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SHIELD MECHANICS AND RESULTANT LOAD VECTOR STUDIES

By Thomas M. Barczak! and Robert C. Garson 2

ABSTRACT

The term "resultant load vector” 1is defined as the representation of
the forces applied to a longwall roof support element by strata activity
through a single, quantifiable measure of support resistance. The rela-
tively complex kinematics of the shield structure prohibits determina-
tion of support resistance simply from the summation of leg forces. 1In
the research reported in this Bureau of Mines study, the mechanics of
the shield structure were evaluated, and a technique was developed
whereby the resultant shield loading could be determined by instrument-
ing supports with pressure transducers and strain gauges to measure leg,
canopy capsule, and lemniscate 1link forces. This technique has been
laboratory tested in the Bureau's Mine Roof Simulator. Functional rela-
tionships among variables were assessed, and confidence intervals were
established for prediction of the resultant load vector parameters. Re-
sultant load measurements were taken on five instrumented shields on an
active longwall face in Colorado. Results were analyzed and found to be
consistent with shield mechanics and anticipated roof behavior. Bene-
fits to be derived from this research, future efforts, and long-range
goals are discussed.

1Physicist, Pittsburgh Research Center, Bureau of Mines, Pittsburgh, PA.
2civil engineer, Boeing Services International, Pittsburgh, PA,



INTRODUCTION

Longwall mining 1is a capital-intensive
system that requires increased dependence
upon single production wunits. Current
costs to equip a modern longwall system
can easily exceed $10 million, with 40 to

60 pct of this cost attributable to the
powered roof support system. Better de-
sign, selection, and utilization of the

powered roof support system should reduce
the capital required while improving the
production, health, and safety perform-
ance for the longwall operator.

While the importance of proper ground
control to successful longwall mining is

recognized, the science of roof control
and the interaction of the powered roof
support system with  the interburden

strata remain largely unknown. Because
of inadequate roof control and subsequent
failures of several early longwall at-
tempts in the United States, which uti-
lized low-capacity European support
equipment, there has been a tendency to
increase support capacity with little re-
gard to expected support loading. Since
the cost of a support 1is related to its
capacity, the use of excessively large
supports represents an unnecessary capi-
tal investment and may cause unnecessary
fracturing of the roof strata, thereby
being detrimental to good roof control.
Several types of powered roof supports
although the shield design has
gained prominence since its introduction
into the United States around 1970. The
shield design is characterized by the
presence of a caving shield, which acts
as a connecting structure from the canopy
to the base, making the structure stable

exist,

and able to resist horizontal loading.
It is this feature, however, that makes
the shield design more complex than the

prior generations of frame—and-chock-type
supports from a kinematic viewpoint, and
prevents a determination of support re-
sistance simply from the summation of leg
forces alone.

Much can be

learned about the science

of roof behavior and strata mechanics
from the behavior of the powered roof
support system. The design of more ef-

fective roof support systems will only be
realized once the interaction between the

and the interburden
is fully wunderstood. In this sense, the
roof support hardware can serve as the
instrumentation (a giant load cell if you
wish) by which roof behavior can be moni-
tored and supoprt requirements estab-
lished to effectively maintain the de-
sired ground control. To effectively
utilize the roof support hardware as a
"load cell"” to measure roof loading, the
mechanics of the roof support structure
must be understood in order to interpret

roof support system

the reaction of the support to applied
roof loadings.
A fundamental measure of support re-

be defined as the resultant
the representation
to a longwall

sistance can
load vector, which is
of all the forces applied
roof support element by strata activity
into a single, quantifiable measure of
support resistance (L).3 Being a vector,
this measure possesses not only a magni-
tude, but spatial parameters of location
and direction as depicted in figure 1.
Reference will be made to these three re-
sultant load vector parameters:

1. Magnitude - magnitude of loading.

2. Location - position of resultant
force acting on the canopy measured from
the canopy hinge pin along the length of
the canopy.

3Underlined numbers in parentheses re-
fer to items in the list of references at
the end of this report.

Resultant load Ver'ficul axis
vector

[ A
| e Location
| N 3

P
-~ ,— Horizontal
S -
/" axis

FIGURE 1. - Illustrations of resultant load vector
concept.



3. Angle - inclination of the load
vector normal to the plane of the canopy.

From these parameters, critical design
information can be ascertained. For ex-—
ample, by knowing the magnitude and angle
of the resultant vector, the magnitude of
horizontal (face—-to-waste) shield load
can be assessed. Likewise, insight into
the caving behavior of the strata can be
gained by examination of the resultant
location as it moves forward or rearward
during the mining cycle. Coefficients of
friction between the roof and canopy can
be determined from the resultant angle
and provide insight into the interaction
of the support element with the immediate
strata.

While it 1is recognized that resultant
load vector information must be consid-
ered as baseline engineering data, the
Bureau's Mine Roof Simulator (MRS) en-—
ables such information to be further ana-
lyzed under controlled laboratory condi-
tions. The MRS (fig. 2) 1is a massive,
bidirectional, hydraulic press capable of
applying 1,500 tons of vertical force and
800 tons of horizontal force, either in-
dependently or simultaneously, to full-

<

)

>

N

FIGURE 2. - Bureau’s Mine Roof Simulator (MRS).

scale roof support elements (2). A load support under controlled laboratory con-
profile measured underground can be pro- ditions and studies to evaluate such
grammed into the MRS computer and simu- things as the effectiveness of the lem-—
lated by the test rig. This enables com— niscate design in resisting horizontal
prehensive structural analysis of the loading.
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FUNCTIONAL BEHAVIOR OF SHIELD SUPPORTS

The shield design is characterized
by four major components: (1) canopy,
(2) caving shield, (3) hydraulic props,
and (4) base. It is the caving shield,
which in general 1is inclined and hinge-
jointed to the canopy and base, that
makes the shield a kinematically stable
support to distinguish it from the chock
and frame design. While there are wmany
variations 1in the ©basic shield design

(apart from the two-versus—four-leg con-
siderations), the major differences are
related to the orientation of the legs
and the caving shield connection (3).
The three primary leg orientations are
shown in figure 3. The canopy connec-
tion, with the caving shield hinged at
the rear of the canopy and the leg thrust
applied directly to the canopy, 1is the
most common type wutilized today. In



efficiency, the hinge
is the most efficient.
types of motional
of the can-
The lemnis-

terms of

connection
The three principal
traces of the leading edge
opy are shown in figure 4.

support
type

cate design has gained prominence in re-
cent years because of the advantages
offered by the vertical travel of the
canopy during convergence, causing less
disturbance to the roof strata during
load application.

Although the wvariations in shield de-

sign are many, the two-leg, canopy-con-
nected design with the lemniscate linkage
system is probably the most common design
currently utilized in longwall mining in
the United States and will serve as the
basis for this study. The major compo-
nents of a basic two-leg shield (fig. 5)
are identified and their functional reac-
tion to applied loads 1is outlined in the
following paragraphs:

l. Canopy - the roof beam that pro-
vides contact and support resistance to
the roof strata.

2. Caving shield - connecting struc-
ture between the canopy and base that
provides horizontal stability and protec-
tion from gob debris.

3. Compression lemniscate
forward link of the lemniscate
system.

4. Tension lemniscate link - the rear
link of the lemniscate linkage system.

5. Base - the floor beam that provides

link - the
linkage

contact and support resistance to the
floor strata.
6. Leg cylinder - Single- or double-

acting hydraulic prop that provides pri-
mary support thrust to the canopy.

7. Canopy capsule cylinder - double—
acting hydraulic cylinder designed to
provide control of the canopy attitude.

As indicated earlier, the primary basis
for the design of the shield concept is
its ability to resist horizontal (face-
to-waste) roof loading. The reaction of
the support under horizontal load is ex-
amined below. Figure 6 shows that the
leg cylinder is inclined, providing a

Canopy connection

Caving shield

Hinge connection

connection
FIGURE 3. - Leg orientations for shield designs.
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FIGURE 4. - Motional traces of canopy for shield designs.



horizontal component of support resist-
ance (L*SIN o), which tries to push the
canopy (point 4 in figure 6) toward the
coal face., This motion of the canopy
subsequently pulls on the caving shield
and tries to push point B toward the face
and point (¢ toward the gob, putting the
forward link in compression and the rear
link in tension. As the 1leg force in-
creases by reacting to an applied load,
the degree of compression and tension in
the appropriate lemniscate link increases
proportionally.

If, however, there is an externally ap-
plied horizontal load by the strata (fig.
7), the opposite effect occurs, as the
external force tries to cancel out the
horizontal leg resistance and subsequent-
ly reduces link loading.

A more detailed analysis of the impact
of horizontal loading can be ascertained
from an examination of the forces acting

Canopy__\\\
Cavin
shiel
Canopy capsule
Leg cylinder
cylinder i
Compression
link

Tension

link

Bose~//’

FIGURE 5. - Major components of two-leg shield.

—_—

L*SIN a

Leg force (L)

FIGURE 6. - Functional relationship of shield com-
ponents and forces.

on the canopy, as shown in figure 8. 1In
terms of horizontal loading, the sum—
mation of the forces in horizontal (x)
direction must equal zero to be consist-
ent with the laws of physics.

I F(x) »+ =0,

HORZ - L*SIN a — N*SIN 6 + P, = 0,

HORZ = L*SIN o + N*SIN 6 - P, (1)
where HORZ = horizontal frictional
force,
L*SIN a = horizontal component of
lég force,
N*SIN 6 = horizontal component of
canopy capsule force,
and P, = horizontal reaction at

canopy hinge pin.

Depending upon the geometric configura-
tion of the support, a static analysis

A
P
L*SIN a
a
B
-
Cﬁ

FIGURE 7. - Effect of externally applied horizontal
load on shield behavior.

VERT Py

HORZ+ ¢

FIGURE 8. - Forces acting on shield canopy.



reveals that only a portion  of the hori-
zontal component of the leg resistance
(L*SIN a) is converted into horizontal
frictional force (HORZ) acting on the
support. From equation 1 and examination
of the forces acting on the canopy as
shown in figure 8, it is seen that the
reaction at the canopy hinge pin acts in
the same direction as the frictional
force (HORZ); hence part of the hori-
zontal component of the 1leg and canopy
capsule force is utilized to overcome the
hinge pin force (Py.), and only a portion
of these forces 1is converted into HORZ.
For example, 1in a support with 342 tons
of vertical force and 41 tons of hori-
zontal frictional force (HORZ), 53 pct of
the horizontal component of the leg force
is utilized to negate the hinge pin. force
(Py), if there is assumed to be no canopy
capsule force. The addition of a canopy
capsule force will cause the hinge pin
force to increase, and since this in-
crease is at a faster rate than that of
the leg-capsule force combination, the
addition of a capsule force causes a fur-
ther reduction in the amount of leg force
converted into frictional force (HORZ).
For the previous example of 342 tons of
vertical force and 41 tons of horizontal
force, the addition of a capsule force of
27.73 tons will reduce the degree of leg
force converted into horizontal fric-
tional force from 47 pct to 37 pct. The
case examined is considered to be repre-
sentative of the mine loading observed on
this support.

