sections
were comparable with ground movement at stations 7 and 5, but were
greatly in excess of ground movement at stations 3 and 2. There were

no noticeable peculiarities in the ground or wall in the vicinity of
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the latter stations.

Figs. 2.6 and 2.7 show the movement of the cross members and
main members of the stations on the sloping east wall. In both
figures the curves fall into groups according to their shape. It
will be noted that there is a variation in the magnitude of movement
within each group. This is more clearly seen in Fig, 2.8 which shows
the total angular movement which occurred at each station on the east
wall. Movement over the centre section of the wall was fairly uniform
and only slightly in excess of ground movement. At the ends, mcrv_ement
was more erratic and was much in excess of ground movement. It is
suggested that this was caused by a lean-to garage backing on the wall
between stations 29 and 30, and by dead trees standing against the
wall between stations 17 and 19. Another factor contributing to the
effect was the presence of cracks which allowed adjacent parts of the
wall to move independently of each other.

Fig. 2.9 was constructed to compare the rate of development
of tilting movements in the ground and the wall. Average values of
tilt for the ground and wall were used. It can be seen that, except
during the period from February till April tilting of the ground and
wall took place at the same rate. In the period February to April
a large increase in the tilt of the wall was recorded. This increase
can also be Seen in Figs. 2.3, 2.4y 2.6 and 2.7 where it will be
noted that the magnitude of the change varies from station to station.
Movements during the period in a given direction, e.g; parallel to

the wall, are in the same direction for all stations. Now if weather
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had been the main cause of the rapid change in tilt it is probable
that changes in either direction would have occurred. The rapid
change cannot, therefore, be attributed solely to the effect of

weather.

CONCLUSIONS

Differential vertical displacement of the ground and wall,
if such occurred, was not detected by the measuring procedure used
in the test.

Tilting movements were not uniformly distributed along
the length of the wall. The variations in movement were attributable
in most cases to the presencé of cracks or other discontinuities in
the wall.

Except during the period from February to April the avsrage
tilt in the ground and wall, in a given time, were comparable in
megnitude. The reasons for the large wall movements during the

above period are not clear.
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Section 3.1 DESCRIPTION OF SITE

3.1.1. Workings,

29

The seam being worked in the vicinity of the church at the

time of the investigation was the Stoney Seam.

and the workings under the church are :=-

Thickness of seam
Depth of cover at church

Width of face

Pack Details
Main Gate rise side
Main Gate dip side
Tail Gate rise side
Tail Gate dip side

Strip packs on face

Figure 3.1 shows

(a) the working in the Stoney Seam

26 in.
550 ft.
450 ft.

20 ft.
15 ft.
12 ft.
30 ft.

8 ft.

Details of the seam

at 22 f+. centres.

(b) the boundaries of old workings in the three seams lying

within 100 feet above the Stoney Seam,

(¢) the limit of advance in the Stoney Seam which was

rising towards unconsolidated deposits.
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2. Buildings.

Details of the buildings are shown in Fig. 3.2. The sections
A, B, C and D were built over 100 years ago and comprise the church,
vestry, kltchen and manse respectively. The walls of these bulldings
are about 2 feet thick and consist of sandstone blocks, set in level
courses, backed by random rubble. Lime mortar was used as the bonding
agent. The walls are built on sandstone footings set at a depth of
1 foot on a hard packed sandy soil.

Church. The gallery shown in Fig. 3.2 is built into the wall

and supported at its inside edge by wooden beams set on wooden pillars.
The interior fiﬁish, on both ground floor and gallery, is wood
panelling with plaster above. The ceiling is of plaster and is
without ornamentation; it is flat over the centre portion and slopes
downwards at the pitch of the roof to the junction with the walls.

The vestry, B, and the kitchen, G, are single storey buildings;
the manse, D, is two storey.

The hall, E, is of more recent construction. It is a single
storey brick structure built on concrete footings laid at a depth of
1 foot on a hard packed sandy soil.

All the buildings had been damaged by previous workings in
the area. Repairs, mostly in the form of repointing and plastering

of open cracks, had subsequently been carried out.
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3.1.3. General.

When work commenced at the site some movement of the buildings
had teken place. Also, the distance the face had still to advance
was limited to about 500 feel by the presence of unconsolidated deposits.
As this distance was less than the dlameter of the area of influence
of a surface point (700 feet in this case with a 35° angle of draw)
it was impossible to lay out a line of measuring stations which would

undergo a complete ¢ycle of subsidence movement.

Section 3.2 OBJECT OF INVESTIGATION

The objects of the investigation were
(a) To determine the magnitude and distribution of
ground movements in the vicinity of the buildings.
(b) To determine the magnitude and distribution of
structural movement and to record the nature and
extent of damage.

