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PHYSICAL PROPERTY DATA ON FINE COAL REFUSE
by

R. A, Busch, 1 R. R. Backer,2 L. A, Atkins,3 and C. D, Kealy?2

ABSTRACT

Sludge ponds of fine coal, fine soil, and water created behind large
piles of coarse coal waste can present hazardous conditions; this is a Bureau
of Mines report of the subsurface physical property data developed on the fine
coal waste materials that make up the core areas of two typical coal waste
impoundments. These data will help define more completely the engineering
properties of this problem area of the structures.

Additional calorific, chemical, and mineralogical data were obtained on
the coal waste materials to determine possible uses or development of
byproducts. The possibility of extracting alumina from coal ash was also
investigated.

INTRODUCTION

Since the early 1960's, the coal industry has been under constant pres-
sure by environmental legislation to clean up liquid discharge into streams.
Consequently, rather large sludge ponds have developed which consist of fine
coal, fine soil, and water. These ponds are generally formed behind large
piles of coarse coal waste and in conjunction therewith formulate the often-
criticized coal waste impoundments. As a sequel to Bureau of Mines RI 7964
(1),* this report deals primarily with the physical and chemical properties of
the fine coal wastes in the pond.

The previous report was most concerned with the coarse material and con-
tained only a minimum of sludge information from a few surface samples. To
obtain more information on coal sludge, especially at various depths, a sam-
pling program was carried out on two typical waste piles. Four holes were
drilled and sampled at 5-foot intervals, These samples were carefully
extracted from the drill holes and shipped back to the laboratory in a manner

1Civil engineer.
®Mining engineer.
Engineering technician.
4Underlined numbers in parentheses refer to items in the list of references
preceding the appendix.



that would minimize disturbance. Laboratory tests were performed on these
samples to provide data that could be used to evaluate problems involving
drainage, liquefaction, strength, and stability. In addition, these samples,
plus coarse refuse and red dog from previous sampling, were subjected to a
typical coal analysis which could provide information as to the possible use
of the waste products as a fuel or as a source for marketable byproducts.

SITE SELECTION

The sites chosen for sampling were selected on the basis of availability
as well as being considered representative. They were inactive at the time of
sampling, which allowed access by the sampling crew with light equipment
(fig. 1). Heavy drilling equipment could not be used because the deposit was
saturated and the support capability was poor. Consequently, drilling and
sampling were carried out by hand methods (fig. 2).

FIGURE 1. - Tripod setup on sludge zone at WDH-1.



FIGURE 2. - Sampling setup on WDH-2 (note WDH-1 at left of photo).

The difficulty of obtaining the samples and the limitations on time and
funds narrowed the fieldwork down to two holes per site. It was decided to
concentrate the sampling in what was considered the most hazardous materials--
the saturated fine sludge farthest from the discharge line (figs. 3-4). It
should be noted, however, that the history of the discharge location was not
available so there may be discrepancies in the uniformity of the sludge with
varying depths in any one hole.
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METHOD OF DRILLING AND SAMPLING

The holes were drilled by hand auger. Because of the tendency of the
saturated material to flow into the hole, it was necessary to case the hole
immediately. The casing was 5-foot-long sections of 4-inch diameter pipe.
Figure 5 shows how the coupling was slipped over this pipe at connections and
welded. The casing was driven ahead of the augered hole by a weight suspended
from a tripod and raised by a cathead mounted on one leg of the tripod. After
a length of casing was driven, the hole was drilled by hand auger. At 5-foot
intervals, the hole was sampled by pushing a thin-walled sampler into the
sludge ahead of the casing and retrieving the sample. To break the suction at
the bottom of the thin-walled tube and prevent the sample from being sucked
out, an air line was attached to the outside of the tube and air was pumped
into the area at the bottom of the tube as the tube was being extracted. This
method of driving casing, drilling, and sampling was performed until it became
impractical to continue.

FIGURE 5. - Brazing casing sections prior to driving.



FIGURE 7. - Sedigraph 5000 for determining minus 200-

mesh particle size.

PROCEDURES

The laboratory tests
were performed in the Bureau
of Mines Spokane Mining
Research Center (SMRC) labo-
ratory using the following
procedures:

1. Permeability of the
undisturbed Shelby® tube
samples was determined by a
SMRC -developed method using
a constant head (fig. 6).

2. Grain-size distri-
bution was performed accord-
ing to ASTM Standard
D-422-63, part II. The
minus 200-mesh portion was
tested with a Sedigraph
5000° particle size analyzer.
The Sedigraph operates on
the principle of Stokes' law,
utilizing X-ray absorption
(fig. 7).

3. Specific gravity
was determined according to
ASTM Standard D-854-58,
part IT.

4. Maximum density and
optimum moisture content
were determined according to
ASTM D-698-70. Minimum den-
sity was determined accord-
ing to ASTM D-2049-69,

5. The one-dimensional
compression tests were

®Reference to specific makes
or models of equipment is
made to facilitate under-
standing and does not
imply endorsement by the
Bureau of Mines.



performed in a SMRC-designed test chamber by a method developed in this labo-
ratory by Nicholson and Busch (5).

6. The direct shear test on undisturbed samples extruded from the Shelby
tubes was performed on a direct shear device with the method outlined by
Lambe (3) (fig. 8).

7. The triaxial shear on undisturbed samples extruded from the Shelby
tubes was performed primarily according to ASTM D-2850-70. The pressure of
the pore fluid was continuously monitored throughout the test, and failure was
determined using effective stresses (fig. 9).