In terms of vertical support resist-
ance, the presence of horizontal loading
can increase or decrease support capac-—
ity, depending upon the geometry and
operating height of the support (4).
Mathematically, this can be seen from a
static analysis of the forces employed on
the support structure. As can be seen
from figure 8, the forces in the vertical
(y) direction acting on the canopy are
summed to zero in accordance with the
laws of static equilibrium.

I F(y) + +=0,
-VERT + L*COS o + N*COS 6

- P, = 0. (2)

FIGURE 9. - Forces acting on caving shield.

From this, the support capacity (vertical
rt resistance) VERT is defined as
follows:

suppo

VERT = L*COS o + N*COS 6 - Py. (3)

Examination of the forces acting on the
caving shield reveals the following rela-
tionship by
instantaneous center of the lemniscate
links (fig. 9).

taking moments about the

rM ()M + =0,

-Py(c) + Py(a) - Ny(d)

Ny(e) = 0, (4)

P (c) + Ny(d) + Ny(e)
a

(5)

vertical reaction force at
canopy hinge pin,

horizontal reaction force at
canopy hinge pin,

horizontal component of can-
opy capsule force,

vertical component of canopy
capsule force,

moment arm for P,



¢ = moment arm for P,
d = moment arm for N,
and e = moment arm for Ny.

Substituting P, from equation 5 into
equation 3, the vertical support resist-
ance VERT is found as follows:

P (c
VERT = L*COS a + N*COS 6 - 455—2-

_ NX(d) - Ny(e).

a

(6)

The impact of horizontal loading 1is ex-
pressed by the term Py(c)/a since for
pure vertical loading, this term becomes
insignificant, approaching =zero as the
leg angle approaches 90°., Examination
of this term reveals that the effect of
horizontal 1load on support capacity is
dependent upon the geometry of the sup-
port, 1in particular the 1location of the
instantaneous center of the lemniscate
linoks (point where the line of action of
the axial 1lemniscate link forces meet)
relative to the plane of the canopy.
Further examination shows that for the
horizontal force to have no effect on the

load-carrying capacity of the support,
¢ in equation 6 must be equal to =zero
(i.e., the canopy hinge must be level

with the instantaneous center of the lem—
niscate links) to force the term P.(c)/a
to zero. Since ¢ is a woment arm in an
equation of turning moments, the sense or
sign of moment produced by ¢ 1s impor-
tant. 1In general, for a two-leg shield,

if the instantaneous center of the lem—
niscate 1links falls below the 1level of
the canopy, the effect of an external
horizontal load will be to decrease the

support load-carrying capacity since the
term Py(c)/a 1is negative in equation 6.
The magnitude of this reduction in capac-
ity will be dependent upon the distance
of the instantaneous link center from the
plane of the canopy (c), which is deter-
mined by the shield height. Normally,
the shield is designed to minimize this
effect by keeping the instantaneous cen-
ter as close to the canopy level as pos—
sible for the designated operating height

of the support. On the other hand, if
the instantaneous link center falls above
the canopy level, the effect of horizon-
tal load is to increase support capacity.
As indicated, these statements are gen-—
eralities and do not include all load
cases that are possible. For example, if
the resultant location 1is to the rear of
the leg-canopy capsule resultant force,
the direction of the vertical reaction
at the canopy hinge 1is reversed and the
opposite effect is observed from that
previously discussed.

Horizontal loading 1is obviously an im-
portant consideration in the design of
the shield support since it affects the
overall load-carrying capability. Howev-
er, the primary function of the support
is to resist vertical (roof-to-floor)
convergence. The primary means of sup-
port resistance 1is provided by the leg
cylinders, but the canopy capsule plays
an important role in controlling the at-
titude of the canopy and, subsequently,
the location of the resultant load vec-—
tor. Recalling the description of shield
components presented earlier, the canopy
capsule cylinder is a double-acting, hy-
draulic cyliner. Depending on the loca-
tion of the resultant load vector, either
the retract or the extend side will exert
a controlling force to the canopy struc-
ture during load application. As can be
seen from figure 10, a tip load or resul-
tant force forward of the 1leg line will
cause an increase in extend-side pressure
as the canopy tries to rotate about the
leg pivot and to reduce the included

FIGURE 10. - Effect of tip load on canopy capsule
behavior.



angle between the canopy and the caving
shield. The opposite would occur with a
resultant load rearward of the leg line,
thus causing an increase in retract-side
pressure. Likewise, vertical convergence

without any canopy rotation would also
increase the included angle between the
canopy and caving shield and cause an in-
crease in retract-side pressure.

KINEMATICS OF SHIELD SUPPORT STRUCTURE

Resolution of the load-carrying capac-
ity of the shield design requires exami-
nation of the kinematics of the support
structure to assess resultant loading;
shield capacity cannot be determined sim-—
ply from the summation of 1leg forces
alone., Two-dimensional rigid body static
analysis of the shield structure is kine-
matically indeterminant by fourth degree,
since there are 14 unknowns but only 10
independent equations derivable from the
requirements of static equilibrium.

A generalized schematic of a two-leg
shield is shown in figure 11, with the
unknown quantities defined as follows:

L leg force.

=4
il

canopy capsule force.

Hy = horizontal load acting on the

canopy.

on the

=
N
|

= horizontal load acting
base.

LOC 2 —]

V2

FIGURE 11. - Generalized schematic of two-leg
shield.

vertical resultant load acting
on the canopy.

Vi

V, = vertical resultant load acting
on the base.

LOC 1 = location of resultant vertical
load on canopy.

LOC 2 = location of resultant vertical
load on base.

Gy = horizontal component of resul-
tant gob load acting on cav-
ing shield.

Gy = vertical component of resul-

tant gob load
ing shield.

acting on cav-

coordinates defining

Xg, Yq = spatial
resultant gob

location of
load.
link

C = compression lemniscate

force.

T = tension lemniscate link force.

P, = horizontal reaction at canopy
hinge pin (fig. 12).
f LOC | ~
7
1l P,
i J o ™
i . __l} K
f A T
o g ¥
1\ LoD
: kny
L_
Ay, —

FIGURE 12. - Free-body diagram of forces acting

on shield canopy.



Py = vertical reaction at canopy
hinge pin (fig. 12).

The equations of static equilibrium are
derived as follows: First, by examina-
tion of the forces acting on the canopy,
the following three equations are found
(fig. 12):

Summation of forces in x direction

L F(x) >+ =0
Hy - L*SIN o - N¥SIN 6 + P, = 0 (7)

Summation of forces in y direction

LF(y) +4+=0
-V1 + L*C0OS o + N*COS 0 - Py =0 (8)

Summation of moments about point A

LMAYRE +=0

Hi(at) = v(LOC 1) + L*COS a (&y1)

+ N*COS 6 (nyy) + N*SIN 6 (ny;) = 0 (9)
Examination of the free-body diagram

for the canopy-caving shield combination

(fig. 13) produces the following equilib-

rium equations:

Summation of forces in the x direction

LF(x) >+ =0

FIGURE 13. - Free-body diagram of forces acting

on canopy-caving shield combination.

Hy - L¥SIN @ = Gy - Cy + Ty = 0 (10)

Summation of forces in the y direction

IF(y) ++=0

-V, + L*COS a - G, - Cy, + Ty = 0  (11)

4

Summation of moments about instantaneous

center of lemniscate links (I)

IM(I) @ +=0
Hi(c+At) - Vl(lz) + L*C0OS o (Zyz)
- L*SIN a (c) - Gy(gy)
+ Gxl(gx) =0 (12)
Looking at the forces acting on the
shield structure as a whole, the follow-
ing equations can be derived in reference

to figure 14.

Summation of forces in the x direction

Hy - Gy - Hp =0 (13)

Summation of forces in the y direction

LF(y) ++=0

Vi -Gy +V2=0 (14)

1

* Az

Vo
f A3 {

FIGURE 14. - Free-body diagram of forces acting

on entire shield.
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Summation of moments about instantaneous
center of lemniscate links

I MI) 2 +=0
Hi(e) - V1(22) - Gy(gy) + Gyx(gy)
+ Hz(cp) + Va(23) =0 (15)

free-body diagram
produces the fol-

Examination of the
for the base (fig. 15)
lowing equations:

Summation of forces in the x direction

I F(x) »+=0
L*SIN @ ~ C, + T, — Hp = 0 (16)

Summation of forces in the y direction

L F(y) ++=0
Vp - L*¥COS @ = Cy + T, = 0 (17)

Summation of moments about I

I M(I) ® +=0
Vz(Vb) - L*COS o (Zb) - L*SIN o (C2)

+ Hy(cp) = 0 (18)

A final equation can be derived from
the geometrical requirements that X and Y
coordinates are dependent for any part of
the shield structure. Referring to fig-
ure 11, making reference to the spatial
coordinates assigned to the designated
hinge points, (X2, Y2) and (X3, Ys3), the
unknown coordinates of the location of
the resultant gob load can be defined as
follows:

<
li

m * Xg + b,

where ol slope,

v

FIGURE 15. - Free-body diagram of forces acting
on base.

b = y—-intercept,
and Xg, Ygq = coordinates of resultant
gob force on caving
shield.
Geometrically speaking, the slope is

defined as the -<change in y-direction
(rise) divided by the change in the
x—-direction (run). Hence, the slope is
defined as (Y3 - Yp) / (X3 — X3) and

: (Y5 - Y5)

YoX3 - X)¥3
g (X3 - X2) g

X3 - X2 (19)

Y

foregoing equations, four
measured. One such
method is to determine the vertical re-
sultant and its position on the canopy
and base (quantities Vy;, V,, LOC 1 and
LOC 2) by measurement of the canopy and
base pressure distributions (5). These
quantities are measured by load cells
placed on the canopy and under the base
to measure canopy and base pressure dis-
tributions. Once these quantities are
known, the remaining wunknown parameters
can be derived as follows:

To solve the
quantities must be



Horizontal force acting on canopy H;

Solve equation 9 for Hj.

Vi (LOC 1) - L*COS & (%y1) = N¥COS 6 (ny;) - N¥SIN 6 (nyy)
o AL

Hy =

Horizontal force acting on base Hj

Solve equation 18 for Hp.

Vy(vp) + L*COS o (2p) + L*SIN a (cp)
c2

g =

Horizontal component of gob load Gy

Solve equation 13 for Gy.
Gx = Hy - Hp

Vertical component of gob load G,

Solve equation 14 for Gy.
Gy = Vo = V)

Horizontal reaction at canopy hinge Py

Substitute Hj into equation 7 and solve for Py.

-V 1(LOC 1) + L*COS & (Ly1) + N*COS 6 (ny1) + N*SIN 6 (ny,)

Px At
+ L*SIN o + N*SIN ©

Vertical reaction at canopy hinge Py

Solve equation 9 for Py.

Py = Vi + L*¥COS a + N*COS ©

Location of resultant gob load vector (x component) Xg

Solve equation 12 for Gy.