(¢) To correlate where possible the information obtained
in (g) and (b).

Section 3.3 DESCRIPTION OF MEASURING STATIONS

3.3.1, Ground Stgtions.
The station markers consist of 3 £t. lengths of mallesble iron
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pipe about 1 inch in dismeter which were hammered to a point at
one end and fitted with an anchor plate at the other. The pipe was
screwed internally at the anchor plate end to take a brass socket.
(See Plate 3.1). The mein member 'A' of the station marker is
driven into the ground before the socket 'B' is screwed into position.
A special drive head with wood inserts was used to prevent damage to
the internal thread. The station markers were inserted so that they
did not protrude above ground level, to minimise the risk of damage to
them by animals or farm implements. To enable linear measurements to
be made, two extension pieces 'C! were provided. The extension pieces
were a sliding f£it in sockets 'B', The extension pieces were numbered
to aid identification. Both the extension pieces and the sockets had
locating marks scribed on them.

The distance between adjacent stations was measured by means

of an invar tape.

3e¢3:2. Wall Stations.
Tape Stations. Cylindrical brass plugs 1 inch long and 4 inch

diameter were fixed to the wall by rawlbolts to form station markers.
A fine line was scribed on each plug, after fitting, to form a reference
mark for linear measurements. The plugs were set in pairs 2/ feet

apart and the distance between them measured by means of an invar tape.

Micrometer Stations. The plugs used were similar to those used for
tape stations but, in addition, were fitted with a pin to provide



(B) (©) (B)

PLATE 3.1. GROUND STATION, EXTENSION PIECE & SOCKET,
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positive location for the micrometer (See Plate 3.3.C). The plugs
were inserted in pairs 15 inches apart. The distance between

adjacent plugs was measured by means of a micrometer.

Section 3.4 YOUT _OF MEASUR STATIONS

3.4.1. General.

The station layout was determined by the factors discussed in
section 3.1.3. Stations inserted adjacent to the church would undergo
only that part of the movement cycle ;hich had not taken place before
they were inserted. To enable some assessment to be made of the
magnitude of the movement which had occurred near the church prior
to the insertion of the stations, a second series of stations was
required. This second series of stations was laid out in the same
position relative to the faeé as the first series, but in a position
in advance of the face where no movements had occurred.

In order to obtain the maximum possible information about
the magnitude and direction of the horizontal ground movements the
stations in the field were installed in a triangular pattern as
recommended by King and Whetton [}.1:}

Measurements of horizontal movement only were made. Vertical
movements were not measured because the nature of the terrain, and
the lack of a suitable stable bench mark, made levelling difficult
and time consuming.
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3:4.2. Stations Adjscent to the Buildings.

The stations were set out to form two bays A-B , and C-D
(Fig. 3.3). By measuring the change in length of these bays from
their length at the start of the test, and applying a correction for
the movement which had occuired prior to the start, (obtained from
the results of the measurements on the field line) an estimate of the

maximum movements occurring near the wall was to be made.

3:4e3. Stations on Buildings.
E and F were a pair of tape stations on the south wall of
the church.

W; to Wg were micrometer stations.

30hek. _ Stations in the Field.

The stations were set out in a staggered line to form a number
of equilateral triangles with side of length 24 feet. The line was
set out at right angles to the gate roads in the Stoney Seam and
extended from the ribside on the rise side to the centre of the face.

The change in length of the sides of the triangles was measured
and used to compute the magnitude and direction of the maximum change
in length. The Mohr circle method used for this caleulation is
deseribed in the Ref. [3.1],,
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Section 3.5 MEASURING APPARATUS AND TECHNIQUES

3.5.1. Ground Stations.
The distance between adjacent ground stations was measured
by means of a 25 £4. long invar steel tape graduated in feet, 1/10°! ft,

1/100%0 £t

. The tape was suspended in catenary under a standard
tension of 20 1b. applied by means of straining frames of ths type
shown in Plate 3.2.

The procedure for measuring the distance between two stations
was as follows s-

An extension piece was fitted into the socket of each station
and pushed firmly home. (A record of the number of the extension
plece was made in the field book beside the station with which it was
used so that in subsequent measurements the same extension piece could
be used in the same station. This was done to minimise error arising
from the extension pieces being of slightly different dimensions).
The index mark on each extension piece was aligned with that on the
socket in which it was used. (This procedure was to prevent error
resulting from eccentricity of the measuring mark on the extension piece).

The straining frames were fixed in position by means of the
anchor pins; the tape, swivels and spring balance were fitted as shown
in Plate 3.2. The tape was aligned over the measuring mark on both
extension pieces by using the vertical and lateral adjustment provided
on the straining frames. The tape was then tensioned by means of the
adjusting screws till the spring balance registered 20 1b. Vertical

and lateral adjustment was carried out if necessary.



