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ABSTRACT

A settling tube for elutetrative sand-size analysis has been 
constructed which uses a micrdcomputer for automation of data collec
tion. and analysisp A photoextinction detector was used and a cylin
drical portion of the settling tube is employed for autocollimationo 
The output is analyzed by feeding the data through an analog to digital 
converter stage and storing the data digitally.

A program written in Basic language designed for operation with 
small computer systems was developed for use in data collection and 
analysiso. Data output is through a teletype printer. Critical grain- 
size values are calculated by a graphical method analogue. The statis
tical grain-size parameters are determined by the standard equations of 
Folk and Ward.

The system is advantageous because a sample can be completely 
analyzed for sand-size distribution and have its statistics printed, 
along with cumulative and frequency curves, in less than seven minutes 
per sample. The use of the settling tube itself to collimate the light 
used for grain detection is an advance because it greatly facilitates 
construction and maintenance. A minor disadvantage is that the output 
of the settling tube may vary from sieve results | but by a careful 
empirical calibration of the settling tube, this variation Can be 
minimized and results comparable with sieve data produced.

vii



INTRODUCTION

The settling tube is well suited for grain-size analysis in 
sedimentological studies because of its inherent similarity to natural 
processes.of sedimentation and because of its speed of Operationo 
These reasons, and others as discussed by numerous authors (Taira,
1976? Buckley, 1964? Poole, 1957?. Emery, 1938; and others) show the 
advantages and effectiveness of the settling tube* Felix (1969), 
noting that most advanced settling tube designs were expensive, presen
ted a design for a low cost instrument* Major advances have taken 
place in electronics in the decade since his design was developed, 
and now an instrument with far greater sophistication in data collec
tion and analysis can be constructed for a comparable dr lower invest
ment* Recognizing the advantages of having such an instrument in our 
own studies, we in the sedimentation laboratory of the University of 
Arizona decided, with the help of the senior electronics engineer of 
our'department, to design and construct an improved settling tube*
One of the basic goals of this project was to take maximum advantage 
of state of the art electronics to improve speed and accuracy of the 
sand analysis, and to provide the ability to interface to a computer* 
The design presented here is the result of that study*
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PKHUraMRY STUDY

■When the operational goals for the instrument, a semi-automated 
system for data collection and analysis for a settling tube, were 
established, the first step was to develop an electronic means of sand- 
grain detection suitable for direct interfacing to a computer» An 
electronic microbalance similar to that used by Felix .(1969) was con
structed and operationally tested, and two problems were foundo The 
system showed a high Sensitivity to vertical motion, requiring a very 
stable location for low noise operations^, Further, as a large disk was 
used to catch the sediment, the dampening effect of the disk on the 
output seemed to be greater in upward accelerations than in downward; 
and consequently the servo^control used for the balance tended to 
oscillateo This was due to the fact that the line suspending the pan 
could only apply tensional (upward) force=

Variations on the Coulter principle of measuring bulk conduc
tivity changes in the water due to the passage of dispersed conductive

/ •

sand were then tested (Allen, 1975)° There was found a tendency for 
ion clouds to form around the sensing electrodes due to electrolysis 
effects, with the electrodes acting like the plates of a capacitor.
This resulted even when the plates were driven with very high frequency 
alternating currents. The first arrival of sand caused turbulence in 
the water and dispersed these ion clouds, but the moving ions generated 
an anomalous signal. Once the ions were dispersed, the grains were



then accurately detected* Use of a very strong electrolyte decreased 
the effect, but this significantly altered the characteristics of the 
water* As the natural sedimentation effect of the tube would have 
been significantly modified, this method was abandoned*

A photoelectric extinction system, measuring grains by their 
occioltation of light, was then tested and showed excellent. promise* 
About this time, Taira and Scholle (1977) published a design and 
detailed theoretical discussion of a photoelectric system very similar 
to the one we were developing* They had not, however, attempted to use 
any form of real-time, computer-assisted data collection and analysis, 
and their analog electronics and optics were rather cumbersome* Their 
published sample runs were essentially identical to the output of our 
systems, and we were thus encouraged that the system we had designed 
would be satisfactory from both an Operational and theoretical stand
point*