8. The liquid limit was determined according to ASTM D-423-66.

9. The plastic limit was determined according to ASTM D-424-59 (1971).

FIGURE 8. - Direct shear device.



FIGURE 9. - Triaxial shear testing apparatus.
The following tests were performed by others:

1. Ultimate and proximate coal analyses and chemical composition of ash
were determined according to Bulletin 638 (7). The ultimate and proximate
coal analyses were performed by the Pittsburgh Energy Research Center. The
chemical composition of ash was determined by the Aluminum Co. of America
(Alcoa) Laboratories.
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2.

pulverized material,

3.

lurgy Research Center.

DISCUSSION OF RESULTS

Mineralogical analysis was done through X-ray diffraction on a sample of
Tests were done by the Alcoa Laboratories.

Spectrographic analyses were performed on ash by the Salt Lake City Metal-

The permeability of the material within an embankment or mine waste dump is one
of the most important factors to be considered in drainage and water seepage control.
Table 1 shows the permeability of the undisturbed Shelby tube samples which are in

the low-to-very-low permeability range.
effective size and the high coefficient of uniformity, indicating a well-graded,

fine-grained material.

This can be substantiated by the small

TABLE 1. - In situ properties
Assumed| Inplace |Inplace Effec- |Coeffi-| Spe-
Drill|Shelby| eleva-| moisture| dry Vertical tive cient |cific
Location*| hole tube tion, | content, |density,|permeability,| size, of grav-
No. No. feet percent 1b/ft2 cm/sec mo® uni. - ity
formity

Weeeoonnn DH-1 14A 99.1 63.2 48.1 5,77 X 107® {0,00062| 10.97 1.54
Weoooonoo DH-1 7 94.4 51.0 55.6 5.31 x 107® .00049( 14.90 1.64
Weeoiennn DH-1 8 89.1 57.1 53.9 1.38 x 107¢ .00042( 13.57 1.68
|7 DH-1 13A 84.1 56.2 49.1 2.21 x 1078 .00062| 14.19 1.59
Weeoinono DH-1 15A 69.1 54.4 54.0 2.00 x 1078 . 0006 11.00 1.59
Weeroonno DH-1 16A 64.3 50.3 53.2 2.18 x 107® .00062( 10.64 1.52
We'ovoonoo DH-2 18A 99.0 62.5 48.2 8.76 x 1078 .00056( 11.61 1.66
Weervronnn DH-2 17A 94.1 47.4 55.0 7.76 x 1077 .00076| 14.47 1.45
Weeveonoo DH-2 19A 89.1 59.0 53.8 1.40 x 10°¢ . 0006 14.17 1.65
Weereonno DH-2 20A 84.1 51.7 53.0 2.28 x 10°¢ .001 20.00 1.52
We'vooooo DH-2 5A 79.1 49.9 51.6 4.67 X 107° . 001 11.00 1.47
Weeeeonnn DH-2 6A 74.1 51.1 53.1 5.59 X 1078 .0014 11.43 1.58
Weervonns DH-2 7A 69.1 51.9 52.8 2.42 x 1078 .0011 12.73 1.53
Weeoeonnn DH-2 8A 64.1 52.3 46.8 2.48 X 107° .001 12.00 1.59
Weerononn DH-2 9A 59.1 54.5 53.2 2.90 X 10 .00105| 11.90 1.54
B.o.von.. DH-1 1 99.0 45.6 46.4 2.97 X 1074 .0016 40.62 1.48
B........ DH-1 2 95.1 44.3 47.2 2.49 X 107° . 0026 57.69 1.50
Beveeenn. DH-1 3 90.1 48.9 47.8 6.53 x 107° . 004 45.00 1.46
- DH-1 4 75.1 24,2 61.0 2.06 X 1074 .04 8.50 1.85
B.ovurvnn. DH-1 5 70.1 21.3 56.8 3.05 x 107 .069 8.55 1.56
B.. .| DH-1 6 65.1 25.8 55.8 8.86 x 1074 .088 6.14 1.64
B®....... DH-2 3A 99.2 63.0 55.3 3.75 x 107 | .0004 | 10.50 | 2.07
B........ DH-2 10A 94.1 62.2 51.0 9.18 x 1077 . 00086 7.32 1.74
B........ DH-2 11A 89.1 64.0 54.2 7.51 x 1077 . 00035 8.71 1.84
B.o...o.... DH-2 12A 84.2 59.6 50.9 1.76 x 1078 .00045 7.11 1.84
B........ DH-2 A 79.1 57.7 51.1 1.38 x 10°¢ . 0006 7.50 1.69
Bevevenno. DH-2 1A 74.2 60.1 52.5 1.86 x 107% . 00083 7.23 1.70
Be'e'vun.. DH - 2A 69.2 57.7 52.8 4.12 x 107° . 00041 9.02 1.66

lSurface elevation at all drill holes was assumed at 100 feet.

®The size at which 10 percent is finer.
3Shelby tube 3A contained a large amount of vertical roots and holes.
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The range of the grain-size distribution curves (fig. 10) for each drill
hole shows a relatively well-graded material, quite similar within each drill
hole, with the exception of BDH-1. BDH-1 was not homogeneous in respect to
size distribution and showed a much larger particle size in the deeper samples.
This indicates that the discharge line was probably in a different location at
some earlier date and not as shown on figure' 1.

Specific gravity values shown in table 1 are relatively uniform for each
site location. The low values of specific gravity indicate high coal content.
The specific gravity of pure coal is in the range of 1.25 to 1.70 (6).