PLATE 3.2. TAPE STRAINING FRAME

PLATE 3.3. MICROMETER.  SETTING ROD & WALL PLUG
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Both ends of the tape were read, estimating to one tenth of a
division i.e. to 1/1000 ft.

The tape was then moved by slackening one adjusting screw and
tightening the other.

Both ends of the tape were read again.

This procedure was repeated till six readings of the lemngth had
been obtained. The mean of these six readings was then accepted as
the measure of the distance between the two stations. The air
temperature was read on an encased thermometer suspended from the top
member of one of the straining frames.

The whole procedure was then repeated for the other stations.

This measuring procedure was evolved after other methods of
measuring the distance between stations had besen tried and found
unsatisfactory. (See Section 2.3.3 ). To determine the accuracy of
the measuring technique the following test was carried out.

The distance between two adjacent stations in ths ground was
measured as described in 3.5.1. Twenty five measurements were made.
After every fifth measurement the extension pieces were removed and
replaced. From the results obtained the 95% confidence limits of
the mean of six readings of the length were found to be % 1/1000 ft.
For the length of bay used; i.e. 24 feet, this is equivalent to limits
of ¥ 0.04 m.m./m.

The tape used in the fisld was checked periodically against
another invar tape which was kept as a standard. The standardisation

Was carried out using the Macca Base Line Equipment described in Section
Q.3.3.
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3.5,2.  Wall Stations =  Tape.

The distance between stations 'E' and 'F' on the wall of the
church was measured by means of the invar steel taps suspended in
catenary between two small brackets fitted to the wall outwith the
gauge length defined by °*E’ and 'F!. Adjusting screws, swivsels and
a spring balance were used as before. The taps was adjusted for
height by moving the adjusting screws in veriical slots provided on
the trackets. Six readings of the distance bstwesen the stations were

made and the mean accepted. The temparature was read and noted as

before.

3:5¢3, _Wall Stations = Mjcrometer,

At stations 'Wl' to 'Wg' the distance between the brass plugs
was measured by means of a specially conmstructed micrometer (Plate 3.3.A).
The micrometer is fitted with a vernier to read to 1/10,000 in. and
has a range from 1% to 154 inches. The measuring faces of the
micrometer are spherical to ensure point contact. The device was used
in conjﬁnction with an invar setting rod. The setting rod acts as a
stendard with which all measurements are compared. This eliminates
error caused by variation in the length of the micrometer whether
caused by rough handling or thermal expansion.

The measuring procedure was as follows 2=

The length of the invar rod was measured. To facilitate this,
brass blocks (Plate 3.3.B) were used to hold the micromster and rod
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in the correct relstive position. The micrometer was placed on the
measuring plugs and pushed against the locating pins; +the distance
between the plugs was measured, reading to the nearest vernier division
( 1/10,000 in. ). The micrometer was removed and replaced; the
distance was re-measured. Three such measurements were made and the
mean noted. The temperaturs was read from a thermometer placed in
contact with the wall; this was to enable a correction for the thermal
expansion of the wall to be applied.

To check the accuracy of the micrometer measuring technique
a series of 50 consecutive measurements was made on a wall station.
The micrometer was removed after each reading and replaced for the
next. A check measurement was made on the invar setting rod after
every fifth measurement on the wall station. For a significance level
of 95% the confidence limits for the mean of three msasursments were
found to be £ 4/10,000 in. As the temperature read on the thermometer
may differ from the true temperature of the wall by an unknown amount
it was felt that the confidence limits used to test the significance
of rescorded movements should be widened. A 5 degree difference from
the true temperature of the wall would cause an error of 5/10,000 in.

As such a temperature error is possible the confidence limits were set

at % 10/10,000 in.
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Section 3.6 RESULTS

3.6.1. _ General,

The positions of the face on the dates when measurements were
made are shown in Fig. 3.1. It should be noted that the rate of face
advance was much reduced from April omwards, the face bsing finally
stopped on June 27th 1959, under the line of field stations. This
stoppage prevented the measuring programme being carrised through as
planned, as the face did not advance as far as had been antigipated.
Measurements, however, were continued for six months after the face
had stoppeds The results obtained are shown in Tables 3.1, 3.2 and
3.3,

36,2, _ Fisld Stations.

Using the data shown in Table 3.1 the magnitude and direction
of the principal movements were ecalculated by the method given by
King [3.1 ], and are shown in Fig. 3.4.