APPAMTUS

The settling tube is an acrylic tube 123 cm long by 5»4 cm in 
inside diameter (Figure l)* A flange was cemented to the base, onto 
which was attached a larger diameter section of acrylic tubing to 
serve as a sediment receptacleo A drain is provided at the bottom, 
and a rubber hose and pinch clamp was found to be suitable as a low 
cost valve not subject to damage by abrasive sand in the closure,. 
Sediment is introduced by a pivot mechanism held in the "up" position 
by an electromagnet taken from a 12 volt relay armature* A wetted 
sample is held by capillary action on plastic sieve cloth of 400 mesh, 
which covers a plastic bottle cap 25 mm in diameter = This arrange
ment proved to be more effective than a brass screen and ring as used 
by Felix (1969), as it does not corrode and sediment release is very 
completeo

The measurement system is composed of a green light-emitting 
diode (LED) and a cadmium sulfide (CdS) photocell that has a peak 
sensitivity to green light (5500 2)= These optical elements are 
mounted symmetrically about the acrylic settling tube* The optical 
elements are adjusted with the tube water-filled, so that the tube 
serves as a cylindrical lens with the LED and CdS photocell at two 
diametrically opposed foci= This arrangement makes collimation ex
tremely easy, as the resulting line focus image from the cylindrical

4
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Figure 1. Automatic Settling Tube Showing Basic Parts. —  A. Tube,
B. Sample introduction unit (also shown in inset),
C. Transmitter, D. Receiver, E. Analog electronics, and 
F. Microcomputer.



6
lens is clearly seen on the face of the GdS cell. Adjustment to center 
the light on the face of the cell can easily tee done by an inexperi
enced operatoro

The LED is driven by a square wave signal of ten KHzV The 
signal carrying light is sent through the tube and then is received by 
the GdS cello The square wave signal is then also used to control a 
rectifier> which, by being controlled in phase with the LED, only 
passes the signal which is transmitted from the LEDC This process is
known as "chopping,,e and is routinely used to stabilize photoelectric

\
circuits (Hoenig and Payne, 1973)°

A semi-schematic operational diagram of the circuit is shown 
as Figure 2o The circuit falls naturally into three divisions whose 
operations will be discussed sequentiallyo

Transmitter Stage 
The transmitter stage is a driving circuit and a level control 

to power the light-emitting"diode (LED)o An integrated circuit (IC) 
oscillator (Figure 2:1, second number Identifying stage elements) 
generates a pulse signal of constant amplitude and frequency. The 
. output of the oscillator triggers a flip flop IC (Figure 2:2) that, by 
having a sharp on/off transition upon input polarity reversal, converts 
the pulse train to a precise square wave. This square wave is sent to 
the modulation level adjustment amplifier (Figure 2:3), and the signal 
is boosted to the proper current level to actually power the LED

I, This, is a very useful reference on electronics for 
scientists specializing in building their o m . instrumentation,.
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Figure 2. Analog and Digital Electronics of Settling Tube (Semi
schematic).
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(Figure 2:4)° In the system as we now are operating it, the LED is 
driven by a ± 10 milli-amp current superimposed on a 10 milli-amp DoGo 
bias levelo

The LED is in a molded case that acts as a lens to focus the 
light output, emitting a 30° cone of light with an intensity which is 
constant to a factor of Q»5 over the sensing area of the tube0 This 
cone of light covers a vertical zone on the tube of about 50 mm, 
depending on the exact spacing of the optical elements used* The tube 
then refracts this light into a parallel set of rays in the water, and 
then re-refracts them into a focused/ real image at the photocell*