The importance of shear strength data dictated a rather extensive shear
test program. Two types of shear tests were performed on undisturbed Shelby
tube samples: drained direct shear and unconsolidated triaxial shear.

Results of the direct shear are shown in table 2. They indicate that there is
some degree of strength and cohesion. However, these tests were allowed to
drain and were run slowly enough to prevent pore pressure buildup. The angle
of internal friction, ¢, was determined by using peak stresses.

TABLE 2. - Shelby tube shear data

Mean Drained direct shear, in situ conditions
Site | Drill|Shelby |eleva-| Moisture|Placement |Consoli-|Degree of Cohe-
No. | hole tube tion, | content,|density, dation satura- o> sion,
No. No. feet percent pcf density, tion, degrees| psi
pef percent

W....|DH-1 14A | 99.1 58.4 53.0 62.5 100.0 32 0.9
W..../DH-1 8 89.1 50.2 58.4 66.0 100.0 29 4.7
W....|DH-1 16A | 64.2 49.7 56.5 62.9 100.0 32 4.0
W....|DH-2 18A | 99.0 66.0 54.4 66.0 100.0 26 3.0
W....|DH-2 17A | 94.1 61.6 54.2 65.0 100.0 28 2.2
W....|DH-2 9A | 59.1 47.9 57.0 62.5 100.0 32 2.9
B....|DH-1 2 95.1 55.8 47.4 50.8 87.7 35 4
B....|DH-1 3 90.1 53.4 52.4 57.8 99.5 34 1.8
B.. DH-1 4 75.1 21.8 63.7 69.0 66.8 35 1.3
B....|DH-2 3A | 99.2 59.9 61.9 74.9 100.0 20 5.4
B.. DH-2 11A | 89.1 65.8 56.4 69.1 100.0 25 2.0
B.. DH-2 2A | 69.2 63.7 52.7 57.2 100.0 34 1.2

The undrained, unconsolidated triaxial shear tests show no shear strength
or cohesion. This can be attributed to the high degree of saturation which
allowed the pore fluid pressure, p, to attain the same pressure as the con-
fining liquid or lateral pressure, o,. By using the effective maximum stress
ratio for failure, the results are zero.
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major effective stress o + 05 - u

= N = 1
Ss minor effective stress Oy = W ’ (1)

where O, the major principal stress,

Og the minor principal stress,

and U the pore fluid pressure.

The presence of water does not affect the angle of internal friction of a
soil, but as these test results indicate, it can dramatically affect the shear
strength of the soil. The value of shear strength that should be used in anal-
ysis can vary considerably, depending on whether a slow "creep' type of fail-
ure or a sudden "quick' condition exists. The slow permeability rates in coal
sludge would indicate the possibility of pore water pressures and reduced
strength.

One-dimensional compression tests were performed on four composited
samples (one for each drill hole). After the previous tests were performed,
all Shelby tubes from each drill hole were composited and water was mixed with
each to attain the average in situ water content. The sample was then placed
in the test chamber near the average inplace density. The test results
yielded earth pressure at rest values, K, , approaching 1.0 (table 3). The
test chamber was not completely sealed, allowing some water to drain during
the test; this may account for the results that show a K, value less than 1.
However, the pore water pressure monitored during the test shows the reading
to be the same as the vertical applied stress. These test results also indi-
cate either no shear strength and the material being in a quick condition or
zero effective stress. The Poisson's ratio and Young's modulus can be
obtained from this test (table 3).

The maximum and minimum densities shown in table 3 are average numbers
for the two drill holes. Although it is not considered practical to compact
the entire sludge deposit, it is worth noting that the average field densities
for the two holes are less than 80 percent of maximum. Using the Proctor den-
sity as the maximum and the usual minimum laboratory density as a base, the
relative density of the most dense field sample is only 54 percent, which puts
it in the critical range of potential liquefaction. Any sudden reduction in
void ratio due to a shock or shifting of the pond could easily set up a "quick"
condition resulting in zero shear strength.

As noted in table 1, some of the field densities observed are lower than
the laboratory minimum density. This is probably due to the excessive water
in the sludge deposit which separates the soil particles and increases the
void ratio. The laboratory minimum tests are performed on dry material.
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Because of the apparent substantial percentages of coal in the waste
materials, regular coal proximate and ultimate analyses were performed, and
the results are tabulated in table 4.
carbon percentages obtained by the proximate analysis define the amount of
combustible material in the refuse, while the calorific value defines the rank
of the coal. The ultimate analysis describes the elemental composition of the
coal portion and the percent ash.

The ash, volatile matter, and fixed

TABLE 4. - Standard coal analyses
Sample
BDH-11 WDH-11 Average | Average
red dogg coarse
Proximate analysis:
In situ moisture.......... percent 35.0 55.4 7.1 7.4
Moisture free:
Volatile matter............ do..... 22.1 22.1 6.8 15.8
Fixed carbon............... do..... 52.4 45.6 3.4 29.0
Ash. ... it do..... 25.5 32.3 | 89.8 55.2
Heat content.............. Btu/1b 10,690.0 | 9,600.0 597.0 5,944.0
Moisture and ash free:
Volatile matter......... percent 29.7 32.6 70.0 36.6
Fixed carbon............... do..... 70.3 67.4 30.0 63.4
Heat content.............. Btu/lb 14,340.0 {14,180.0 | 4,856.0 13,102.0
Ultimate analysis, percent:
Moisture free:
Hydrogen..........oviuiiviiivunneen. 3.6 3.3 .5 2.2
Carbon. . vttt i e 62.3 56.1 4.7 35.2
Nitrogen.......covvivivinnunann. 1.0 .8 .1 .6
ORYEgeIM. . vttt it it ie it 6.8 7.0 3.4 5.7
Sulfur. ... vt i e i e .8 .5 1.5 1.1
Ash. .. i e e 25.5 32.3 89.8 55.2
Moisture and ash free:
Hydrogen.........ooviinnieunennn, 4.9 4.8 5.1 5.1
G2 ol oY o' o 83.6 82.8 58.4 77.7
Nitrogen.........coviiiiineninaan. 1.3 1.2 .9 1.3
105:4 2= - o JAR 9.2 10.5 25.6 13.3
SULfUT. ot e e e 1.0 .7 10.0 2.6

lComposite of sludge from drill hole.
®Composite of burned coarse coal waste from prior sampling program.