It will be seen that the maximum tensile and compressive
movenents occurred on bays 7=8 and 2=3 respectively. Craphs were
construsted to show the development of these movemsnts with time
(Fig. 3.5). Measurable movement is seen tc have cassed approximately
70 days after the face stopped under the line of measuring stations.
It should, however, be noted that the rate of face advance was much

reduced in the two months prior to the stoppags.
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STRAIN (MM/M) ON AND ADJAGENT TO CHURCH
TABLR 3.3,

ate
St 28e2.59| 1203059 3.4459(12:5.59(15.6459| 3.8.59|1e9459] 5.10.59| 7.1460
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We +2 -5 -3 -~10 ~-18 -23 =28 =25 -15
W7 +5 -1 -2 +/ +25 -5 +5 $20
Wg +1 0 =7 =17 ~16 =25 =20 =15

CHANGE LENGTH 0,000 FT) AT MICRCMETER STATICN
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3.6.3. _Stations on end, sdjacent to, Church.
Fig. 3.6 was plotted from the data shown in Table 3.2, to show

the relative movement of the church and the ground adjacent to it.

Bay C-D is situated in the ground parallel and adjacent to the
wall eontaining bay E-F, yet the wall showed negligible movement when
compared with the 3 m.m./m. compressive movement of the ground.
Slight damage was apparent on the outside of the wall in the form of
dislodged pointing but the window openings showed 1little sign of
compressive damage. A doorway at the end of the wall in question; .
however, showed considerable distortion especially near the bottom.
(Plate 3.4).

There was 1little noticeable damage to the west wall of the
hall though bay A-B adjacent to it registered eocmpressive movement of
1.5 mem./m.

Table 3.3 shows the results obtained from the micromster
measurements. Corrections to allow for the thermal expansion of-the
masonry have been applied. It will be seemn that, with the limits of
error at % 10/10,000 in., the movements at stations Wy, Wi Wgs
W, and Wy cannot be considered significant; the movements at
stations W3 and W5 were sufficiently in excess of the limits of
error to be considered significant.e It should be noted that station
Wy was set up over a crack, while at station w5 a crack appeared

between the statien markers during the ecourse of the investigation.
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Section 3.7 DAMAGE TO THE BUILDINGS

3e7.1e Tensile Phase.
The buildings had been damaged by ground movements before the

observations commenced. Cracks caused by previous workings had re-
opened as a result of the curvature and tensile movements accompanying
the initial phase of the subsidence movements. Typical cracks in
existence when the tests commenced are shown in Plate 3.5. A micrometer
measuring station ( Wy Fig. 3.3) was installed to measure the movement
across a crack in the sill of one of the downstairs windows cn the

west wall of the church. The movements recorded are shown in Fig. 3.7.
It will be noted that the crack reached its maximum width when the face
was 60 ft (0.15 R) beyond the church. The crack subsequently closed

with the advent of the compressive phase of movement.

3,7:2. Compressiye Phase.

The maximum horizontal movement, to which the buildings were
subjected, was compressive in nature and of magnituds 3 m.m./m. This
caused the worst damsge to the buildings.

The damage which oeccurred during the compressive phase can be
classified under three headings.

(a) Damage resulting from the interaction of two walls.

(b) Damage caused by lozenging of the structurs.

(¢) Damage resulting from the displacement of walls relative

to a roof or floor in the presence of a plane of weakness.
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The damage will therefore be discussed under these headings i-

A. Damage resulting from the interaction of two walls. This type
of damage was not noticeable in the church, vestry and manse;
the places at which it occurred are shown thus ete.
in Fig. 3.2. |

The interaction of the walls of the vestry with the east wall

of the church ( ,@ ) caused this wall to be displaced inwards
locally with considerable damage to ths interior plaster finish.
(Plate 3.6). A similar effect occurred in the vestry at (©
and in the manse at (:), Had the church ard vestry been built
separate from the manse it is probable that this damagé would nct
have occurred. As it was, the differential horizcontal movement
in the ground, acting over the @umulétiva length of the chursh,

vestry and manse, resulted in soncentration of structural movement

at weak points.

ing of the structure was most noticeable
in the church where it was aggravated by the rigidity of the
gallery.

The maximum movement to which the church was subjected was
compressive in nature; it took place in a direction parallel to
the face, and to the diagonal from the north west %o thé south
east corner of the church. The maximum differential movement
occurrad, therefore, between the parts of the building which

were furthest apart when meassured in the direction of maximum
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movement (i.e. between cornmers 'B! and 'D! in Fig. 3°§a.
This caused a deformation of the structure, as shown in Fig. 3.8a,
which resulted in cracking of the interiocr plaster work in each
of the four corners. The side portions of the gallery movéd
with the side walls of the church and pulled eway from the end
wall at 'A' and 'E' (Fig. 3.8)o A large crack developsd under
the east side of the gallery at its junction with the south wallj
maximum movement occurred at 'E', minimum at 'BY (Plate 3.7a)-
A crack in a similar position on the west side showed maximum
movement in the corner 'AS,

Damage to the exterior of the church at corner 'A' was also
consistent with the suggested deformation of the church (Plate
3.7b); rotation of the walls 'AB® and 'AD‘ relative to each

other would produce the stepped effect at the ecorner stones.