Receiver Stage'
The receiver stage is placed at the position of the line focus 

image of the LED formed by the settling tube* A slot is cut in the 
box enclosing the electronics, with the width of this slot controlling 
the vertical zone, or window, examined in the settling tube* This zone
is masked to 0*3 cm, which is narrower than the active area of the
photocell* The ends of the slot sire then covered so that the cell can 
only "see" the actual settling tube, and thus only a minimum of ambient 
light* (This significantly increases signal-to-noise ratio* Optimum 
system performance was achieved when the lower half of the tube and the 
optical path from the transmitter to receiver was covered with a black 
curtain*) The. CdS photocell (Figure 2s5) is then mounted behind this 
window* The output from the photocell is sent to a preamplifier 
(Figure 2s6) and thence to a high pass filter* As the system is used
indoors, the high pass filter (Figure 2:7) will significantly



attenuate the noise caused by the 60 cycle flicker of room lights, but 
it passes the high frequency signal from the LED essentially unaffected^ 
The use of AoCo also eliminates long term DoCo drifts caused by such 
things as ambient temperature shifts and component aging.

The enhanced signal from the filter is then amplified (Figure 
2:8), and is ready for the conversion by demodulation to direct current 
signalo The signal that was used to drive the LED is tapped at the 
flip flop and fed to the receiver stage through a phase compensator 
(Figure 2:9)« This device adjusts the delay time from the flip flop to 
the synchronous detector (Figure 2:10), because there is a significant 
delay in the transmitter to receiver circuit caused by the sum of the 
operational response times of the various solid state components.

The synchronous detector is a rectifier that is actively con
trolled by the frequency of the flip flop. 'When a signal comes from 
the amplifier, it contains an A.C. square wave whose amplitude is 
decreased proportionally to the amount of sand blocking the light path. 
By switching the polarity of the output of the detector in phase with 
the oscillator, the incoming A.Co signal is converted to a string of 
adjacent pulses of a magnitude proportional to the peak-to-peak value 
of the square wave. Any alternating signal not of exactly this fre
quency is randomly broken up, and does not contribute any significant 
continuing output, the random pulses summing to zero. This is the 
point where all the drift features of the system such as component 
aging, temperature, shifts in ambient light, and, to some degree, 
supply voltage changes are eliminated. Only things that affect the
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AoCo level between the LED and the photocell will be passed by this 
stage as a varying 0=0= levelo This technique of in phase switching 
of the output polarity to match the incoming frequency is known as 
synchronous rectification, and is a widely used technique for elimina
tion of AoCo noise.

The output from the receiver section to the control and data 
processing stage needs a range of zero to four volts to obtain the 
maximum resolution of the analog-to-digital converter section, so the 
final part of the receiver is an amplifier with an adjustable gain0 
In operation, the P.O. bias level of this section is adjusted so the 
output is slightly above zero; the light path is then blocked and the 
gain adjusted until the output is about 0«1 volt below the four volt 
limit of the next stage. Once this adjustment is made, although from 
time to time the system will need re-zeroing, the gain will normally 
hot need to be changed.

Control and Data Processing Stage
The signal from.the receiver is fed into a "port" on the 

analog-to-digital (A/D) converter (Figure 2:12). This system uses a 
multiport unit to which up to 16 data lines can be connected. The . 
ports can be selectively called and the analog signal present at the 
port converted to a binary digital signal. For the settling tube, 
only one port is used, but the presence of these extra ports allows 
the use of the interface for 15 simultaneous silt-clay analysies when 
used with an instrument similar to that of Jordan^ Fryer and,Hemmen
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(1971)» suitably modified with a photocell for each channel» The 
sixteenth channel then is used as a temperature monitor^

The output of the A/D converter ranges from one to 256 for a 
zero to four volt range; thus there is one part in 64 resolution per 
volt of change of the output of the receiver stage®