“Hi(c+bt) + Vy(22) — L*COS a (Ly2) + L*SIN o (c) + Gy(gy)

Ex = — "~ TTTTTTT G

11

(20)

(21)

(22)

(23)

(24)

(25)

(26)
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From equation 19, form g, and g, and substitute into equation 26 and solve Xg4.

gy = X "Xg»

where X, = x—coordinate of instantaneous center of lemniscate links

and X4 = x-coordinate of resultant gob load.

gx :‘Yl -Yg’

where Y, = y—coordinate of instantaneous center of lemniscate links

and Ygq = y-coordinate or resultant gob load.

-Hy(cH+At) + Vi(Lp) - L*COS a (£,,) + L*SIN o (c) + G, Ipls — Koy gy,

Xs - Xp

Xg = R —5 27)
4 * X3 = X
8. Location of resultant gob load vector (y-component) Y,.
Substitute Xy into equation 19.
Ys - Yo Y2X3 — XpY3
== _< + L= 272 28
T x-x, % X3 - X3 W8

RESULTANT LOAD VECTOR THEORY

The problem with the technique provided
in the previous section 1is that the re-
quired four known variables (vertical re-
sultant, and location on canopy and base)
are extremely difficult to measure. The
technique of utilizing 1load cells on the
canopy and under the base to measure as-
sociated pressure distributions is ques-
tionable for the following reasons:

1. The strata are not uniformly dis-
tributed on the canopy-base, and the load
cell can disturb this distribution.

2. Only discrete portions of the
canopy-base are measured with the 1load
cell providing only a very gross approxi-
mation to the pressure distribution.

3. Placement and maintenance of the
load cells are difficult (particularly
under the base) and must be done with

each shield advance.
Assuming there is no gob loading, it is
possible to determine the resultant load

vector by another technique. A static
rigid body analysis of the shield struc-
ture reveals that the resultant load

parameters (magnitude, location,
as shown in figure 1, can be
determined from the following resultant
load vector parameter equations if the
leg, canopy capsule, and compression lem—
niscate link forces are known,

vector
and angle),

RESULTANT LOAD VECTOR
PARAMETER EQUATIONS

HORZ = 0.2426 * L + 0.0192 * N
+ 0.3765 * C,
VERT = 0.9699 * L - 0.,0997 * N
+ 0.0038 * C,

MAG = (HORZZ + VERT2)'/2,

28.2524 * L + 9.4515 * N,

Loc = VERT

ANG ARCTAN (VERT/HORZ),



where HORZ = horizontal component of
resultant magnitude, ton,
VERT = vertical component of re-
sultant magnitude, ton,
MAG = resultant magnitude, ton,

LOC = resultant location, inches

from canopy hinge,
ANG = resultant angle, degrees,
L = average leg force, ton,

N = net canopy capsule force,

ton,
C = average compression lem-—
niscate link axial force,

ton.

The foregoing equations present the rela-
tionships developed for a two-leg, 360-
ton shield when wused 1in a 94-in-high
configuration. These are not general re-
lationships; rather, they represent the
shield and associated geometry currently
under field study by the Bureau. Similar
equations, with different coefficients,
will result for other geometries and
other shields.

Horizontal
= LOC
|
| Vertical
Resultant i 2913 in Not to scale
{ }*492m—»___l_,&
T .
| A 807in
T | r
14.1° yi o~ %
x| 3l.22°

L*COS 14.1° L

N

£+SIN 14.1°

FIGURE 16. - Summation of moments acting at
canopy hinge; see equation 29.
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The vector parameter equations are de-
rived from three independent equations
produced by summation of moments about
the canopy hinge pin (equation 29 and
figure 16), the instantaneous center of
the lemniscate 1links (equation 30 and
figure 17), and the tension link-caving
shield hinge pin (equation 31 and figure

18).
-VERT*LOC + L*COS(14.10)*29.13
+ N*SIN(31.22)*4.92

+ C0S(31.22)*8.07 = O (29)

Horizontal

l‘———LOC
| Vertical

|
A ’-*29.I3|n—- _L

93.95in

L*COS 14.1°

LxSIN 14.1° /

N,
l_ 123.08 in‘——l

FIGURE 17. - Summation of moments acting at
instantaneous link center; see equation 30.

Horizontal
|
fh LOC ’L 59.8 in—+

I Vertical

-
LCOS 14.1° | ,
! £400S 31.15° 38.081in
L r {
L¥SIN 141° 846n |
CxSIN 31.15° T

, 88.93in

FIGURE 18. - Summation of moments acting at ten-
sion link pin; see equation 31.
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-VERT*(LOC+93.95) + HORZ*0.95 + L*C0S(14.10)%123.08 — L*SIN(14.10)*%0.95 = 0 (30)
-VERT*(LOC+59.80) + HORZ*38.08 + L*COS(14.10)*88.93 — L*SIN(14.10)*38.08
-C*C0S(31.15)*8.46 — C*SIN(31.15)*13.28 = 0 (31)

DERIVATION OF VECTOR EQUATIONS
Step 1: Solve equation 30 for HORZ.
HORZ = 1.0526 VERT(LOC) + 98.8947 VERT - 129.5579 L*COS(14.10) + L*SIN(14.10).
Step 2: Solve equation 29 for VERT(LOC).
VERT(LOC) = 29.13 L*COS(14.10) + 4.92 N*SIN(31.22) + 8.07 N*COS(31.22).

Step 3: Substitute VERT(LOC) from step 2 and HORZ from step 1 into equation 31 and
solve equation 31 for VERT.

VERT = L*COS(14.10) - 0.0519 N*SIN(31.22) + 0.0851 N*C0S(31.22)
+ 0.0023 C*#C0S(31.15) + 0.0036 C*SIN(31.15).

Step 4: Substitute VERT(LOC) from step 2 and VERT from step 3 into equation 29 to
determine HORZ.

HORZ = -0.0010 L*COS(14.10) + 0.0462 N*SIN(31.22) + 0.0786 N*C0S(31.22)
+ 0.2257 C*C0OS(31.15) + 0.3544 C*SIN(31.15) + L*SIN(14.10).
Step 5: Solve equation from step 2 for LOC.

29.12 L*C0S(14.10) + 4.92 N*SIN(31.22) + 8.07 N*COS(31.22) .
VERT

LoC =

Step 6: By geometry, resultant angle equals arc tangent of HORZ/VERT.

ANG ARCTAN (HORZ/VERT).

A sensitivity study was conducted to resultant load vector parameters with
show the effect of a 5-pct change in each each wvariable studied separately. The
of the 1nput wvariables (leg pressure, results are shown in table 1 for a hypo-
capsule pressure, and link strain) on the thetical case consisting of a resultant

TABLE 1. - Resultant load vector parametric sensitivity analysis

(A vector parameters, pct)

Vector parameters 5-pct A 5-pct A 5-pct A
leg pressure | capsule pressure | link strain
Resultant magnitude..... 5.04 0.04 0.08
Resultant angle..eeessse 47 .02 .48
Resultant location...... .18 .19 .00
Horizontal forceeeeeeess 12.44 .36 7.08
Vertical force..eeeeeses 4,97 .04 .08




magnitude of 302.71 tons, 1location of
28.16 in, and angle of 84.30°, which cor-
respond to a vertical load of 301.21 tons
and a horizontal load of 30.06 tons. Ex-
amination of the data reveals the degree
of correlation between input and vector
parameters. Of the three vector parame-
ters, magnitude 1is most dependent upon
a single variable (i.e., leg pressure),
showing the largest impact by the 5-pct
sensitivity analysis. Leg pressure is
dominant in all three vector parameters,
but resultant location is strongly corre-
lated to canopy capsule pressure, and re-
sultant angle and horizontal force show a
strong dependence on link strain.

The above sensitivity analysis is for a
specific case of a 5-pct change in each
input variable. More generally, the sen—
sitivity of the vector parameters to in-
put variables can be expressed mathemati-
cally in terms of partial derivatives of
the vector equations as follows:

VF = a1(L) + az(N) + as(C), (32)

dVF AL + dVF AN + dVF 3¢,

oL oN aC (33)

AVF =

where VF any of the vector param—
eter equations (HORZ,

VERT, MAG, LOC, ANG),

(o)
=]
[N
o
2
(@]
I

input  variables (leg
pressure, capsule pres-
sure, link strain).

Examination of the coefficients pro-
duced by the partial derivatives will in-
dicate the relative sensitivity of the
input variables. Equations for AVERT and
AHORZ are shown below as examples, with
the dominant coefficients highlighted.
Equations for ALOC, AANG, and AMAG are

not easily simplified and hence are not
shown.

AHORZ = 0.243 * L + 0.091 * N + 0.276 * C
AVERT = 0.970 * L - 0.100 * N + 0.004 * C

The assumptions made in these studies
of the resultant load vector concept were
primarily twofold:
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1. A planar (two-dimensional) static
model was utilized as opposed to a three-
dimensional model.

2. There was assumed to be no gob

(caving shield) loading.
Because the model was planar static, all
parameters were measured with respect to
a plane defined by the vertical (roof-to-
floor) and horizontal (face-to-waste)
axes. The lateral dimension (parallel to
the face line) was not considered in this
two—dimensional model. The three-dimen-
sional shield then becomes simply a two-—
dimensional "stick" model. The lack of a
three—dimensional model prevents deter-
mination of lateral position (across the
canopy width) or lateral 1inclination
(parallel to the face line) of the resul-
tant load vector. Hence loading parallel
to the face cannot be determined from
this model.

A preliminary analysis of

theoretical

the effect of gob loading was made for
the specific shield geometry under study.
Table 2 presents results for a gob load

applied at the gob (caving) shield center
with angles up to 45° from vertical and
magnitudes up tc 50 tons {(fig. 19). The
table shows relative deviations in the
vector parameters, expressed both as mea-
sured differences and as percent differ-
ence, The base case utilized for the gob
study was 29.79 tons of horizontal force
and 301.21 tons of vertical force, pro—
ducing a resultant magnitude of 302.68
tons, an angle of 84.35°, and a location
of 28.16 in. Examination of the data re-
veals that gob 1load has the largest

Gob load

0-50 tons

FIGURE 19. - Static analysis of gob load.