C. Damage resulting from the displacement of walls relative to g

roof or floor in the presence of g plane of weakness was most

noticeable in the hall. It will be seen from Fig. 3.9 and

Plate 3.8 that movements took place aleng three distinet planes,

(i) at the top of windows,
(11) at the bottom of windows,

and (1ii) below floor level at the damp courss.

Movements at (i) and (ii) are attributable to the resistance

to compression offered by the roof. This resulted in
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concentration of movements below the roocf along lines of
‘weakness.

‘Similarly the stiffness of the floor resulted in movement
teking place along the damp eourse (iii). Displacement
along the damp course was greatest at the west end of the
hall and was not apparent halfway along the length of the
hall.

Movement of the walls relative to the roof was apparent
all round the inside of the church. This movement resulted
in the formation of horizontal cracks at or near the ceiling-
wall junction. Displacements occurred in the direction of
the length of the wall; maximum disP1aéements occurred at

corners, minimum at the centre of each wall (Plate 3.8).

3e7:3. _General.

Some 60 days after the start of the test the resorded ground
strain adjacent to the church was of the order of 1.5 m.m./m.
compressive. Falrly extensive cracking of interior plaster work
had oceurred; damage to the hall had occurred along the three planes
of weakness already discussed; reports had been received that doors
in the manse were jamming; distortion of the doorway at the end of
the south wall of the church had occurred. According to the secale
of damage referred to by Qrchard [.BOZJ the damage could be classified

as apprecisble. The greatest continuous length of structure is about
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90 £t (measured over the church, vestry and manse). Data given by
Orchard show that when a building of length 90 ft is subjected to
a strain of 1.5 m.m./m. the damage to be expected falls under the
1slight® category. There is thus a difference between the expected
and recorded damage. The difference, however, is not significgnt 7
when the fact that the buildings had been cracked by previous workings
is taken into consideration.

When the ground movements had attained their maximum of
3 m.m./m., compressive, the damage to the buildings still fell under
the 'appreciable' category. In this case good agreement is obtained
with the prediction made from data given by Orchard [3.2 ].

Secticn 3.8 CONCLUSIONS

The stoppage of the face under the measuring line prevented
an overall picture of the movements in the vicinity of the church from

being obtained. However, from the data obtained the following factors

emerged.

1) The tape measuring technique used on ground and wall stations
was satisfactory; with the 25 £t tape used it gave 95%
confidence limits of X 0.04 paerts per thousand.

2) The measuring micrometer proved suitable for recording

movement across cracks. It was net sufficiently accurate
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3)

4)

5)

to record movements on uncracked portions of masonry.

Horizontal movements contimmed to develop at the surface
over the ccal face for some 70 days after the face had

stopped.

Movements in the walls were generally not of messurable
magnitude. Ground movements were accommodated in openings

or were concentrated at cracks.

Different leyouts and methods of construction of the

buildings gave rise to different types of damage; the

hall was the least damaged of the buildings as a result of some
the ground movement being accommodated by slipping on the

damp course; the worst damage was caused in the chureh,

vestry and manse due to the concentration of the movement over

their combined lengths at a few weak poinis.
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Section 4.1 DESCRIPTION OF SITE

belels Geology.

The Little Splint Seam as worked from Woolmet Golliery is
approximately 3 feet thick. In the vicinlity of Newton Village it
lies at a depth cf 400 feet and dips in an easterly directiom at
1 in 20. Bed=rock in the area is overlain by a layer of boulder
clay 15 feet thick, The thickness of the unconseclidated layer was

detexrmined by a seismographic technique described in appendi‘xqbo

Lelo2. Details of Workines.
To minimise damage to bulldings the Little Splint Seam was

worked under Newton Village by a series of stepped faces as shown in
Fig. 4«1 The faces were approximately 35C feet wide with steps of

about 200 feet between them. Detalls of ths packing system used

are i-
Road eide packs = R0 £t
Face packs = 16 ft., with 12 £fi dummy roads

betwsen.

biede3.  Newbon Village,

The builldings in the village are blocks of four flats. Tha
blocks are of two types, both of conveﬁtional brick construction with
an exterior finish of either plain brick or rough—cast.

The wall surrounding the school is of brick, 9 inches thick,
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5 to 6 feet high, with concrete coping stones on top (See Plate 4.2).

It rests on a strip foundation on a stiff clay soil.

Section 4.2 B_OF TIGAT

2,1 t Face layoub.

The reasons for adopting a stepped layout were i-

(a) To reduce the magnitude of the ground movements and
so lessen the risk of damage to the bulldings in the
village.