The output of the A/D circuit is fed to a port on the micro
processor board (Figure 2:14), by way of the standard data bus 
(Figure 2;13A,B)o The computer program sends a "convert" command to 
the A/D circuit, which responds by providing the current binary value 
for its input, and this is stored directly in the microprocessor's 
memory® Users having access to a larger real-time computer, system can 
interface to it directly using normal variables for data storage® In 
this system an Ohio Scientific Inc® (OSI) Model 500 central processor 
unit (CPU) was used together with their Model 430 interface board®

The OSI Model 430 board provides a complete interface for the 
system® When completely "populated" it has two a/D converters, and 
the interface to connect a cassette player/recorder (Figure 2:16) to 
the system for program and data storage® It also provides the 
address decoder (Figure 2:13A) and the buffers (Figure 2:13B) neces
sary to direct and encode these signals onto the microeomputer bus®
The OSI Models 430 and 500 boards, with a minimum of external parts 
(power supply, audio cassette recorder, and terminal) provide a com
plete system to digitize, process, and store the analog signal from 
the receiver stage®
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The sample introducer, as previously described, is held by an 

electromagneto When the first command is sent to the address decoder, 
at which time program execution begins, the electromagnet is momen
tarily switched off, and the weight of the plastic sample introducer 
swings the beam down, releasing the sample= From the time the prepared 
sample is hung on the beam, all control and data collection steps are 
operated by the computer and its programs= All operations except 
sample preparation are then fully automatedo



DATA COLLECTION AND ANALYSIS PROGRAM

The output of the analog electronics represents by a 
proportional signal the volume of sediment passing the detector at 
any given instant? where a continuous plot of this signal versus time 
would be a frequency curve o Because there are limits to how much 
digital data can be stored by a small computer (speed and capacity are 
the only real differences between computers and microprocessors), we 
have to limit the number of times we convert the analog signal to a 
digital one* In order for the data to be useful, we must have some 
way of knowing what the elapsed settling time is corresponding to a 
given frequency curve value» This can be accomplished simply by taking 
the data at a constant time interval and storing the data in the order 
collected. Once stored, any numerical manipulations desired, such as 
converting settling time to grain size, can then be performed.

Data Collection and Storage 
As previously mentioned, the A/D converter takes a signal from 

the analog electronics and establishes a binary number for it which 
ranges (in decimal units) between 1 and 256. It cannot, convert nega
tive values, and as the A/D converter can even be damaged by prolonged 
negative signals, it is operated with a small (typically 0.3 volt)
D.Go voltage, or "bias." This bias level represents the real "zero" 
value for any data and is part of any analog signal to the A/D conver
ter stage. When the sample is introduced, the microprocessor sends a - - • • " '• -

' 13
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convert command,, and the A/D responds with a binary number that equals 
the bias level» The microprocessor stores this value, then again 
prompts the A/D for a second binary valueo It repeats this 46 times, 
and then sums the values and divides by 46, producing the average of 
the levelo This whole operation takes one second, and the program 
stores this average as the first data point» It repeats this for 200 
data points, which represents that number of seconds, and is for our 
system enough time for all material coarser than 4 phi to have passed 
the sensor= We then have, stored in the microprocessor1s memory, 200 
data values that approximate the frequency curve of the sampleo

Data Analysis
When the data from a complete run have been stored in the 

microprocessor, there are eight steps that the analysis portion of the 
program performs. The order of these steps and the effect of each on 
the data is shown in the sketches of Figure 3* The ’’raw” data (Figure 
3 si) contain data, bias level, and noise. To remove the bias and 
noise of the baseline, the program finds the first (Figure 3«2) and 
last (Figure 3 * 3 } arrivals of the sand on the frequency curve. . The 
noise level from T0, the time the run is started, to T^, first sand 
arrival, is averaged and subtracted (Figure 3=4) from all the data.
This makes the average baseline the zero value for the data. If this 
is not done, all of the baseline values become part of the cumulative 
curve when this is summed later, which causes a major shift in the 
statistics calculated for a sample.
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The data are then summed, the individual readings being 

converted to cumulative values (Figure 3«5)° These values are made 
into percentages by .dividing each by the largest value, which is the 
value at T2, and multiplying, by 100=