16

TABLE 2. - Impact of gob load on resultant load vector parameters

A horizontal A vertical A resultant |A resultant | A resultant
Load at angle of--—- force force magnitude angle location
tons | pct |tons | pct | tons | pct |deg | pct in | pet
GOB LOAD = 10 TONS
I15% ceevansnnennass 2.31 7.75 7.11 2.36 7.30 2.41(0.31 0.37 ] 0.68 2.42
30 ssnmmmnmnmmanss 1.52 512 6.88 2.29 7.00 2.31| .16 .19 .66 2.34
§5% o swwnninn e neon .64 2.14 6.19 2.06 6.22 2.06| .00 .01 «39 2,10
GOB LOAD = 30 TONS
15% ceeeacasassonas 6.92 | 23.24 | 21.32 7.08 | 21.86 7.22(0.98 1.16 | 2.15 7.62
30% ssnnssnsnnmioes 4,57 [ 15.35 | 20.65 6.86 | 20.99 6.93| .51 .61 | 2,07 7.36
5% s csvninntianvi 1.91 6.42 | 18.57 6.17 | 18.67 6.17| .01 .02 1.85 6.57
GOB LOAD = 50 TONS
15%cceeececenseaans | L1.54 | 38,74 |35.54111.801) 36.38 | 12.021.72 2.04( 3.77 | 13.38
30 pensvnnmpicssan 7.62 | 25.59 | 34.42 | 11.43 | 34,97 | 11.55| .90 1.07 | 3.63 | 12.90
5% cunnmonsaiieees 3.19 | 10.69 | 30.95| 10.28 | 31.11 | 10.28| .03 .03 3.22 | 11.45

TABLE 3. - Impact of support height on resultant load
vector parameters

Support | Magnitude, | Location, | Angle, | Horizontal | Vertical
height, tons in deg force, force,
in tons tons
100.51 341,30 30.07 97.16 42.55 338.64
97.49 341.41 30.07 97.27 43.21 338.67
94,30 341.56 30.07 97.37 43,82 338.73
90.91 341.74 30.07 97.45 44.28 338.86
87.29 341.96 30.06 97.52 44,73 339.03
impact on the horizontal force predic- support resistance of up to 37 tons, as
tion. The magnitude of error decreases shown by the deviation in the resultant
as the gob load vector inclination moves magnitude.
away from vertical and increases with in- A sensitivity analysis was also con-
creasing gob load. In the worst case ex- ducted to show the impact of support

amined, the magnitude of the horizontal
load error was -11.54 tons, which would
not prevent the Bureau from achieving its
goal of determining a first-order approx-
imation of underground horizontal load-

ing. The net result in the prediction of

height on resultant load vector determi-
nations. For the two-leg, 360-ton shield
under study, support height was varied
over a 12-in range with the midpoint set
at the current operating height of 94 in.
At this operating height, the variation

the resultant angle due to the presence in support height was shown to have rela-
of gob load 1is relatively insignificant, tively little impact on the resultant
since the vertical loading decreased pro- load vector parameters as shown in ta-

portionally to the decrease in horizontal ble 3. At the upper and lower limits of
load. The effect of gob load on resul- the shield operating range, the impact
tant location is to move the position of of height wvariation will be more

the resultant load vector forward and, in
the case examined, cause a reduction in

significant.

RESULTANT LOAD VECTOR INSTRUMENTATION AND FORCE CALCULATIONS

for the
load

variables
resultant

The required known
determinaion of the

been defianed as
and compression

parameters have
canopy capsule,

vector
leg,



lemniscate 1link forces based wupon the
static analysis of the shield structure,
as presented in the previous section. To
measure these variables, an eight-sensor

transducer array as shown in figure 20
was selected consisting of the following:
1. Two pressure transducers (one in
each leg cylinder) to measure leg
pressure.
2. Two pressure transducers, one to

measure canopy capsule extension and one
to measure retraction pressure.

3. Four strain gauges (two on each
compression link) to measure lemniscate
link strain.

The pressure transducers
10,000 psi with accuracies

were rated at
of 0.25 pct

Leg cylinder

Force (tons) = P * 58.921 in? x 1 ton/2,000 1b

Canopy capsule cylinder

Il

Force (tons)

Retract side Force (tons)

where P = measured pressure, psi.

Determination of link forces is consid-
erably more difficult and requires an ex-
amination of the structural properties of
the link. A structural diagram of the
compression lemniscate link for the two-
leg, 360-ton shield wunder study is shown

KEY

LP Left leg cylinder pressure transducer

RP Right leg cylinder pressure transducer

CE Canopy capsule extend pressure
transducer

CR Canopy capsule retract pressure transducer

LTR Left compression lemniscate link rear
face strain gauge

RTR Right compression lemniscate link rear
face strain gauge

LTF Left compression lemniscate link
forward face strain gauge

RTF Right compression lemniscate link
forward face strain gauge

P * 22.187 in? x 1 ton/2,000 1b

P * 12,326 in? x 1 ton/2,000 1b
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(canopy capsule) and 1.0 pct (leg cylin-
ders) of full-scale, equaling 25 psi and
100 psi respectively. Figure 21 displays
the pressure transducers utilized in this
study. The pressure transducers were in-
stalled wutilizing quick-disconnect hy-
draulic fittings in the appropriate lines
of the canopy capsule and leg cylinder
hydraulic circuits. Calculation of the
forces from the pressures is achieved by
multiplication of the measured pressure

by the corresponding area of the cylin-
der. For the support under study, these
areas are indicated in the following
computations:
(34)
(35)
(36)

indicated,
to the
lemniscate link are the
and rear surface of
The required parameter for the
of the shield is the

in figure 22. As previously

the measured quantities relative
compression
strain on the front
the link.
analysis

static

FIGURE 20. - Resultant load vector instrumentation array.
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FIGURE 21. - Pressure transducer.

255 mm
0:45° | 1,270
camber < mm
. L7 ———————————————— + ___________ ‘_+7
815! . { E
mm | 160 mm ] o
diamy . _____
s 4 R 2
I05-mm radius
1,480 mm =
20185 150 970 mm 50 , | 85 |20
mm |[mm]  mm mm  [mm | mm
) 748 q )|
E E—‘-E////:(/ /T 77777 / P77 7777777777777 777777777 P77 77Tl 77777. VO 77 4 /l/‘ /:
£ = E ] | A l |
N ) [ L/ [
NGO = LAY R LBV LLL L LLLLLLLLLLLLLLLLLLLLLELELLLL L L ELLLLLLLL L L e 7 Arckoyeis
T——N o 1—
20mm —-/

30 mmJ‘ L 20 mm

FIGURE 22. - Compression lemniscate link structural diagram.



loading (C), which by defini-
at the centroid of the

axial link
tion is the force
member.

In theory, if all the
the member are known, and if the strain
on any fiber in the cross section of the
member is measured, the resultant stress
at the centroid can be derived if the lo-
cation of the centroid 1is known. This
would indicate that only one strain gauge
would be required to determine axial link
force. 1In practice, however, the link is
not subject to simple axial loading, but
suffers also from bending stresses caused
by pin eccentricity and pin friction.
Mathematically, these relationships can
be expressed as follows:

forces acting on

Resultant stress (o0,)

= axial stress (o0,)

+ bending stress (o). (37)

It is noticed from figure 22 that the
link is essentially C-shaped with the
pins offset from the 1link center. The
resultant stress identified in equation
38 is then determined as follows:

C*e*y’

C
o, = = +
A T,

" (38)

where oy = stress at designated point y

in cross section,
C = axial force,
A = cross-sectional area,
e = eccentric moment arm,

y = distance to centroid axis,

19

— A
O @)
— A4
L A4 30 mm |
Y
A2 _L_* A3| 160 mm
30| _|30]__
j mm mm
| vl
Al
!
I5mm
 eomm—]
Section 4-4

FIGURE 23. - Cross section of compression lemnis-
cate link.

and Ix = moment of inertia.

As can be seen, several unknown quanti-
ties must be determined to solve this
expression for the resultant stress at a
designated point in the link cross
section.

A cross section (section A-A) of the
link is shown in figure 23. The centroid
with respect to the y-axis is found by
summation of moments expressed mathemati-

cally as follows:

IMx) =yA=y1 % AA +y2* AAy+ y3 % AAs + yg % A Ag. (39)
Areas Yi 2
Ay =220 x 15 = 3,300 7.5 24,750
Az = 115 x 30 = 3,450 72+5 250,125
Az = 115 x 30 = 3,450 72.5 250,125
Ay = 220 x 30 = 6,600 145.0 950,700

16,800 mm?

1,482,000 mm
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_ I M(x) _ 1,482,000 _ _ .
¥ == = T6.800 - 88.21 mm = 3.47 in. (40)

Cross—sectional area (A) = 16,800 mm? = 26.04 inZ?. (41)

The moment of inertia is found by multiplying each element of area dA by the square
of its distance from the x-axis and integrating over the entire section of the

member.
I, = [ y? dA, (42)

where I, moment of inertia,

2

y square of distance from x-axis,

and dA differential area.

Using the parallel axis theorem, which states that the moment of inertia I, of an
area with respect to any given axis AA' is equal to the moment of inertia I, with re-
spect to the centroid axis BB', parallel to AA', plus the product Ad? of area A and
distance d between the two axes, the moment of inertia can be calculated with the

equation
I, = I, + AdZ2. (43)

The moment of inertia for the lemniscate link can further be simplified by deter-
mining the moment of inertia for the entire cross section as a solid, then subtract-

ing the hollow interior section. Calculations are made as follows:

Entire section

_bn® _ (2200 (160)°

Iob=71, = T =7.51 x 107 mm* (44)
dy = distance from center of section to centroid
= 6.3/2 = 3.47 = 0.32 in = 8.2] mm
Ad? = (220) x (160) (8.21)Z = 2.37 x 10% mm*
I, + Ad12 = 7.51 x 107 + 2.37 x 10% = 7.75 x 107 mm*

Hollow interior

3 3
1, = 2o o U6D) LU 5 03 « 107 ma? (45)

d, = distance from center of hollow interior to centroid

0.61 in = 15,71 mm

(160 x 115) (15.71)2 = 4.54 x 10% mm?

Ad 2

I, = 2.03 x 107 + 4.54 x 10% = 2,48 x 107 mm?

 —



——
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Moment of inertia I,

I, = 7.75 x 107 - 2,48 x 107 = 5.27 x 107 mm* = 126.6 in* (46)

Now, referring to equation 35, the resultant stress at any location in the cross
section can be determined from the following relatiounship:

_ 1 0.66 (y;) ]_
oy = E [ 26.06 T T126.6 (47)

Since the measured quantity is strain and not stress, it is also necessary to
coanvert the strain measurements into stress 1in accordance with the following

relationship:
O=E*€ (48)

where o} stress, psi,

E

modulus of elasticity = 30 x 10® for steel, psi,

and € straln, microstrain,

Hence, by measurement of the strain with a strain gauge at the top or bottom sur-
face of a link, it would be possible to compute the axial link loading, C.

If these were the only forces acting on the member, the stress ratio of top to bot-
tom should remain constant. This ratio can be computed as 2.62 from equation 45 as
follows:

_ 1 0.66 (2.83) _
o Top = C [ 56.04 + 156.6 ] = 0.0532 C
_ 1 0.66 (—3.47)} _
o Bottom = C [ 6. 04 + 1766 = 0,0203 C
o Top _ 0.0532 ¢ _ 2.62 (49)

o Bottom 0.0203 C

Test results, however, revealed that the stress ratio is in excess of the 2.62 val-
ue, indicating that other forces were acting on the member. The missing force is the
bending moment at the lemniscate 1link pin connection caused by friction between the
pin and link and friction between the link and adjoining member, which produces addi-
tional bending stress in the link. Since this quantity is difficult to measure, two
strain gauges were used on each link to measure both the front and rear surface
strain to resolve the actual bending stresses that occurred in the link. From these
strain measurements, and assuming the stress is linearly distributed throughout the
link cross section, an equation can be derived from which stress can be computed at
the link centroid to determine the axial link loading (C).

e(y) =m * y + b (50)
where e(y) = strain as a function of link cross section,
m = slope of line,
b = y—-intercept,
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strain at top surface - strain at bottom surface,

cross—section depth

_ top surface strain + bottom surface strain,

2

_ € Top - € Bot

6.3

and e (0,32) (0.32) +

e Top — ¢ Bot,

5 (52)

Axial link force is then found by multiplying strain at the centroid by the modulus

of elasticity and the cross—sectional area.