(b) To provide information about the efficacy of the
stepped face method of work pricr to its being used

in the extraction of coal from under Newton Chuxrch.

Le2e2, The Test Programme.

To provide the infermation required for (b) a rumber of
measuring stations were installed ( A to X Fig. 4.1) to record
the magnitude of the horizontal and vertical movements caused by
the working under Newton Village.

The scops of the investigation was widened as follows :=

(a) By ncting the incidence of damage to buildings in
the village an attempt was made

i) to determine which of ths two types of building
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in the village was more lisble to damage,

ii) to determine the effect of the orientation of buildings
on the incidence of damage, and

iii) to determine the effect of the magnitude of ground

movement on the incidence of damage.

(b) By measuring the movements in the wall surrounding
the school, and the movements in the ground adjacent to
the wall, to investigate the factors governing the
transmission of movement from ground to wall. For
this purpose two series of stations were established,
one series in the wall the other in the ground adjacent
to it. (Statiomns 1 =19, Fig. 4.1).

Section 4.3 DESCRIPTIONS OF MEASURING STATIONS

4e3,). Road Stations.

Domed headed steel bolts about 9 inches long were used as
station markers at positions ‘'A' to 'X!' (Fig. 4.l). A measuring
mark for the linear measurements was made with a eenﬁra>pun@h after

the bolts had been driven into the gutter at the side of the road.

he3e2., Ground Stations.
The stations in the ground adjacent to the school wall,

(i.e. stations 1 to 19) and the extension pieces for use with them,
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were of the type used at Douglas Water and described in Section 3.2.l.

In addition, a short extension piece was provided for use during
levelling.

be3¢3. Wall Stations.

The station markers in the wall were constructed from O. B.A.
cheese headed brass bolts. The bolt head was machined flat and scribed
with a cross. The markers were grouted into holes drilled in the wall.

Sectlon 4.4 MEASURING APPARATUS AND TECHNIQUES

bobolo Lovellingz.

The apparatus used comprised a Cooke, Troughton & Simms,
S 500, geodetic level and invar staff. (See 2.3.1). All stations
were levelled using the standard procedure reccmmended by the National
Coal Board [lni] the levels being referred to a stable bench mark
at Wooclmet Colliery.

2 Length Messurements on Road.

The apparatus and procedure used when measuring between ground
stations 'A' to 'X' was in accordance with National Goal Board
recommendations Y_A..l-_] . A 100 ft steel tape graduated in feet,
tenths and hundredths on one side, and in ﬁet.res, centimetres and
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millimstres on the other, was used. The tape was stretched along
the ground between stations under a tension of 20 1b. The tension
was epplied by means of straining poles and measured on a spring
balance. Both ends of the tape were read simultansously. Six
measurements of the length were made and the mean accepted as the
length of the bay. In order to apply a correction for the thermal
expansion of the tape the temperature was read on a thermometer

attached to the tape.

bodie3. _ Longth Measurements on Ground in Field.
The apparatus and technigue used in measuring the distance

between stations in the ground adjacent to the school wall werse
identical to those used at the Douglas Water site and deseribed in
Section 3.5.1.

odio Length Measurements on Wa
In the light of experience gained at the Douglas Water Site

a taping technique was adopted for measuring the change in distance
between station markers on the wall. The measuring technique was
identical to that used at Douglas Water. The brackets, betwesn which
the tape was suspended during measuring, were demountabls. Each
bracket was constructed from a piece of slotted angle tc which was
bolted a 2 inch pin (See Plate 4.1). During measuring the brackets

were fitted to the wall by inserting the pin in a hele drilled in the wall.
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PLATE 4.1. WALL STATION & STRAINING BRACKET

PLATE 4.2. DAMAGE DUE TO COMPRESSION
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Section 4.5 ULTS

bedel. Village,

Periodic measurememts were made on stations fA' to 'X' to
determine the magnitude and distribution of horizontal and vertical
movement. The data obtained from the lewelling were used to comnstruct
the subsidence contour diagram shown in Fig. 4.2. This was done by
plotting the measuring stations on a scale diagram in their correct
position relative to the face on each of the dates when measurements
were made; 1l.e. the subsidence measured at a point on a partieular
measuring day was plotted on the diagram at a distance from that
measured on the previous measuring day, equal to the face advance in
the time between the two measurements. Such a procedure assumes that
the rate of development of surface movement is equal to the rate of
face advance. In the light of experimental evidence obtained in
Yorkshire [3.1] 1t was felt that the assumption was justified.

The distance between each of the faces remained fairly constant through-
out the experiment, exsept during the last three months when slight
changes took place (Fig. 4.1). These chenges were neglected when
showing the relative position of each fass in Fig. 4.2.