SComposite of coarse coal waste from prior sampling program.

A chemical analysis was run on the ash left after burning the refuse. B
studying the composition of the ash, any significant high percentages of com-

pounds can be easily identified.

are any useful recoverable elements in such an abundant source of ''raw
material.'" Table 5 lists the composition of the various samples.

y

This analysis was made to determine if there
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TABLE 5. - Chemical composition of ash
Sample 5i0y |Fep0, | TiOz | A1l;0, | Ca0 [NagO | SO, | Ko0 | MgO | Lost on
fusion
BDH-1............ 56.8 7.9 1.2 25.2 1.4 0.2 {1.23.7]1.3 0.6
WDH-1............ 53.2 5.4 1.0 26.6 3.2 .512.814.3]|1.9 .6
Average red dog..| 60.9 | 8.1 1.3 |22.9 .6 .3 .713.711.0 .3
Average coarse... | 59.2 7.2 1.2 ] 22.6 2.2 4 11.814.0]1.3 .8

X-ray diffraction of the refuse identifies major, minor, and trace miner-
als. These data point out the dominant characteristics of the refuse material
and are listed in table 6.

TABLE 6. - X-ray diffraction analysis of coal refuse
Sample Quartz [Illite|Kaolin-|Cal~|Feld-|Gyp-|Hetalite |Mul-|Cristo-
ite cite[spar |sum lite{balite

BDH-11........... M m m - - - - - -
WDH-1*........... M t m t t | - - - -
Average red dog®. M - - - m m m t
Average coarse .. M m m t t - - -

M = major mineral, m = minor mineral, t = trace mineral, - = undetected.

!Composite of sludge from drill hole.
QComposite of burned coarse coal waste from prior sampling program.
8Composite of coarse coal waste from prior sampling program.

In addition to X-ray diffraction, the ash was also examined by spectro-
graphic analysis to identify the elements present. These data, listed in
table 7, can be correlated with the results of the chemical analysis and X-ray
diffraction of the ash.

TABLE 7. - Spectrographic analysis of coal ash
Site Ag|Al[Be|Ca|Co|Cr|Cu|Fe|GalK | Mg|[Mn|Na(Ni|PbiSc|Si|TilV |Y | Zr
BDH-1}........ FIA|F|C |E |(E |E |IB |E |B|B |D|C |IDID |E (A |C |D|E|E
WDH-1%........ -|AlF|BI|EIE|E|B |E IB|B I|D |c {D[D |E {A|C |{D|E|E

lComposite of sludge from drill hole.
NOTE. --A = Probably >10 percent.

= Probably 1-10 percent.

= Probably 0.1-1 percent.
Probably 0.01-0.1 percent.

= Probably 0.001-0.01 percent.

= Probably 0.0001-0.001 percent.
= Undetected.

P HEHDOOW
It

CONCLUSIONS AND RECOMMENDATIONS

The physical properties and field conditions of coal sludge combine to
make deposits of this material unstable. The extremely fine size of the mate-
rial plus the rather well graded grain sizes make the permeability very slow.
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Consequently, the material acts as a barrier, impounding water, and if satu-
rated, it is extremely difficult to drain. This characteristic of coal sludge
allows waste piles to become dangerous. It is generally accepted that if a
fine-grained saturated sand has a relative density less than 60 percent, it
may liquefy when subjected to sudden shock or reorientation of particles.
Since most sludge is transported as a slurry from spigots, deposits occur
which could be on the verge of liquefaction. The slow settling characteris-
tics of the low-specific-gravity particles are conducive to loose or honey-
combed structures of high void ratio with high degree of saturation.

The shear strength of sludge as determined by drained direct shear was
very similar to the coarse coal waste, as could be expected. The results of
saturated undrained triaxial shear tests indicate that in this condition,
which may be more representative of field conditionms, the sludge has very
little strength. It is quite apparent that if a sudden failure due to a slide
or shock were to occur, the sludge would not contribute anything to the
resisting forces.

Coal sludge comprises approximately 25 to 30 percent ash when dried, but
still yields about 10,000 Btu per pound, which places it in the subbituminous
coal range. Since this material is a prime liability in waste embankments,
utilization as a fuel would solve a hazard problem. Even if it were amarginal
product, elimination of legal disposal problems may make utilization econom-
ically feasible. Some companies are currently reclaiming coal from sludge
ponds by minidredge machines. Recovery is about 40 tons of coal per hour.

The objection to high-ash coal is based upon fouling problems, erosion,
decreased heat conduction, and corrosion of furnaces.® New developments in
furnace design have resulted in units that can handle 30-percent ash material
with little trouble, and projectioms are that furnaces will soon take coals
approaching 50 percent ash.