*

6= B (52)

where C = axial link loading, tons,
€ (0.32) = computed strain at centroid, microstrain,
A = cross-sectional area, inZ,
E = modulus of elasticity = 30 x 10° psi.
LABORATORY ASSESSMENT OF RESULTANT LOAD VECTOR STUDIES
Utilizing the Bureau's MRS, a thorough 4, Maximum vector parameter prediction

evaluation of the resultant load vector
concept and capabilities of the data ac-
quisition system was conducted to estab-
lish confidence intervals for predic-
tion of resultant load vector parameters.
Basically, two types of tests were con-
ducted with the aid of the simulator:

1. Load cell tests — A load cell was
placed on the support canopy to act as a
known load vector for prediction using
the resultant load vector sensor array.

2, Horizontal load tests — A known
horizontal and vertical load was applied
to the support specimen for prediction
from the instrumentation on the support.

LOAD CELL TESTS

These tests
cal loading,
was to assess
location and

were limited to pure verti-
and the primary objective
the ability to predict the
magnitude of the resultant
load vector as the angle was held con-
stant at 90°., A total of 16 1load cell
positions were selected, representing 6
locations along the shield axis and 4
across its width, as shown 1in figure 24.
Results of the tests are shown 1in table

errors were 7.76 pct for magnitude, 5.92
in for location, and 2.75° for resultant
angle. It should be noted that these
maximum errors occurred at a relatively
low shield load (only 196 kips) with the
vector located in a fairly unstable re-
gion of the support; i.e., several inches
forward of the leg center line. TIf the
supports are set properly against the
roof, loads of 400 kips or greater can be
expected. Deviations more representative
of anticipated mine loads are—-—magnitude,
less than 2 to 3 pct; location, less than
2 in; and angle, less than 1°.

To put these figures 1into perspective,
preliminary field data indicate leg pres-
sure variations of 5,000 psi during the
mining cycle, which alone would result in
variations in the resultant magnitude of
about 300 tons. Laboratory tests indi-
cate a stability range in terms of resul-
tant location of 10 in on either side of
the leg center line for vertical loading.
A vector outside this range would not
pass through the support base and would
cause instability. As for the resultant
angle, a friction coefficient of 0.3
would produce an angle change of 16.7°.



23

Front

Canopy Leg
hinge line
Left \
~Tic ::::r:_r::ﬂ‘_:_;;;g R 1
Leg |
line ql
Rear & ————
Leg |
line |
- |
Ei:ﬂ: ::":ﬂ:f:: iy Dl 1 |
Right | !

FIGURE 24. .- Load cell placement on canopy. (Top view of canopy; 1-16 indicate load cell positions.)

TABLE 4. — Resultant load vector load cell test results
Cell AVF,2|F/AVF,3| A Loc,4|A Angle,® Cell AVF,2 |F/AVF,3|A Loc,%|A Angle,’

location!| kip pct in deg location'| kip pct in deg
1 196 -7.67 5.92 1.39 10 236 -6.66 1.69 -1.85
2 210 -5.72 1.69 -.30 11 498 -2.85 .05 -.36
3 325 -2.98 .91 -1.52 12 481 -2.31 -2.08 77
4 599 -3.25 .75 -.51 13 197 -6.74 1.82 -2.75
5 602 -3.15 -.06 .26 14 266 -5.63 1.93 -2.46
6 602 -2.16 -1.09 .55 15 512 -3.68 .09 - .58
7 457 -2.83 -2.05 47 16 462 | -2.85 -2.06 .63
8 586 -3.39 -.05 .19 Max NA | -7.67 5.92 -2.75
9 201 -5.80 1.95 -2.03

NA Not available.

'From figure 24.
ZAVF
7

4A Loc

- measured average vertical force using MRS.
~ array-predicted force magnitude.
— difference between measured and predicted resultant locations.

5A Angle - difference between measured and predicted resultant angle.

Conclusions d
follow:

1. The larger
plied, the small
force magnitude.

2. The degree
error expected
2 to 3 pct
disturbance).

rawn

from

the vertical

er

of resultant

at mine
(excluding

load levels

the

these

tests

force ap-
the error in vertical

magnitude
is
gob load

3. The magnitude and location pre-
diction deviations are functions of
location.,

4. All three parameters appear to be

independent of location
of the canopy, thereby justifying the use

of a

planar

static

conditions analyzed.

across the width

model for

the load
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HORIZONTAL LOAD TESTS

The objective of these tests was to
evaluate the ability of the eight-sensor
planar static model and data acquisition

hardware to measure horizontal shield
loading. The test consisted of preload-
ing the support with a 600-kip vertical

force, followed by application of a hori-
zontal load at a rate of 40 kips/min to a
maximum of 120 kips; then, using the MRS
applied load as the known, the horizontal
and vertical forces were predicted from
sensors on the support. The test results
are shown in table 5, Horizontal 1load
prediction deviations were systematic,
with the maximum error of 22.6 kips (11.8
tons) occurring at no horizontal load.
The error became smaller, reaching zero
at a horizontal load of about 70 kips;
then it changed polarity as the load
increased to the maximum of 120 kips.
Average error in horizontal load predic-
tion was 6.8 kips (3.4 tons). The test
results are summarized as follows:

1. As a worst case, horizontal load
can be measured to within 12 tons. A
more optimistic error magnitude would be
5 tons. At the time of these tests, the
accuracy of the MRS load application was
never fully evaluated, but it is believed
to be on the order of 10 tons from pre-
liminary studies. If this 1is an accu-
rate assessment of the MRS capability,
nearly all of the horizontal shield load

FIELD

Resultant load vector studies on shield

supports were conducted at the Thomp-
son Creek Mine of Snowmass Coal Co. near
Carbondale, CO. A layout of the mining

plan, depicting the study longwall panel
(panel 1) is shown in figure 25. The
360-ft face was operating on a 30° pitch,
with approximately one-half of the panel
completed at the time of study. The face
had been idle for several months prior to
the data collection efforts because of
poor market conditions in the region.
The seam averages about 7.5 ft (2.5 m) in
thickness and has an underclay of a com-
petent (Rollins) sandstone and an over—
lay of a relatively strong interbedded

TABLE 5. — Horizontal load prediction
test results

Horizontal load, kips Difference
Applied Predicted pct kips tons
0 22.6 NA | 22.6 11.8
16 28.8 77.2 12.8 6.4
32 37.0 15.7 5.0 2:5
48 48.4 .9 4 o2
64 66.0 -1.7 -2.0 -1.0
80 77.8 -2.9 =2+ 2 -1.1
96 92.0 ~4.4 -4.0 -2.0
112 103.6 -7.8 -8.4 -4.2
120 111.8 -6.8 -8.2 ~4,.1

NA Not available.

prediction error could be attributed to

MRS resolution error.

2., The lemniscate link is subjected to
bending from pin eccentricity and fric-
tion and therefore requires a minimum of
two gauges per link to assess axial link
loading.

3. The dominant variable
ing horizontal load is lemniscate
strain,

4. As horizontal load increases, link
strain diminishes, making strain mea-
surements more difficult. Strain values
ranged from 78 microstrain at zero hori-
zontal load to 27 microstrain at a 120-
kip horizontal 1load for the rear face
gauges, and from 325 to 99 microstrain
for the forward link gauges.

in determin-
link

STUDIES

sandstone-shale. The roof caves fairly
consistently immediately behind the sup-
ports, thereby providing good conditions
for longwall mining. A major shear zone
cuts diagonally across the final third of
the panel, but the effects of the zone
were not felt at the face during the data
collection efforts.

The powered roof support
lized at Snowmass is the Hemscheidt
Troika system (fig. 26). The supports
are two-leg shields rated at 360 tons'
capacity. Physical and structural char-
acteristics of the support were provided
in the previous sections. The supports
are eqiupped with a 30-in forepole canopy

system uti-
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FIGURE 25. - Snowmass Mine longwall layout.

and face spillplates
specifically for steep—-seam mining. The
supports operate in groups of three and
are advanced independent of the face con-
veyor, which permits self -aligning of the
supoprts. The roof support system at
Snowmass consisted of 23 Troika sets
totaling 69 longwall shields.

and are designed

DATA ACQUISITION SYSTEMS

efforts to collect resultant
field data were largely un-
because of data acquisition

Initial
load vector
successful
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instrumentation problems. Two data ac-
gqisition systems were utilized for this
study because of their availability and
prior approval for underground use by the
Mine Safety and Health Administration
(MSHA). The first system consists of a
strain indicator that requires manual in-

tervention to balance the sensor bridge
network so that individual sensors ecould
be read. A switching wunit 1is wused to

switch from channel to channel, and data
are manuallly recorded on paper or voice-
recorded on magnetic tape. The units are
battery powered, intrinsically safe, and
approved by MSHA for wuse at the face.
Forty channels of this system were uti-
lized for the underground resultant load
vector studies., A strain indicator and
switching unit are shown in figure 27.

The second system provides 14 channels
of analog data with 8 h of continuous re-
cording onto a mwagnetic tape recorder.
The primary components of the system are
the FM tape recorder and the signal con-
ditioning wunit, as shown in figure 28,
which provide 5-'V dc gauge excitation and
fixed gains of 500 to 1,000 for signal
amplification prior to recording. The
system was granted an experimental permit
by MSHA for underground use; however, the
recorder is not permissible and must be
kept in fresh air, requiring coaxial data
cables to be strung from each sensor to
the recorder. All other cowmponents ei-
ther are intrinsically safe or are placed
in explosion—-proof boxes. A schematic of
the system as it was used underground is
shown in figure 29.

The scope of the field effort consisted
of instrumenting five longwall shields
with the full eight-transducer instru-
mentation array from which resultant load
vector measurements were made, In addi-
tion, seven other longwall shields were
instrumented with pressure transducers
to measure leg pressures only. The ar-
rangement of the instrumented shields on
the longwall face is shown in figure 30.
A total of 55 shield cycles of data were
collected during approximately 75 ft of
advance from the. instrumented shields,
encompassing both data acquisition
systems.
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FIGURE 26. - Troika shield.

DATA ANALYSIS

Several interesting observations have
been made from the field data, and re-
sults appear to be consistent with shield
mechanics and anticipated roof behavior.
Recalling the static analysis of the
shield structure presented earlier, the
measured parameters were leg pressure,
canopy capsule pressure, and compression
lemniscate 1link strain, from which the
resultant load vector parameters of mag-
nitude, 1location, and direction were
determined. A measure of the horizontal
and vertical force acting on the support
was also calculated from these
parameters,

Recalling the discussion on shield
mechanics presented earlier, the associ-
ation between the measured variables and
the vector parameters was defined as
follows:

Resultant magnitude - leg pressure.

Resultant location - leg pressure and
canopy capsule pressure.

Resultant angle - leg pressure and
lemniscate link strain.

These associations will be evidenced
from the following data presentations.
From this analysis, the 1inadequacies of

measuring leg pressures alone, in terms
of wunderstanding the behavior of the
shield support, become clearly evident,
since only the resultant magnitude can be
reasonably predicted from leg pressure
data alone.