It will be seen from Fig. 4.2 that subsidence developed uniformly
over all faces to a distance approximstely 300 feet behind the faces.
At distances in excess of this three distinct zones devsloped = two
regions of high subsidence separated by a region where the final

subsidence was less. Maximum subsidence occurred over the waste of
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the second face from the eastern end of the excavation where the
subsidence is some 15% greater than in the corresponding zome over the
fourth face. It was noted that there was a variation in the thickmess
of the seam alcng ths line of measuring stations which amcuntsd to
some 13% between faces 2 and 4. In the light of this, it is suggested
that the irregular pattern of subsidence at a distance behind the face
is due to variations in the thickness of extraction over the arsea.

On consideration of the movements of station 'R, the station
at which maximum vertical movement occurred, the follewing factors
emerge. The subsidence which occurred when the face was directly
undernsath was 30% of the final subsidence at that point. At a2
distance of 300 feet behind the face 90% of the total subsidence had
taken place. Maximum subsidence was not attained until the facé had
edvanced a further 300 feet. This is in accordance with the findings
of other investigators. {%.é].

A comparison of the results of linear measurements at stations
'A' to 'I? with those at stations 'Q' to W! yielded informaticn about
the effect of the distance between faces on the magnitude of ground
strain. Strain diagrams wers constructed to show the develcpment of
movement in these two regions {Figs. 4.3 and 4.4). Fig. 4.3 shous
the development of strain over the junction of two faces separated by
a step of 300 feet. A maximum temnsion of about 2 m.m./m. was recorded
over the rib-side of the first face at a distance of 150 feet bsehind
the face; the corresponding compressive strain was 1 m.m./m. This

compressive strain occurred over the waste of the first faece and built
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up to a maximum value of 2.3 m.m./m. at a distance of 350 feet behind
the face., With the passage of the sscond face under and beyond the
measuring points, the peak values of strain gradually reduced. By
comparison Fig. 4.4.s8hows that the magnitude of the peak strains over
faces separated by 200 feet was much less. In this case the maximum
tensile strain was 0.5 m.m./m. and the maximum compressive 1.5 me.me/m.
The magnitude of strain at a distance behind ths face is ccmparable
with that shown in a similar position in Fig. 4.3.

Using the results of measurements between stations 'U', V! and
'X' the magnitude and direction of the principal horizontal movements
in the vicinity of these stations was estimated. Thess movementis are
shown vectorially in Fig. 4.5 in the correct relative pesition to each
other and to the face. The maximum movemsnt was compressive in nature
and acted in the direction of maximum slope; 1t occcurred at a distance
of 150 feet behind the face. It is of interest to mote that on the
day this maximum movement of -3 m.m./m. was recorded the movements
parallel and perpendicular to the face were —0.80 m.m./m. and -1.60 m.m./m.
respectively. This shows clearly the effect that the direction of the
measuring line can have on the magnitude of movement recorded ard is
strong evidence in favour of the use of a staggered line of msasuring
stations (Section 3.4.1l.). At distances greater than 150 fest behind
the face the compressive movements progressively reduced in magnitude
to a limiting value at a distance of 500 feet behind the facs. ~ The
ma.jor movements there tock place more or less in the dirsction of face

advance and were approximately 3 times greater than the ¢orresponding
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minor movement. This is contrary to the general assumption that
at a distance behind a working face the residual movements occur in
a direction parallel to the face. |

Fig. 4.6 was drawn to show the relationship between subsidernce
and horizontal movement in two directions at a polnt over the step
between two faces.

Subsidence developed uniformly as the two faces worked in
sequence under the point. The bulld-up of tensile movement,
perpendicular to and in front of the face, was broken by two steps
corresponding to periods when the rate of face advance was considerably
below normal.. Maximum tension was recorded at a distance of 100 feet
behind the first face. Thereafter the extension in the ground
decreased rapidly-and changed to compression as the second face moved
under the measuring stations. Maximum compression was recorded at a
distance of 250 feet behind the second. The compression subsequently
dropped off rapidly and reached a limiting value about 600 feet
behind the second face. It will be noted that the psak walues of
tension and compression took place where the curvature of the verticel
movement profile was greatest.

Movement parallel to the face was at all times compressive in
nature. The peak value of movemént. occurred at a distance of 100 feet
behind the second face i.e. much earlier than the corresponding peak
in the movement at right angles to the fase.

The final movements, horizontal and vertical, along the whole

line of measuring stations are shown in Fig. 4.7. The peaks of the
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horizontal movement curve are clearly related to the position of
the gate roads in the seam and to the curvature of the vertical
movement profile. The greatest difference between positive and
negative peaks occurs between stations 'E' and 'H', i.e. where the
step between the two faces was 300 feet.