The ash itself could very well be a valuable byproduct with its high alu-
mina content. It has been reported that in Britain, 1 ton of alumina was
obtained from 10 to 12 tons of ash.” ® A comparison of bauxite, the principal
alumina ore, and coal waste ash follows:

Bauxite Coal waste ash
(percent) (approx. percent)
Al;05.... 50 to 60 25
Si0g. . ... 2 to 20 60
FezO5. . .- 1 to 25 7
TiOs. . ... 1 to 3 M)
QOther.... )

1Not determined.

SReference 4, pp. 820-891.

"Reference 4, p. 1098.

“Coal ash produced from burning U.S. coal waste average about the same percent
Al,0, as ash from British coal and, therefore, should contain the same
amount of alumina.
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Coal Age magazine has quoted Alcoa as privately estimating that alumina
from coal wastes could be produced on a commercial scale cheaper than the
delivered cost of alumina produced from high-grade bauxite from outside the
United States (2). It was also stated that current technology makes this
recovery 'matter of fact."

It appears that refuse materials could possibly be used as a supply of
heat for the production of alumina, and the ash from this burning would be a
source of feed ore for alumina. Once the alumina was extracted, the new mate-
rial would be high in SiO, and would very likely be a suitable construction
material.
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MS FORTRAN (4.2) / MS0S n9/24/74 PAGF 001}

D0

[e)

e Ne Nel

OO0

s ReRel

2

PROGRAM DIRSHEAR

common PEEK (257 9PL0aD (58) st T (a5 st nan (28 s TnuM ) e rnime €50
1 TEST(3)+KNTPWKNTU

DIMENSION A(11975)s TESTERI(5)y TESTERZ2(S)y TIME(T7S)

INTEGER TESTERle TESTERZs TEST

REAL MOISTs MOISTUREs NORMINIT, MOISTA

KNTU= NUMBER OF DATA SETS USING ULTIMATE FOR PLOTTING,

KNTP= NUMBER OF DATA SETS USING PEAK FOR PLOTTINGS
N = NUMBER OF POINTS IN FACH SET

TEST(1)=
1 = PLNJ ENTIRE GrApH
0 = PLaT aX1S AND PoInTS oNLY
TEST(2) =
1 = DrRoP PFEAK vALyF
0 = keeP PEAK VaLUg
TEST(3)=
1 = DRAP ULTIMATE VAL UE
0 - KEEP Y TIMATE VaLUE
CONTINUE
KNTU = 0
KNTP=0
NJUMP = o

READ HEADING AND INITIAL NORMAL DIAL READING

READ (602600’ TEST?TNUMIDATETESTER] *TESTER2 'RINGN*MCAP
IF (EOFCKF(60) +EQ. 1) GO TO 999 M=021974
READ (60,602) MOISTIWETWT+THICK,AREA,pSI,GRAV, MOISTA

SAVE FIRST TEST NUMBER FOR PLOT LABEL,
IF ( NJUMP LEQ, 1 ) GO TO 4

TNUMF (1) = TNUMI(L)
TNUMF (2) = TNUM(2)

NJUMP = 1

READ(60+604) A(le1l)s A{192)9 NORMINIT
N=0

N=Ne¢l

READ DATA

READ(60r604) TIME(NYs af2en)s alaende AleoN)y TTRIG
IF ( ITRIG +EQ. &H ) GO To 5
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MS FORTRAN (4,2) / MSOS 09/246/74 PAGE 002
c cHEcK For INITIAL consotIparIoN
c

CONSOL = 040
IF ( NORMINIT +EQe 040 ) Gn To 10
CONSOL = NORMINIT=A(4,))

c CALCULATE INITIAL VALUES

10 ACCUM = 0,0
APPLOAD = AREA # PSI
RADTUS=SQRT (AREA/3.14159)
ARIA = CONTACT(ACCUM,RADIUS)
SAMVOL = ARFEA # THICK / 1728
WETWT = WETWT # ,0022
DENWET = WETWT, samVoL
DENDRY=DENWET/ (1 +MOIST)
DRYWT = DENDRY # SAMvoL
CoNDEN = DRYWT / ( éTgICK - Consop) # AREA)
CoNDEN = ConDPEN # 172°,
MOISTURE = MOIST#100
VOLCC = SAMVOL # 1728,% 16,387064
VS = DRYWT # 453.6 / GrAvV
vo1p=(voLcc™vs)/vs
POR = VOIp/ (1, ¢ VOIp) # 100,
NCAp=z1000
IF ( MCAP +EQe 6HS500 ) NCAP = 500
IF ( MCAP LEQ. 4H100 ) NCAP = 100
IF ( mCAp ,EQ, 4H2500 ) NCAp = 2590
SATURATE = ( (MOISTA # GRAV)/ VoIp ) # 100°
IF ( SATURATE &er. 100, ) sATURATE = 100,
MOISTA = MOISTA # 100,
IF ( MOISTA ¢EQe 00 ) SATURATE = gan

WRITE HEADING

OO

WRITE(61°700) TNUM'DATE'TESTER]*TESTER2
WRITE (61,702) AREASDRYWTIDENDRY

WRITE (614704) THICK WETWTDENWET
WRITE(619706) SAMVOL+GRAVIMOISTURE
WRITE(614708) CONSOLIRINGNe CONDEN
WwRITE (614 710) PORs MCAp

WRITE (619712) VOID* APPLOAD® SATURATE
WRITE(61,713) MOISTA

SET FIRST ROW oF QUTPUT IN TARLE

SUBTRACT INITTIAL CONSOLIDATION TO GET ACTUAL THICKNESS AT TIMF
OF pATA READINGS.