Leg Pressure Data

Leg behavior was found to be very pre-
dictable and consistent. A typical leg
pressure plot is shown in figure 31. As
can be seen from the graph, it is possi-

ble to distinguish the passage of the
shearer and the adjacent shield activ-
ity by the change in the slope of the
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FIGURE 28. - FM tape recorder and signal conditioning unit.



pressure curve., Typically, these events
would occur within a relatively small
timeframe, so that the effect of both is
seen as one pressure rise; however, there
are several cases when the events could
be individually identified, as in figure
32.
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FIGURE 29. - Continuous data acquisition system
schematic.
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A wide variety of setting pressures
were observed with the average of 2,200
psi, well below the rated setting pres-—
sure of 4,000 psi. There was also typi-
cally an imbalance of leg pressure mag-
nitude between the left and right leg
during setting of the support, as de-—
picted in figure 33. Most often the
downhill leg received the most pressure.
Howevelr, once the supports were set, the
pressure profiles of both legs were near-
ly identical, indicating that gravity was
not having a significant impact on the
geology of the strata in terms of a down-—
hill vector overloading one side of
the support. The imbalance of setting
pressure remains somewhat of a mystery,
but it might in some way be caused by the
friction of the advancing support against
the adjacent support, which causes it to
"bind up” somewhat during setting.
Another possible explanation is that the
debris left on the canopy during advance-
ment of the support tends to migrate to
the downhill side of the support, leaving
a partial void for the wupper leg to push
against during support setting.

Yielding occurred in approximaf
pct of the monitored shield cycles; how—
ever, it must be remembered that the face
had been inactive for several months pri-
or to the data collection. Owing to the
imbalance 1in setting pressures between
legs, it was common for only one leg to
yleld. Yield pressure was measured at
approximately 6,500 psi.
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FIGURE 30. - Instrumented shield arrangement on longwall face.



Canopy Capsule Behavior

The canopy capsule behavior was much
less consistent and far less predictable
than the 1leg behavior. The behavior
tended to be operation oriented, in that
sometimes the operator would activate the
capsule cylinder during setting of the
support, and at other times he would not.
Inconsistent and improperly operating
(dirty) check valves were found in the
double-acting cylinder. As a result, two
primary behavior patterns were observed:

1. Positive pressure on one side of
the cylinder with virtually none on the
other side.

2. Pressure on both sides of the cyl-
inder with mirror—image shapes.

Both the extend side and the retract
side were found to be the high-pressure
side, as shown in figure 34, Statis-
tically, the extend side was the high-
pressure side 58 pct of the time, indi-
cating a load was acting toward the tip
of the canopy forward of the leg line.

70
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FIGURE 31. - Typical leg pressure plot.
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The retract side was found to be the
high-pressure side 42 pct of the time,
which was indicative of a 1load to the
rear of the 1leg 1line. An example of

positive pressure on both sides of the
cylinder is shown in figure 35, where the
extend-side magnitude 1is shown to be de-
creasing, while the retract-side magni-
tude is increasing. The inconsistency in

capsule behavior can also be seen from
figure 36 as the behavior changes from
shield cycle to shield cycle. As will be

shown in the discussion pertaining to the
vector parameters, the effect of an in-
crease 1in capsule force 1is to move the
resultant location forward (toward the
canopy tip).
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FIGURE 32. - lllustration of shearer move and ad-

jacent shield activity.
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FIGURE 33. - Imbalance of setting pressures on
shield supports.



30

KEY
Extend-side pressure
—-—=- Retract-side pressure

(/) Shield cycle

T T T T T

5.6
4.9 F .
42
35 ;

2.8 @

2.1 r n

4l @ @

7r !

CANOPY CAPSULE PRESSURE, 10° psi

o 1
5.6 ' T ' | ' | —
49 F - .
e |
42 I~ !/ | 1
[} |
385 ’I @ : n
2.8} ! v -
2.| - '\l"'""—'_J W
v
.4 <:> —
gr -
o L I 1 | S— |
53 53 160 267 373
ELAPSED FACE TIME, min
FIGURE 34. - Illustration of extend and retract
canopy capsule pressure profiles.
Link Strain Behavior
Recalling the discussion of the func-

of the shield compo-
links in a two-leg
shield are intended to be in compression
during load application; hence, they are
typically called the compression lemnis-
cate links. However, as was observed
during the field effort, load cases exist
that put the front ‘“compression™ link in
tension. Three behavior patterns were
observed regarding the front link, indi-
cating that several phenomena were occur-
ring. The three observed behavior pat-
terns and their relative frequency of
occurrence follow:

tional relationship
nents, the forward
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FIGURE 35. - Mirror image capsule pressure behavior.
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FIGURE 36. - Variation in canopy capsule behavior.

1. Both links in compression - 53 pct.

2. One link in tensioun and one link in
compression - 40 pct.

3. Both links in tension - 7 pct.

Figure 37 illustrates cases where both
front 1links were in compression, and
cases where one link was in tension while
the other was in compression. The graph
is interpreted as follows: Sharp changes
in magnitude define individual shield cy-
cles owing to the reduction in support
loading as the support is lowered and ad-
vanced. For the example shown in figure
37, six shield cycles were recorded dur-
ing this shift. The differential between
tension and compression is denoted by the
dividing line at =zero microstrain. This
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example shows that the right link was in
compression while the 1left link remained
in tension for the first three shield cy-
cles; then both links were in compression
for the remaining three shield cycles.

Looking at the probable causes of the
observed link behavior, as indicated ear-
lier, the expected behavior is for both
front links to be in compression during
the entire load cycle. As was described
in the section on shield behavior, the
horizontal component of the leg force
causes compression in the forward link,
and as the 1leg pressure increases, the
link is further compressed and the strain
increases proportionally. Under symme-
trical loading conditions, the normal be-
havior is for both forward links of the
shield to be in compression.

The situation in which one link was in
tension while the other was in compres-
sion probably occurred during advancement
of the support, in which there was a ro-
tation of the base relative to the canopy
that caused one side of the canopy to be
moving toward the gob while the other
side was moving toward the face. This
rotation of the base relative to the can-
opy probably was the result of gravity
acting on the support owing to the 30°
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pitch, as the support tends to bind
against the downhill adjacent support
during advancement. Another possible ex-
planation for this type of link behavior
is unsymmetrical loading, but since the
imbalance occurred immediately upon set-
ting of the support with similar strain
profiles after set, the previous hypothe-
sis is considered to be more probable.

Again recalling the functional behavior
of the shield support presented earlier,
horizontal load reduces link loading, and
the few cases where both front links were
in tension occurred during situations of
extremely high horizontal loading. There
is some evidence to indicate that partic-
ular link strain profiles are operator
induced, rather than roof induced. For
example, on occasion the operator will
"jog" the support back and forth during
advancement and/or after setting the sup-
port to eunsure the support is effectively
set against the roof. Since link strain
behavior is dependent upon relative mo-
tion between the canopy and base, if the
operator happens to set the support and
then continues to try to advance it with
the advance ram, a horizontal force will
be induced in the canopy that could cause
the abnormal link behavior discussed here
with both links in tension.

Generally, two strain profiles were ob-—

served: (1) increasing strain during the
shield cycle, and (2) fairly constant
strain during the shield cycle. Figure

38 illustrates cases of both constant and
increasing strain profiles. When the
supoprt was subjected to high horizontal
loads, cases were observed where the link
strain actually decreased during the
shield cycle. The strain level varied
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significantly from shield cycle to shield
cycle, as shown in figure 39, depending
on the loading observed, making it diffi-
cult to indicate a typical strain magni-
tude, For the example shown in figure
39, the forward surface gauge strain
ranged from a low of about 58 microstrain
to a high of 310 microstrain, Changes in
strain magnitude during individual shield
cycles were also shown to range from a
low of 10 microstrain for shield cycle 1,
to a high of about 120 microstrain for
shield cycle 6. As shown, the rear sur-—
face strain is of smaller magnitude (3 to
5 times) because of bending stresses that
occurred in the link,.

RESULTANT LOAD VECTOR PARAMETERS

The impact of the foregoing variables
on the resultant load vector parameters
is discussed in the ensuing pages of this
report. Emphasis will be placed on the
association between the measured vari-
ables and the vector parameters, as dis—
cussed earlier, and the influence of
these parameters on shield mechanics.

Resultant Magnitude

As indicated by the static analysis of
the shield structure, the resultant mag-
nitude is strongly dependent upon leg be-
havior, as the 1leg force 1is by far the
principal means of support resistance.
As can be seen from figure 40, the shape
of the resultant magnitude curve is
nearly identical to that of the leg pres-

sure plot, illustrating the associa-
tion between 1leg force and resultant
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FIGURE 39. - Range of lemniscate link strains.

magnitude. As is the case with leg pres-
sures, the resultant magnitude is influ-
enced by the shearer and adjacent shield
activity. The sensitivity of the re-
sultant magnitude to 1leg behavior is
shown in figure 41, where the effect of
a yielding leg is clearly represented in
the resultant magnitude plot. The resul-
tant magnitude was found to range from
172 to 360 tons and to consistently in-
crease during the shield cycle as the
strata converged and caused additional
loading on the support. The resultant
magnitude was also found to vary signifi-
cantly from shield cycle to shield cycle,
as shown 1n figure 42, reflecting the
variation of setting pressures achieved.
However, examination of the change in re-
sultant force from the beginning to the
end of the shield cycle reveals similar
load profiles and a relatively small var-
iation in support resistance.

AR = Rmax — Rmin, (53)
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FIGURE 40. - Comparison of leg pressure and re-
sultant magnitude.



where AR = change in resultant
magnitude,

Rmax = maximum support
resistance,

and Rmin = minimum support
resistance.

For the shield cycles shown in figure 42,
the change 1in resultant magnitude (AR)
ranged from 8 to 135 tons. The average
change in resultant 1loading for the 30
shield cycles observed for this particu-
lar shield was 113 tons, with a standard
deviation of 39 tons.

Since the support loading usually var-

ies continuously with time, support
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FIGURE 41. - Effect of yielding leg on resultant
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resistance must be weighted by time to
produce a meaningful value for average
support resistance. This 1is achieved

mathematically by integrating the area
under the resultant magnitude curve and
then dividing it by the total time to ob-
tain a time-weighted average for support
resistance.

(54)

t

For example, the time-weighted average

support resistances for the six shield
cycles shown in figure 42 are——

Ry = 228 tons R4 = 274 tons

R, = 272 tons Rs = 318 tons

Rz = 206 tons Rg = 253 tons

An average of these time-weighted aver-
ages produces a good indication of the
variation 1in support loading. For the
example just discussed, the average time-
weighted average support resistance is
258 tons.

Resultant Location

The resultant location exhibited fairly
consistent behavior, generally moving
toward the rear of the support during the
mining cycle. This would be the expected
behavior as the strata break and canti-
lever over the support during the caving
process. The position of the resultant
load vector stayed relatively close to
the leg line, ranging from 3.2 in forward
to 2.8 in rearward of the leg line. The
leg line is considered the ideal location
for the resultant vector, since at this
position the leg force would offer maxi-
mum support resistance. Positions were
found to exist both forward and rearward
of the leg line, as well as to cross over
the leg line during a particular shield
cycle. Statistically, the position of
the resultant load vector was determined
as follows:
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Rear of leg line - 54 pct of shield cycles.