The data are tested sequentially to find the data points 
whose cumulative percentage values bracket the critical percentiles 
(5, 16, 25, 50, 84, 95), that must be known to calculate the grain- 
size statistics for the sample= The cumulative percentages found to 
bracket critical percentiles are combined with their corresponding 
settling times in a calculation routine that changes the settling times 
to grain sizes in phi (0) units= This is done by a polynomial equa
tion for the curve fit to empirical calibration data= 'When in the form 
of cumulative percentage versus grain size, the points bracketing the 
desired critical cumulative percentile are used to calculate the slope 
of the line segment connecting the data points= Using a method adapr- 
ted from Slatt and Press (1976), the slope equation is rewritten and 
solved for the grain size corresponding to the critical percentile, 
using the calculated slope of the linear segment and one of the end. 
data points, the equation with the form:

^critical = ?crlUcal - » 3.(a))/cn (t)

When all of the phi sizes for the critical percentiles have 
been found in this way, the program uses the equations of Folk and 
Ward (1957) to calculate and display the statistical characteristics
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of the sedimento Figure 4 is a listing of the basic language program 
used, in the system.

The data collection portion of the program was changed to 
allow manual data input, and a series of sieve values were run in the 
program. The same sieve data were also drafted on probability ordinate 
paper for comparison. The results for the two methods are presented 
in Table 1.

Table 1. Critical Grain-size Values, Oolite Beach Sand* Great Salt 
Lake, Utah.

Cumulative percent 5 16 25 50 75 84 95
Phi size calculated 
by program 1=54 1=7,9 1=57 2=10 2=36 2=45 2=72

Phi size from graph 
on probability
scale paper 1.6. 1.76 1.90 2.10 2.35 2=40 2.70



5 INPUT,TSAMFLE # ' -,Z 
20 N=215 
25 0=46
30 DIM DA(N):F0KE 57072,0 
40 FOR 1=1 TON
50 DA(I)=0:GOSUB 1500
51 NEXT
54 FOR 1=8 TO N-l 2^=INT(l-l/5*l)
55 IF DA(l)<=(DA(l+l)-5) AND W 4 GOTO 57
56 NEXT
57 FOR Q=1 TO W;2=Z+DA(Q):NEXT
58 Z=Z/W:D1=W
59 FOR X=1 TO N:DA(X)=DA(X)-Z
60 IF DA(X) 0 THEN DA(X)=0
61 NEXT
63 S=0:T=0:Z=0
64 FOR I=W TO N:S=S+DA(l)
70 NEXT
71 FOR J=N TO 6 STEP -1:K=J
72 IF DA(J)-1.7>=INT(Z) THEN 74
73 NEXT
74 IF N>K+6 THEN N=K+6 
122 DIMI(N)
125 DIMR(N)
126 DIMZ(N)
145 PRINT
165 FOR X=W TO N
170 Y(X)=DA(X)/S*100+Y(X-1)
175 NEXT
176 PRINT
185 F(l)=5
186 F(2)=16
187 F(3)=25
188 F(4)=50
189 F(5)=75
190 F(6)=84
191 F(7)=95 
201 Z=1
210 FOR X=1 TO N 
212 U=X
215 IF Y(X)>=F(Z) GOTO 230 
220 NEXT
225 FRINT"DATA ERROR*
230 Y2=Y(U) :Y1=Y (U-l)
232 GOSUB 1060
233 RESTORE
234 X2=R(U)
235 U=U-1
Figure 4» Data Analysis Program.