OO0 OO OO0

THRICK = THICK « CONSOQL
TH;CKA = THICK

A("l)'—'-OoO

A{5,1)=CONSOL
A(T791)=STRESS(A{621) sNCAP)



Mg FORTRAN  (4,?2) / MSOS 09/24/74

[aNeNe!

50

60

ACBs1)=A(7+1) /APRLOAD

A g.l) = Z(7'1)/ RIA

Alygey? = 0 AREA # THIRK * 16*3R7064 = ys)/ vs
atlloly = a¢l0,1y/ (1, & a(l0,1y y &

CALCULATE DATA IN TABLE
N0 59 K = 2N

Ae3gk) = A(2ek) = A(24k=1)
ACCUM = ACCUM * A(34K)

A(SeK) = A(4sK) = Aldyk=1)

At79ky = qTRESS(A(69K), NCAR)

A(B.K) = A(74Kk}) 7/ APPLONAD

ﬂ 5 = CONTaACT (AcgUM. RADTUS
oK) = A(7ek)

THICK = THICK * A(SQK)

K(10sK) = ( AREA # THICK # 16,387064 = VS)/ VS
At1isk) = Be10sK) /7 (1, ¢ A(10,Kk)) % 100,
con T InUE
WRITE OUT RESULTS IN TARLE FORM
K1 = 1
kK2 = 3p

TF (K2 «GTe NY K2 = N

WRITE (614714)

WRITE (61,4716)

WRITE (614718)

wnrte<61 714)

& ST = lHe

WarTe 61,7200 (IAST, I = 1,131)
WRITE (61,714)

CoauaswRITE (61, 722) ( TIME(J)e (A(I4J)y T = 2411)9 J =

e NeNe]

701
65

7%

WRITE (6147220 (TIMEU D s (AlTeU) 91724 11) 0 =K1 9K2)
IF (K2 +EQe N) GO TO 65

Kl = kK2 ¢ 1

K2 = K1 * 49

WRITE (61,701)

FORMAT (1H1)

60 T0 &0

CONT INUE

1oN)

29

PAGE 003

M«(0R1974
M=081974
M=0R1974

M7T0R1974
M-0R1974
M=0?1974
MT0R1974
M=081974
M=081974
M=081974
M=0R1074

CALCULATE PEAK = STRESS/AREA -= AT HIGHEST STRESS FORCE/|.0AN RAT1O.

MAX = n

PEAK = 00

PO 75 J = 1, N

IF( A(ReJ) LE, PEAK ) GO TO 75
pF K = A8y )

mh X = J

CONTINUE

PEAK = Al7s MpaX)

F = N = MAY
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MS

(gle]

OO

OO0

FORTRAN (4.2) / MSOS 09/724/74

76

78
80

85

90
95

100

115
120

125

130

999

600

PEAKSAT = ( (MOIST # GpAvy / A(104MAX) ) ® 100,

1F { PEAKSAT .GTe 100. ' PEAKSAT = 100.
CALCULATE ULTIMATE RASED ON PEAK TERM

IF ( NEND ! 76°76°78
ULTIMATE = PEAK

GO TO 110

GO TO (B0,80+80985)y NFND
ULTIMATE = A(T7eN )

Go 1o 110

LN = 9

DO 90 J = 1e¢NEND

M= N«=.J

IF { AtTomy 7 A(TyN ) ,6T. .05) GO TO 95
LN = LN + 1

1IF ( LN +EQ., 0 ) GO TO 80
SUUM = 0,0

M=

DO 100 J = MelLN

NZ = N =M

SUM = SUM ¢ A(T4NZ)
ULTIMATE = SUM / (LN « 1)

PAGE 004

NIVIDE PEAK AND ULTIMATE BRY AREA AND SAVE FOR PLOTTING
ALSO SET LOAD EQUAL To PST READING AND SAVE FOR PLOTTING

PK = PEAK / AREA

IF ( TEST(2) EQs 1 ) GO T0O 115
KNTP = KNTP * 1

PEEK{KNTP) = PK

PLOAD (KNTP) = PSI

WRITE (61.72%) pk

GO TO 120

WRITE(61,724) PK

WRITE (61,731) PEAKSAY

UT = ULTIMATE 7/ AREA

IF ( TEST(3) EQe 1 ) 6O TO 125
KNTU = KNTU + 1

ULT(KNTU) = UT

ULOAD (KNTU) = PSI

WRITE(61,730) UT

60 TO 130

WRITE (614728) UT

IF(ITRIG LEQe 4HAA ) GO TO 1
caLl GRAPH
GO TO 2
CONTINUE
600 S ARE INPUT FORMATS

FORMAT (311* 3A8* 10A4 AT 2X* A4)
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MS FORTRAN (4,2) / MSOS 09/24/74 PAGE 001

FunctIon sTrREsS ¢ BeN)

IF ( N +EQ. S00 ) GO To Sg

IF (N .EQ, 10g) 60 TO 100
2200

IF (N .EQ. ) 60 10 1%0
c
c COMPUTATIONS FOR 1000=POUND RING
c
STRESS = 5,368421 + 25562,348 ® B
RETURN
c
c COMPUTATION FOR Spg=POUND RING
c
C 50 STRESS = 8920,0 ®# B CHANGED TO FOLLOWING CARD ON 18 JAN 72
50 STRESS = 9010,0 # B
RETURN
¢
c COMPUTATION FOR 100~POUND RING
c
100 STRESS = 26638,302#B##3 + 185,42]268R#42 + 1469,1632%B + 2,060]
RETURN
c
c COMPUTATION FOR 2500«POUND RING. 6JUNT2
c
150 STRESS = 63000, * B
RETURN
END