Forward of leg line - 26 pct of shield cycles.

Cross over the leg line — 20 pct of shield cycles.

The variety of resultant load vector
locations and their behaviors is illus-
trated in figure 43, as 1is the dependence
of the resultant location on canopy cap-
sule behavior. Figure 434 depicts canopy

capsule pressure plotted against time
for six shield cycles, while figure 43B
depicts the resultant location corre-

capsule behavior for the
same six shield cycles. The position
of the leg line 1is shown by the dash-
dot-dash line in figure 43B and, as indi-
cated, illustrates cases of resultant lo-
cation both forward and rearward of the
leg line. It is also shown that the po-
sition of the resultant vector changes
from set to set, owing in part to the de-
pendence of the resultant location on the
behavior of the canopy capsule.

By comparing the resultant location
with the capsule pressure, it can be seen
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FIGURE 43. - Association between canopy capsule
behavior and resultant location.

capsule force (pressure) in-

to set, the resultant
toward the canopy tip;
as the capsule force de-
resultant location moves
toward the rear of the support. For ex—
ample, the large 1increase in capsule
pressure from the second to the third
shield cycle (fig. 43) is reflected by a
significant movement of the resultant lo-
cation forward, followed by a movement
rearward from the third to fourth shield
cycle to reflect decrease 1in capsule
force between these two shield cycles.
The influence of the capsule force on the
change in resultant 1location during a
shield cycle is also illustrated by exam—
ination of the first shield cycle shown
in figure 42. Here, it is noticed that a
fairly constant capsule pressure resulted
in little movement of the resultant loca-
tion, compared to the consistent rearward
movement of the location for the other
five shield cycles associated with de-—
creasing capsule pressure. Figure 44 de-—
picts a linear relationship between re-
sultant location and capsule pressure
which illustrates that, all other things
being held constant (leg force = 353 tons
and 1link force = 118 tons), a change of
0.325 in in the resultant location would

that as the
creases from set
location moves
subsequently,
creases, the
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FIGURE 44. - Linear relationship between capsule

force and resultant location.



occur for every 10-~ton change 1in canopy
capsule pressure., It is also true that
leg force has an influence on the behav-
ior of the resultant location, moving the

location rearward (i.e., toward the leg
line) with an increase in leg force to
provide a more efficient support condi-

tion. The effect of 1leg force on resul-
tant location 1is nonlinear; as shown in
figure 45, as the 1leg force increases,
the change in resultant location is less.

Resultant Angle

The resultant angle is a measure of the
inclination of the resultant load vector.
It is determined by the coefficient of
friction produced between the canopy and
roof strata caused by horizontal dis-
placement of the strata as well as the
reaction of the support to vertical roof
convergence. Cases of both high- and
low—friction coefficients were observed,
but once the support was set, the resul-
tant angle changed very little, indicat-
ing the friction coefficient remained
constant once the support was "locked in"
place, providing a constant of propor-
tionality between horizontal and vertical
force. This also indicates there was
probably very little horizontal displace-
ment of the strata during the caving pro-
cess, The resultant angle did change
from set to set, ranging from 85° to 107°
with 90° representing pure vertical load-
ing. This change from set to set in the
direction of the resultant force was
probably the result of different contact
surfaces providing different frictional
forces with each set, These resultant
angles produced friction coefficients
ranging from 0.07 to 0.36 with typical
values ranging from 0,15 to 0,20.

The dominant variable 1in the
tant angle determination is the lemnis-
cate link force (strain), as illustrated
in figure 46, which displays compres-
sion lemniscate 1link strain associated
with resultant angle predictions. As
indicated in the static analysis of the
shield structure, an increase in hori-
zontal load reduced link strain, and as
seen in figure 47, as the 1link strain
decreased from the first shield cycle

resul—
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to the

creased,
zontal loading.
between link strain and

second, the resultant angle in-

indicating an 1increase in hori-
The inverse relationship
resultant angle

is evident in figure 47, where the resul-
tant angle profiles
the seven shield
Another observation
angle did

the link strain for
cycles monitored during
is that
change

that shift,

when the resultant
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FIGURE 45. - Nonlinear relationship between leg
force and resultant location.
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during a shield cycle (see cycles 5, 6,
and 7 in figure 47), the curve had a
shape similar to that for leg pressure,
possibly 1indicating these forces were
shield induced as a reaction to vertical
roof convergence.

Horizontal Loading

Horizontal 1load was a primary design
consideration for the shield concept, and
measurement of actual horizontal load ex-—
perienced by a longwall shield on an op-—
erating face was a primary objective of
this project. Horizontal load was found
to be present in all shield cycles, rang-
ing in magnitude from 8 to 95 tons. The
wide range of magnitudes indicates sev-
eral loading phenomena were occurring.
While there was 1little consistency in
terms of magnitude from shield cycle to
shield cycle, horizontal load consistent-
ly increased during individual shield cy-
cles, This would be expected, since it
is reasonable to assume that the differ-
ential displacement of the strata would
increase as the caving progressed.
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FIGURE 48. - Canopy convergence profile.
However, 1in terms of measuring hori-
zontal shield loading, one subtle fact
must be recognized: Basically, horizon-
tal load 1is produced any time there is
relative motion between the canopy and
the base, with sufficient friction to
generate a horizontal force between the
roof and canopy. This motion can be

caused either by horizontal strata dis-—
placement trying to push the -canopy to-—
ward the gob or as a reaction of the sup-
port to vertical roof convergence whereby
the horizontal component of the leg force
tries to induce relative motion between
the canopy and base. What we would like
to isolate is the roof-generated load due
to horizontal strata displacement, since
this is the load any support element must
resist. 1In practice, horizontal load is
also caused by the shield ditself. For
example, although the lemniscate system
is intended to provide vertical travel of
the canopy during convergence, the actual
path of the canopy 1is not truly vertical

(fig. 48), and this motion could cause
the support to induce a horizontal load
into the roof and the shield structure.

Likewise, the suppport 1leg 1is inclined
and also induces a horizontal force into
the structure, as a reaction to vertical
roof convergence. Hence, it is concluded
that horizontal load 1is both roof gener-

ated by horizontal displacement of the
strata and shield generated as a reac-
tion of the structure to vertical roof



convergence, and as a result is specific

(to some extent) to the design of the
particular shield in question.
Like the resultant angle, horizontal

upon link strain, de-
creasing in magnitude as the compression
lemniscate 1link strain increases from
shield cycle to shield cycle, as shown in
figure 49, During the shield cycle, the
strain generally increases to reflect the
increase 1in vertical support loading
caused by the caving roof, despite the
presence of horizontal force that reduces
link loading. The variation 1in horizon-
tal force 1is shown in figure 50, which
depicts horizontal force determinations
for the same support for two different
shifts. As can be seen from the graphs,
there 1is no time correlation to hori-
zontal loading; rather, the behavior is
mostly oriented to geology and roof be-
havior, owing to the caving mechanism at
work.

Since the strains

force is dependent

are not very active

and have shapes similar to those of leg
pressure plots 1in most instances, there
is some evidence that the majority of

horizontal force observed at this partic—
ular installation was the result of the
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reaction of the structure to vertical
roof convergence and not strata induced
by horizontal strata displacements, but
the evidence is too 1inconclusive to make
a definitive judgment on the issue.

Vertical Support Resistance

As 1indicated earlier, the resultant
magnitude is comprised of two components:
horizontal and vertical loads. It is the
vertical component that resists roof con-—
vergence and is most often referred to as
the measure of support resistance. The
shape of the vertical load curve is near-
ly identical to that of the resultant
magnitude curve, as shown in figure 51.
The difference between the resultant mag-

nitude and vertical component 1is rela-
tively small, owing to the sum of the
squares of the two components 1in the re-

sultant relationship R? = Rx?2 + Ry2. Un-
like horizontal force, which is largely
dependent upon 1link strain, vertical
force is almost solely dependent upon leg
pressure curves. It was shown earlier
in the discussion on shield mechanics
that only a relatively small part of the
horizontal component of the leg force ac-
tually was converted into resistance to
horizontal shield loading. However, in
the case of vertical force, nearly all
the vertical component of the leg force
is wutilized ¢to resist vertical roof
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convergence, producing a slope 0.985
(fig. 52). A perfect correlation would
be 1ndicated by a curve of slope 1.0, in-
aicating an equal relationship between
the two parameters.

There appears to be a direct shape cor-
respondence between the horizontal pre-
dictions and the vertical component of
the resultant force. The relationship is
clearly not proportional; however, as
illustrated 1in figure 53. The vertical
component shapes and magnitudes are simi-
lar for shield cycles 4, 5, and 6, but
the horizontal component is distinctly
different. The larger the link strain,
the less proportional the curves become.

If the block being carried by the sup-
port were moving only vertically down-
ward, or if its motion followed a linear
vertical versus horizontal displacement,
then it is 1likely that horizontal 1load
would be proportional to the vertical
load. 1f the block were detached and
free to be displaced horizontally in the
face-to-waste direction, there is an in-
creased probability that the proportion-
ality between horizontal and vertical
load would no longer be constant. These
circumstances would also be indications
of strata-induced horizontal loading.
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FIGURE 52. - Comparison between vertical leg
force and vertical resultant load.

80 T T T 1 1 T T

75 ( KEY =7
sl (1) shield cycle |

30 .
Ae| @ @ 6o

Al Il | | i L - i |

HORIZONTAL FORCE,
tons
HsN
(6]
T
|

360 T T T | E— T T
320 L
280

/ |
200’@4 @ @B @@

240 L

tons

VERTICAL FORCE,

160 i -
120 L | | 1 r [
0 60 120 180 240 300 360 420 480 540

ELAPSED FACE TIME, min

FIGURE 53. - Comparison of vertical and horizontal

force.

Shield Comparison

As indicated earlier, there were five
longwall shields distributed fairly even-
ly across the face that were instrumented
for resultant load studies. The number
of samples (shield cycles) taken for each
support ranged from 10 to 25 cycles owing
to instrumentation problems. Such a
small and variable sample size precludes
drawing any statistical inferences from



the data, but the general behavior of the
individual shields in terms of the resul-

tant load vector parameters can be seen
from figure 54. Again, while observa-
tions can be made and trends proposed,

taken in drawing any gener-
relative to loading
about the face.

care must be
alized conclusions
conditions distributed

DISCUSSION OF RESEARCH

Proper ground control 1s essential to
the success of longwall mining. Improve-
ment in support design or wutilization
would provide benefits of increased pro-
duction and reduced capital risk for the
longwall operator. While there are sev-
eral types of roof support designs, the
shield concept has gained prominence in
the United States 1in the past decade.
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Since the intent of this effort was only
to demonstrate the concept and feasibil-
ity of determining resultant shield load-
ing, these 1limitations are justified.
Future studies will entail a much broader
data base from which conclusions can be
drawn regarding the distribution of load-
ing across the face with more confidence.