236 GOSUB 1060
237 XL=R(U)
240 GOTO 1000
241 PRINT"Md(PHl)=";P(4)
245 PKINT"aRAPHIC MEAN=»;(P(2)+P(4)+P(6))/3
255 IGSD=(P(6)-P(2))/4+(P(7)-P(l))/6.6
256 PRINT’HCL. GR. STD. DEV.=”;IGSD
260 PRINT”GRAPHIC SKEWNESS=";(P(2)+P(6)-2*P(4))/(P(6)-P(2))
262 F0RX=1T07:PRINTP(X),:NEXT
285 GOTO 2000
1000 M= (Y2-Y1) / (X2-X1)
1010 q=f (z)
1020 P(Z)=((Q-n)+(Xl*M))/M
1025 P(Z)=INT(P(Z)*100):P(Z)=P(Z)/lOO
1026 IF F(Z)=95 GOTO 241 
1030 Z=Z+1
1035 RESTORE 
1040 GOTO 210 
1060 READ R(0)
1065 FOR X=1 TO 9
1066 READ A
1070 R(X)=R(X-l)+A*(u/5)tX 
1075 R(U)=R(X)
1080 NEXT 
1085 RETURN
1100 DATA -6.38851,3.36355,-.307249
1110 DATA 0.0953997,-6.74908E-03,2.96644E-04,-3.l6l29E-06 
1115 DATA 1•36615E-07,-1.27164E-09,5•04554E-12 
1500 FOR J=1 TO G:POKE 57079,0 
1510 D=FEEK (57079)
1520 DA(I)=DA(I)+D 
1530 NEXT J 
1540 DA(I)=DA(I)/G 
1545 RETURN 
2000 PRINT
2002 PRINT
2003 PRINT Z *
2020 GOSUB 2200 
2030 GOTO 10
2200 FOR B=D1 TO N:PRINTTAB(DA(B)/4);DA(B);TAB(50)
2210 PRINTTAB(50+Y(B)/2);B;M ”;Y(B)
2220 NEXT B

Figure 4, Continued.



CALIBRA.TION

Every worker using a settling tube seems to have his own 
prejudices about the "proper" method for its calibration, but two 
approaches seem more commonly acceptedo These methods both involve 
terminal velocity of sized particles, but the choice of small clusters 
of perfectly spherical glass beads (Cook, 1969$ Poole, 1957) versus 
the use of real sands (Felix,. 1969? Snery, 1933) that have significant 
departures from perfect sphericity is still a very divided issueo One 
attempt (Wadell, 1934) to solve this problem was the defining of the 
concept of "sedimentation radius," with "size" the "oo.radius Of a 
sphere of the same specific gravity and the same terminal uniform set
tling velocity as a given particle in the same sedimentation fluid" 
(quoted from Poole, 1957, p° 460). While this may be an excellent 
approach to the problem of what we call "grain: size," there is a fun
damental utility for differing methods of measurement to produce the 
same, or at least similar, units. As sieving and the settling tube 
are the most commonly used methods, a calibration of one by the other 
would provide this comparability. Any calibration scheme involves 
some tradeoffs in accuracy, and the combined effects of shape and 
sediment volume would seem to have the greatest effect. Poole (1957) 
goes into detail on these effects in the Emery sedimentation tube. 
These two factors probably control how accurately a settling tube can 
be calibrated by dropping Sized material. Since the mechanical radius

20
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defined b f  sieving is very commonly used, a calibration similar to 
Emery’s (1938) was adopted to give a calibration curve that would 
accurately approximate sieve data for most sands= Since a significant 
number of samples contain material coarser than 0 phi (coarse sand) or 
finer than 4 phi (silt and/or clay) that is removed by sieving before 
use in the settling tube, the need for a ’’size” equivalent to a sieve 
measure becomes even more essential in order for the data to be con
tinuous o

The method used is to take a well-rounded natural sand as the 
”standardj” sieve the sand at l/4 phi intervals, and introduce splits 
of this material in quantities similar to projected sample sizes for 
unknown sands = The sample was introduced using the sieve-covered 
plastic device, the- sample being wetted with a minimum amount of Calgon 
surfactant solution<>