STaTeMeNT NyMggRs
50 00060 100 00064 150 00105
EXTERNAL REFERENCES
SYSTEM EXTERNALS ONLY
FORTRAN DIAGNOSTIC RESULTS FOR STRESS

coMpIlep LeNGTHg OF STRESS - P 00147 c 00000 D 00000
NO ERRORS
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MS FORTRAN (4e2) / MSOS 09/24/74 PAGE 001

FIUNCTION CONTACT (DsR)

SINTERM = 2 # R # R # ASIN( D/(24%R) )

SQTERM = D/2s # SQRT ( 4o # R # R = D ¥ D)
CONTACT = 3,14159 # R # R = ( SOTERM 4 SINTERM )
RETURN

END

PROGRAM VARIABLES
00004 R SINTERM 00011 R SQTERM
EXTERNAL REFERENCES
ASTIN SQRT
FORTRAN DIAGNOSTIC RESULTS FOR CONTACT

cOMPILED LENGTHS OF CONTACT « P 00130 ¢ 00000 D 00000
NO FRRORS

MS FORTRAN (4e.2) / MSOS 09/24/74 PAGE 001

FUNCTION ASIN(X)
CeseesTHIS PROGRAM COMPUTES THE ARCSIN FUNCTION USING THE ALGORYTHEM
CovvssON PAGE 163 OF APPROXIMATIONS FOR DIGITAL COMPUTERS BY HASTINGS
Covesatd55 pRINSZOQ UNIVERSITY PRESSe

DIMENSION A(8)

DATA (Aze.0012526%9114,00%6700%014-.017058125%,,03089188y0,

1 "0501743046¢'0889789874,"2145988016v1‘5707963050)

ASIN = 040

ASIN S ASIN & yx & A(Y)

25 CONTINUE

ASIN = 1,570796326 w SQRT(leX) * ASIN

RETURN

END

PROGRAM VARIABLES
00002 R A 00024 1 J
STATEMENT NUMBERS
25 00056
EXTERNAL REFERENCES
SQRT
FORTRAN DIAGNOSTIC RESULTS FOR ASIN

COMPILED LENGTHS OF ASIN - P 00130 c 00000 D 00000
NO ERRORS
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MS FORTRAN (4.2) 7/ MSOS 09/24/74 PAGE 001
SUBROUTINE GrapH
c
o
COMMON YP(25"YPL(ZS)’YU(ES)’YUL(ES)'TNUM(Z)'TNUMF(Z)'TEST(3’O
c 1 KNTPeKNTU
INTEGER TEST
¢
DIMENSION X(25) Y (25)+1BUF (50) s IWORD (6)
c
c
¢ YP = PEAK STRESSES
c YPL = CORRESPONDING LOADS
c KNTP = NUMBER 0O PEAKS TO PLOTTED
c YU = ULTIMATE STRESSES
C YUL = CORRESPONDING LOADS
c KNTU = NUMBER OF ULTIMATES TO BE PLOTTED
c TEST(1) =
c 1 = DRAW ENTIRE PLOT.
(o 0 « PLOT AXIS AND POINTS ONLY,
c KOUNT = 0 IMPLIES PEAKS
¢ KoUN¥ 2 1 IMPLIEg ULTiMATES
¢
¢
¢ GET X* Y MAXIMUM FOR PLOT
¢
KOUNT = 0
MN = YP (KNTP) / 10e + 1
x"ax = "N # 10
YMAX = 040
no 10 =i9KNTP
IF(YP(K) oLEe YMAX) GO TO 10
YMaAX =z YP(K)
10 CONTINUE
MN = yMaX 7 10, ¢ 1,
YMAX = MN # 10
c
c ScL = SCALE FACTOR == INCHESZ/USERS UNIT
¢
C&*d&*yMAX:sO.
CusnaagCL = 9,/ YMAX
xSC = 12486/XMAX w=0%1974
YSC * 9e0/YMAX M=0R1974
IF ((YMAX#XSC) «GTe 9.0 GO To 12 M=081976
SoL = _xs¢ M=071974
YMAX = 9e0/xSC * 0°5 M=0R1974
MN = YMAX/10,0 Ma001974
yMAX = MN®10 Me021974
GO TO 15 M*081974
12 scL = YSC M=0g1974
xmdx = 12,86/ysC « 0,5 Mm=0R1974
MN = XMAX/10e0 M=0R1974
XMAX = MN#10 M-oplq;a
15 CONTINUE M=021974
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MS FORTRAN (4,2) / ™SOS nNe/24/74

CALL pLOTS ¢ 1RUF,500 7))
catt PLOT(3°09712°0973)
CALL PLOT(?,049.54=3)
CALL FACYoR(.70)

THRU 260 == PLNTS Y AXTS AND NUMBERS IT,.

o NeXe]

FPN = pe0

CALL NUMPRER(0,00e735,2190FPNs270,90)
CALL PLOT(0e0ge14,3)

cALL PLOT(0,0,0,0,2)

MN = YmAX
k1K = 0
STEP = nen

no 26n K = 1e¢MN
LIK = LTK + 1
sTep = STEP « 1 # SCL
CALL PLOT(STEPs0.0+2)
IF ( LTK «FQe B) GO TO 250
IF ( LTK «EQe 10 } GO TO 285
CALL PLOT(STEPs40792)
CALL PLOT(STEP»DW092)
60 TO 260
250 CONTINUE
CALL PLOT(STEPs.14,42)
CALL PLOT(STEPs0e092)
G0 TO 260
255 FPN = FPN + 10,
CALL NUMBERI(STEPs4729,210FPNe270400)
CALL PLOT(STEPs*1443)
CALL PLOT(STEP.0.0gZ)
LLTK = 6
260 coNTINUE
FEN = 0,0