The houses in the village where damage oceurred are shown in
red in Fig. A.i. There is no definite pattern in the distribution
of the damage and there is insufficient evidence to show whether the
orientation of the houses and differences in their construetion had

any effect on the incidence of damags.

he5¢2, Newton School Well.
»

The results obtained from measurements on, and adjacent to,
the wall sare shown in Tables 4.l.

.The vertical movement of station 'I' relative to station 9 is
shown in Fig. 4.8. The values plotted are thus measures of the slope
‘between the two stations, while the gradient of the curve is'a measure
of the rate of change of slope. The gradient of the curve and the
rate of change of slope in the ground, were greatest during the period
from 200 to 250 days after the start of measurements. This was the
period during which maximum tension was recorded at stations 2 to 7
(See Fig. 4.9). There is also a correspondence between the change in
sign of the gradient of the slope curve with the change from tension

to compression shown on the strain curve (Fig. 4.9). Similar relationships
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between rate of changs of slope and ground strain are shown by the
results obtained at stations 9 to 19 (Figs. 4.11 and 4.12).

Graphs were plotted to show the development with time of horizontal
movement in the ground and wall (Figs. 4.9 and 4.12). Wall measurements
were commenced at a later date than ground measurements and were adjusted
to allow for movement which occurred between the two starting dates.

Fig. 4.9 shows the horizontal movements at stations 2 to 7.

Wall movement between stations 6 and 7 was almost equal to ground
movement; between stations 4 and 5 ground movement was greater than
wall movement; between stations 3 and 4 the reverse was the case.

The wall movements were much nearer an average value than were the N
ground. On average the shortening of the wall was less than that of the
ground. The displacement of the ground relative to station 7 was

greater than the corresponding displacement of the wall, the difference
being some 30%.

Fig. 4.12 shows the horizontal movements between stations
9 end 19. In three cases the ground movement was considerably in
excess of wall movement (Bays 15-16, 13=1, and 9=10). In the two
cases where ground and wall movements were nearly equal throughout the
measuring period, the wall between the measuring stations was cracked
before the start of the test (11-12, 17-18). In this case ground
movement could be accommodated at the cracks; ﬁall.movement was
therefore equal to ground movement. In the other parts of the wall,
which were weathered but contained no cracks between measuring stations,

compressive movement in the ground was resisted by the Wall. As a
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result, the recorded wall movement was considerably less than the
ground movement. After maxdimum eompfession was reached further ground
and wall movements were more or less equal in magnitude., This suggests
that though the wall offered resistance to compressive movemsnts it was
uneble to withstand extension. Such behaviour is consistent with the
weathered condition of the mortar.

Fige. 4.13 shows the strain and calculated displacement of the
well containing stations 9 to 18 at the time of maximum compressive
movement. It will be seen that, relative to station 18, the ground was
displaced 1.5 inches further than the wall. This compares well with
the observed displacement between the lower and upper pari of the wall
at station 9 (Ses Plate 4.2).

Fig. 4.1 shows the strain and caleulated displacement of wall 9-18
at the end of the test. The difference in displacement in this was of
the order of 1 inch.

Section 4.6 CONGLUSIONS

LeSols Newton Village Site.

The efficiency of the stepped face layout as a means of reducing
ground strain was clearly demonstrated by measurement and by the fact
that relatively few houses in the village suffered damage.

The greater reduction in strain occurred where the distance

between consecutive working faces was 200 £t (% Depth of working).
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It is suggested that the faces, to be worked under Newton Church, be
spaced at intervals of 200 ft.

The taping technique proved a satisfactory means of recording
novenents in the wall surrounding the school. In general extensional
movements of the ground and wall were of comparable magnitude.
Compressional movement resulted in relative movement of the ground and
the wall.

Lebe2s  General.

A summary of the findings of the field investigations 1s given
in Teble 4.2.

Because of the very nature of the problem any analysis, of the
factors influencing the transmission of ground movemeats to struetures,
must be made on a statistical basis. The results cobtained, from the
work described in the previous sections, are insuffisient in themselves
as a basis for any such analysis but are offered as a contribution towards
the establishment of the necessary mass of data.

It is suggested that notes on the incidence of damage to structures
be kept and amplified where possible by details of

a) the magnitude and direction of ground movement,

b) the magnitude and distribution of structure movement,
¢) the type structure,

d) the type of foundation,

e) ths type of soil.
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Section 5. | TESTS WITH SAND MODELS

5.1,  Introduction,
A series of tests were carried out with sand models in an attempt

to determine if the simple soil mechanics theory discussed in
Section 1.3.2 is applicable in the case of sand subject to lateral

extension.

5.2 Apperatuvs.
. The sand model used in the tests is shown in Plate 5.1. Two

sheets of plate glass 'A’, 4 in. thick, are carried by the weodén end
frames 'B'. The<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>