The size analysis program was used as a clock, and the first 
significant rise on the cumulative curve taken as the arriving sample 
” f r o n t T h e  following assumption was made about the sieved materialo 
The coarsest sand passing a sieve is essentially the same size as the 
finest material retained on that sieve, with both being essentially 
equal to the nominal sieve opening» For settling sieved material, the 
time of arrival of the ’’front” in the settling tube represents the 
arrival of the coarsest material* By taking the size of this coarsest 
material as equal to the nominal size of the sieve it passed, a sharp 
transition representing the arrival of known size material is had* .
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Multiple runs for each size from 0 to 4 phi were conductecL 

Sto Peter sand was chosen because it is widely available and, except 
for some localities with silica overgrowths, is very well roundede 
The coarser sizes (0 phi to 2 phi) were obtained from the Halliburton 
Companyo The finer material was collected from a quarry in the St® 
Peter Sandstone near Pacific, Missouri® The results of these calibra
tion runs are summarized in Table 2° These data were used to construct 
a curve similar to Figure 5, but on a very much larger scale® A 

smooth curve was drawn to connect these points and intermediate values 
interpolated for five-second arrival intervals versus grain size in 
Phi®

A curve fitting program was used on these data values (Adams, 
1977) ® The program is one that calculates a polynomial coefficient 
array by the Chebyshev method® The program calculates coefficients 
up to 16th order; however, after these data were tested to various 
orders, a 9th order "fit" was found to give the least error over the 
range of 0 phi to 4 phi® These coefficients, and the resulting grain 
sizes they calculate, are listed in Table 3® The actual data values 
used for the calibration, and the error (difference of calculated 
grain sizes and original data) are also given for elapsed settling 
times at five-second intervals®



Table 2. Calibration Data0 Data from runs using sieved St.. Peter 
sand.

Grain
Size Settling

SievePassed
SieveRetainedOn Run/ 1 2 3 ■ 4 5

0.0 0.25 9 10 9 10 9
0.25 0.50 . 10 10 11 11 11
0.50 0.75 12 12 12 12 12
0.75 1.00 15 15 15 15 15
1.00 1.25 18 18 17 18 18
1.25 1.50 21 21 21 21 21
1.50 1.75 24 25 25 25 25
1.75 2.00 30 31 31 30 30
2.00 2.25 38 38. 39 38 39
2.25 2.50 48 47 47 48 49
2.50 2.75 54 58 57 55 56
2.75 3.00 66 66 66 67 66
3.00 3.25 82 82 84 81 87
3.25 3.50 106 102 108 105 105
3.50 3.75 123 126 127

in Seconds
Sample
Standard

7 8 9 10 U  Average 1 Deviat
10 9 8 9 9b 2 t .632

10,5 ± .548
13 13 12.25 ± .463
15 15.0 t 0 .
18 17.86 * .378
21 21 i 0 .
24 25 25 * 25 24.8 . t .422

31 30 31 31 30.6 i .516

38 38. 40 38 38.4 £ .699

47 49 47 47 47.8. S .919
55 57 57 57 56.2 i 1.23
65 67 67 66 66.5 ±1.08
86 80 81 84 83 * 2.26

102 103 103 104 104.6 ± 2 . 22
125,33 £ 2.08 .

Times

6
9
10
12
15
18
21
25
31
38
49
56
69
83
108
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Figure 5. Calibration Curve. -  Plot of grain size versus log of 
settling time.
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Table 3# Calibration Curve Data and Results. —  Coefficients and
calculated grain-size values for the 9th order fit to the 
calibration curve. gPolynomialgequation has the form 
V = a_ + a^x + a^x + ...+a^x .