THRU 280 DRAWS X AXIS AND NUMRERS 1T,

DO

CALL NUMBER(=,4%e21%,21'FPN2270,%1)

CALL PLOT(0409s1493)
CALL PLOT(0¢04090+2)

MN = XMAX
LTk = 0
sTEP = 0e0

NO 280 K = 1¢MN
LIK = LTK + 1
sTep = sTEP = 1 # SCL
CALL PLOT(0,04STEP+2)
IF ( LTK .Ege 5) GO To 270
1F ( LTK «EQe 10) GO Tn 27%
call PLOT(=,07¢STEP+2)
CALL PLOT(0.04STEP2)
60 TO 280
270 cONTINUE
CALL PLOT(=414¢STEP2)

PAGF 002 1974



MS FORTRAN (4,2) / MSOS 09724774

DO

[a le Re)

[e I Ne O DO

[a]

e NeNel

275

280

40

45

46

50

55

60

CALL PLOT(0,0*STER?2)

6o To 2%

FPN = FPN ¢ 10,

RACK = STEP + ,21

CALL NUMBER(=,%04BACKs 21 9FPNe270,,0)
CALL PLOT(=+14,STEP,3)

CALL PLOT(0,0,STER¢2)

LTK=0

cONTINVE

PUT DATA POINTS ON GRAPH

ISYMBOL = 11

Do %0 KK = 19 KNTP

YPT = Yp(kk) & SCL

XPT = YPL(KK) # SCL
XPT = XPT #(=1)

CALL sYMBOL( YPT, XPT, +12, ISYMBOL,270e¢s =1)
IF € TEST(1) LEQse 1) GO To 60

CALL PLOT (0s0s 0,09 3)

CONTINUE

WRITE (59,810)

pRYSE 3

60 To 420

CONTINUE

ISYMBOL = 2

DO 50 KK = 19 KNTU

XpT = YU (KK) # SCL

YPT = YU(KK) # SCL

CALL SYMBOL (XPToYPTea12415YMBOLs0.0s=1)

TEST TO SEE IF REST OF GRAPH IS TO BE RPLOTTED

IFLTEST{1) NE. 1) 559506
XPT = XMAX @ SCL + 6,
CALL PLOT (XPT90e093)
RETURN

LABEL Y AXIS
ENCODE (234800« IWORD)
CALL SYMBOL (=165¢142544284IW0ORNe9D,0423)
CALL SYMBOL (10254154428, IWORD40en423)
LABEL X AXIS
ENCODE (239801 *IWORD)
CALL SYMBOL (3¢501%498,,28,1W0RD,0,0,23)
CALL SYMBOL (=9B4=3¢5,¢28,1%0RNs27004+23)
SET LOADS AND STRESSES TN ARRAYS X AND Y

DO 205 K=19KNTP
Y{K) = YP(K)

37

PAGE 003

FOR CURVE FITTING,
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MS FORTRAN (4,2) / MSOS 09/24/74

OO

OO

o e Nel

205

206
207

209

210

220

X(K} = YPL(K)
NPLTP = KNTP
G0 To 209

DO 207 K=]1.KNT
Y(K) = YU(K)
Xik) = YUL(G)
NPLTP = KNT

Y

DETERMINE STRAIGHT LINE EQUATION THRU DATA PTS,

XAVE = Qa0

YAVE = 040

PO 210 K = 1,NPLTP

XAVE = XAVE + X(K)/NPLTP

YAVE = YAVE + Y(K)/NPLTP

XY = 00

DENOM = 00

DO 220 K = 1¢NPLTP

XY = XY & X(K) #* Y(K)

DENOM = DENOM + ( X(K) = XAyE )jawup

A = Y INTERCEPT B = SLOPE

B = ( XY « NPLTP # XAVE # YAVE )Y/ DENOM
A - yAyE - B & xAyE

PAGE 004

THRU 290 == PLOT STRAIGHT LINE EQUATION DETERMINEN FOR PTS,

MN = XMAX

Yer = A s gCL

CALL PLOT(YPT+04,0¢3)
XPT = 000

DO 290 K = 1sMN

XPT = XPI = 1 # sC
YpT = YpT + B8 #» SCL

crueunlF ( YPT ,GTe YMAX ) GO TO 295

c
c

290

C
295

IF (YPT .G6T. yMAX#sCL) 60 10 29
CALL PLOT(YPTXPT+2)

M=081974

LABEL PHI ANGLE ANN COHESION AND PUT ON RIGHT EDGE OF GRAPH

XPT = XMAX ¥ SCL + o5

YPOINT = 9,0

IF (KOUNT LEGe 1) GO To 415

ENCODE (284804 IWORD) TNUMF

CALL SYMPOL (%e09~15+.284Iw0RD$270,,23)
ENCODE {49805¢ IWORD)

CALL SYMBOL (8.50~1459.289sIWORD270,44)
ENCODE (19,806, IWORD) TNUM

CALL SYMBOL(8¢04"1¢55028,IWORD,270¢,19)
ENCODE (898079 IWORD)

CALL SYMBOL(7¢50"145¢,289IWORD¢270,+8)
GO TO 402

415 YPOINT = YPOINT = 3.5
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