EFFORTS AND RESULTS

of the shield design
over checks and frames is its ability to
resist horizontal loading. To understand
the behavior of the shield concept, it is
necessary to understand the mechanics of
the shield structure. Kinematically, the
shield is an indeterminant structure, and
there are several variables that im—

The major advantage

pact the load-carrying capability of the
support. Unlike chock supports, support
resistance cannot be determined simply

from the summation of leg forces.

Static analysis of the shield structure
reveals that the resultant load vector
can be determined from measurement of the
leg, canopy capsule, and compression lem-—
niscate 1link force. This technique has
been successfully tested 1in the Bureau's
Mine Roof Simulator. Results from the
laboratory tests indicate that the resul-
tant load vector parameters of magnitude,
location, and angle can be reasonably
predicted with this method. It has also
been demonstrated that the technique can

be successfully wutilized wunderground to
measure support loading. Resultant load
vector measurements from five longwall

shields were found to be consistent with
shield mechanics and anticipated roof be-
havior. The technique also proved suc-—
cessful in measuring horizontal shield
loading, which is a primary design con-
sideration but a relatively unknown quan-

tity in terms of support behavior. Hori-
zontal load was found to be significant
and present on all shield cycles. From

the variation in field data, it is appar-
ent that several loading phenomena were
occurring during the study. The nature
of these data also indicates that both
roof- and shield-generated loading pro-
files were observed. The dinformation
gained in terms of the resultant location
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and angle provided insight into the in-
teraction of the support with the strata.
This information would have been unat-
tainable if only leg pressures had been
monitored, as historically has been done
in roof support evaluations. Coeffi-
cients of friction were successfully de-

termined from the resultant load vector
parameters, which heretofore have been
largely assumed as 0.3 in analytical

analyses of roof support structures. The
proximity of the resultant location to
the leg line provides valuable design in-
formation for support manufacturers, as

well as insight into the caving mecha-
nism of the strata. Finally, the load-
carrying capability of the support was

properly assessed from the resultant mag-
nitude, which considers both vertical and
horizontal loading.

The resultant load vector concept and
the measurements taken as part of this
study are first steps in providing a more
in-depth understanding of support behav-
ior and requirements for more effective
ground control. Most of the problems
experienced in these 1initial efforts
have been instrumentation related, and

of these and similar
to develop criteria for
more effective roof support systems and
to develop a better predictive model
whereby support requirements can be bet-
ter correlated to geologic conditions and
caving mechanisms.

To achieve these goals, it will be nec-—
essary to match support requirements with
geologic behavior by complementing sup-—
port loading studies with strata defor-

long-range goals
studies will be

mation studies. The objectives of the
strata deformation studies will be to
monitor near—-seam strata behavior in

terms of displacements, deflections, and
strain contours, and to assess the impact
of support loading on roof behavior and
the resulatnt

vice versa. In addition,
load vector studies must be expanded to
include other mine sites of different

geological character to provide a broader
data base from which generalized observa-
tions can be made and conclusions drawn.
In summary, it is thought that these re-
sultant load vector studies will provide
advancement in the state of the art of
longwall mining and a foundation for
additional studies to improve support

improved data acquisition hardware will design.
be developed for future studies. The
CONCLUSIONS

The following conclusions are drawn and
their significance discussed relative to
the efforts of this research to evaluate
the mechanics of the shield support and
to develop a technique to determine re-
sultant loading:

1. The shield structure is kinemati-

link forces.--The

cally indeterminant, and resultant shield

loading cannot be determined from leg

pressure data alone.—-The significance of
this conclusion 1is that the historical
practice of measuring leg pressure data
is inadequate to properly evaluate shield
support loading. The resultant load vec-—

tor has parameters of magnitude, loca-
tion, and angle of inclination, which
require three independent equations for

solution.
2. Resultant magnitude can be reason-—

ably estimated from leg pressure data,

but estimating resultant location and an-

gle of inclination requires the measure-

ment of canopy capsule and lemniscate

implication of this
conclusion is that support capacity re-
quirements (ability to resist vertical
convergence) can be deduced from leg
pressure data. The error in determining
resultant magnitude from 1leg pressure
data is likely to be less than the margin
of safety coal operators are willing
to risk for successful longwall mining.
However, from a research viewpoint, with
a goal of improving support design, the
behavior of a shield support cannot be
properly assessed unless the resultant
forces (magnitude, location, and direc-
tion) are accurately known. Critical
performance parameters (such as support
stability) are dependent upon the loca-
tion and direction of forces acting on
the support as well as their magnitudes.
Also, structurally the support capabil-
ities cannot be properly evaluated from
vertical loading alone.



3. The load-carrying capability of a
shield support is influenced by the pres-
ence of horizontal loading.--Horizontal
load can either increase or decrease
shield capacity, depending upon the loca-

tion of the instantaneous center of the
lemniscate links relative to the plane
of the canopy and the particular support

configuration. Since manufacturers gen-
erally quote support capacity in terms of
vertical support loading only, the influ-
ence of horizontal loading should be con-
sidered in support selection. The oper-
ating height at which the support is
employed can also be critical to success-
ful operation because of this phenomenon.

4, With a planar static model (two-
dimensional), hield

resultant loading on shield
supports can be determined by measurement
of Teg, canopy capsule, and lemniscate
llg&_forcgs.——The significance of this
conclusion is twofold: (1) Resultant
loading is fundamental to support design,
and (2) resultant 1loading can be de-
termined from a relatively small array of
transducers. An effective support design
can only be achieved if the resultant
forces acting on the support are known.
Theoretical studies that evaluate support
design are only as good as the accuracy
of the load cases simulated. The ability
to determine resultant shield 1loading
with a small array of transducers (eight
in a two-leg design) 1limits data acqui-
sition requirements and makes this tech-
nique attractive for underground
research,

D e The feablbillty

of employing this
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hypothesis wupon which this research is
founded is valid.
7. 1Initial field measurements produced

physically realistic resultant support

loading consistent with anticipated mine

roof behavior.

A. Resultant magnitudes increased
as a function of time, reaching yield
capacity of the support on several

occasions,

B. Resultant location was near the
leg line and moved toward the rear of the
support as the strata caved.

C. Resultant inclination remained

constant during a shield cycle,
indicating that the friction coefficient
changed very little once the support was
"locked” in place. Coefficients of fric-
tion ranged from 0.07 to 0.36 with 0.20
being representative of observed shield
loading and strata contact.

8. Horizontal 1load was found to be
present in all shield cycles, ranging in

fairly

magnitude from 8 to 95 tons.—-The basis

for design of the shield support is
its ability to resist horizontal loading.
Despite this being a critical design
parameter, horizontal loading produced by
the caving strata has been a relatively
unknown quantity. The significance of
these results 1is that horizontal load
does exist and is of sufficient magnitude
to warrant design consideration.

9. There 1is some evidence that indi-
cates that the majority of observed hori-

zontal load is shield induced by a reac-

tion to wvertical roof convergence rather

than roof induced due to horizontal

O me support loading un-

strata displacement.——If it can be proved

dergyound on active longwall shields has
been_Héagﬁgffaigan::fIVE-longwall shields
were instrumented with pressure trans—
ducers and strain gauges, and successful
resultant load vector determinations were
made, providing confidence for future re-
search efforts.
6. Resultant 1loading field wmeasure-
ments were consistent with theoretical
studies ofnughppoffmugéhav1or.——Associa—
tions between resultant magnitudes and

leg pressure, resultant location and can-

opy capsule force, and resultant direc-
tion and lemniscate 1link force were
observed from the field data, thereby
providing evidence that the theoretical

that horizontal strata activity is mini-
mal and that the majority of horizontal
loading is support—induced as a reaction
to vertical roof convergeance, the impact
on support design can be far reaching.
The presence of horizontal 1load was a
significant discovery, but the more im-
portant issue is the source of this load-
ing. 1If horizontal loading 1s primarily
due to vertical roof convergence, then
the shield support 1s an inefficient de-—
sign and the concept of the shield design
might need to be reevaluated. Although
there is some evidence to indicate the
majority of the load observed during this
study was shield generated, this evidence
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is not conclusive and does not mean that
this would be a universal behavior repre-
sentative of all longwall mining condi-
tions. More studies need to be made to
determine the source and nature of hori-
zontal shield loading, since the poten-
tial exists to dramatically improve sup-
port design through these studies.

10. The potential exists to utilize

supports as monitors to assess roof and

strata behavior.——Knowledge of the resul-
tant location and angle of inclination
can provide insight into the behavior of
the roof during the caving process. Pe-
riodic weighting by measurement of re-
sultant support loading can also provide

FUTURE

Much has been learned from these ini-
tial research efforts to develop tech-
niques to properly assess shield loading,
but several new questions have been re-
vealed and additional work needs to be
done to realize the benefits of this re-
search. Future research efforts are out-
lined as follows:

1. Studies will be undertaken in the
MRS to evaluate the potential sources of
horizontal support loading. Underground
experiments will be planned to specifi-
cally evaluate strata movements and sup-
port behavior to ascertain the degree of
strata~induced horizontal shield loading.

2. Resultant load vector measurements
need to be made at other mine sites of
differing geologic character to provide a

caving mechanism.
involving support
the weight

information on the
Analytical studies
evaluations typically utilize
of a trapezoidal rock mass for support
loading, 1ignoring the movement of that
mass, which would provide a horizontal
component to the resulting force. Corre-
lations could also be made from the re-
sultant load determinations regarding the
height and overhang of the caving strata
from the resultant support loading.
Knowledge of horizontal loading will pro-
vide indications of near—-seam strata ac-
tivity 1in terms of face-to-waste dis-
placement of the strata along bedding
planes.

EFFORTS

larger data base for analysis of support
behavior.

3. Permissible digital data acquisi-
tion instrumentation will be developed to
facilitate monitoring several shields for
expanded underground studies.

4, Support loading efforts
expanded to include monitoring several
shields over the 1life of the panel to
evaluate such factors as first break and
the effect of periodic weighting on sup-
port behavior.

5. Support
complemented with
studies to provide
into the interaction of the
strata activity.

need to be

studies will be
strata deformation
additional 1insight
support with

loading
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APPENDIX.—--NOMENCLATURE

Cross—sectional area.

Leg angle normal to plane of canopy.

Resultant angle.

Compression lemniscate link force.

Modulus of elasticity.

Microstrain.

Frequency modulated.

Horizontal component of resultant gob load acting on caving shield,
Vertical component of resultant gob load acting on caving shield.
Horizontal shield load.

Horizontal load acting on canopy.

Horizontal load acting on base,

Moment of inertia.

Leg force.

Resultant location,

Resultant location on canopy.

Resultant location on base,

Horizontal component of leg force.

Vertical component of leg force.

Resultant magnitude.

Canopy capsule force.

Horizontal component of canopy capsule force.
Vertical component of canopy capsule force.
Horizontal component of canopy hinge pin reaction load.
Vertical component of canopy hinge pin reaction load.
Resultant load.

Stress.

Canopy capsule angle normal to plane of canopy.
Tension lemniscate link force.

Vertical shield load.

Arbitrary vector parameter equation.

Vertical resultant load acting on canopy.

Vertical resultant load acting on base.

Spatial coordinates defining location of resultant gob load.
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