POLYNOMIAL COEFFICIENTS DEOIEE 
A( 0 )=-6.38851 

)=3.86355I
A(

)=-.807249 )=.0'0953997 
)=6.74908E-03 
)=2.966445-04 
)=-8.l6l29E-06
)=1.366150-07 
)=-!. 271640-09 
)=5.045540-12

Seconds 0 Calculated 0 Actual Error (0 Actual - 0 <
0 -3.24327 —3.263 -.0197282
5 -1.22621 -.85 .376209

10 .0324376 .17 .137562
15 .80001 .75 -.0500095
20 1.26448 1.2 —.0644774
25 1.55344 1.5 -.0534412
30 1.7496 1.73 -.0195974
35 1.90321 1.9 -3.214245-03
40 2.04187 2.05 8.1327E-03
45 2.17814 2.17 -8.1439E-03
50 2.31528 2.35 .0347185
55 2.45134 2.47 .0186632
60 2.58268 2.6 .0173247
65 2.70476 2.71 5.2371E-03
70 2.81389 2.8 -.0138903
75 2.90928 2.85 -.0592754
80 2.99011 2.9 -.0901058
85 3.05749 3.02 -.0374899
90 3.1142 3.07 —.0441966
95 3.16185 3.14 -.0218451

100 3.20447 3.2 —4* 4682i4.Fi—03
105 3.24697 3.25 3.03435E-03
no 3.28829 3.32 .0317087
n5 3-33349 3.37 .0365064
120 3.3811 3.42 .0388997
125 3.43217 3.46 .0278332
130 3-48355 3.51 .0264471
135 3.54609 3.56 .0139151
140 3.59255 3.6 7.446775-03
145 3.63788 3.64 2.124555-03
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Table 3» Continued.

Seconds 0 Calculated 0 Actual Error (0 Actual - 0 Calculated)
150 3.69313 3.68 -.0131276
155 3-73563 3.73 -5.62596E-03
160 3.77821 3.76 -.0182056
165 3.83097 3.3 -.0309651
170 3.854 3.83 -.023999
175 3.86203 3.84 -.0220244ISO 3.8845 3.9 .0155044
185 3.92501 3.93 4.99439E-03
190 3.89396 3.96 .0660408
195 3.93531 3.99 .0541878
200 3.99418 4.02 .0258183
205 4.08985 4.05 -.0398512
210 4.10274 4.075 -.0277443
215 4.06986 4.1 .0301394
220 4.25697 4.125 -.131966
225 4.14724 4.15 2.7566E-03
230 4.10632 4.175 .0686827
235 4.14719 4.2 .0528097
240 4-30784 4.23 -.0778384
245 4.39057 4.25 -.140572



OPERATIONAL TESTS

To be acceptable as a research tool, the whole automated 
settling tube had to be tested for reproducibility and accuracy of its 
data collection and analysis= This was done in several stages, for the 
information gained in early tests showed the way to further improve
ments = To allow the computer program to operate, the polynomial 
coefficients from the calibration curve had to be calculated and 
loadedo This was done by constructing an approximate calibration curve 
at whole phi size intervals using the sieved sands = These coefficients 
were very approximate, but generally were accurate to ± 0=25 phi. With 
this "calibration^ in the program, the data for the actual operational 
calibration were collected, with generally ten data runs per 1/4 phi 
size intervalo For each run, the program calculated a set of size 
parameters, but for sieved material these were generally meaninglessc 
One exception to this is the median grain size (Md^ . ) value« Since 
medium grain size was calculated for a number of samples of sand that 
spanned the whole size range on which the settling tube was to be 
operated, these data provide a significant test of the combined repro
ducibility of the system and programo These are listed in Table 4, 
with the standard deviations for each grain size. Note that the results 
of these runs are all very consistent and that their average standard 
deviation for the range of 0 phi to 4 phi was only 0.035 phi.
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Table 4= Median Grain Size (Mdphi) Values for Sieved Sands. —  All
samples except the last sample of modern dune sand are 
St. Peter sand.

Sieve Size
Passed Retained On

Run
1 2 3 4 , 5 6 7 8 9 10 11 Average 1 Sample Standax Doviati

0 .25 .02 —.01 .04 .02 -.01 -.01 .02 —.01 0.008 ± 0.0181
.25 .50 .207 .143 .091 .127 .189 .183 0.157 i 0.044

• 50 .75 .797 .792 .770 ,826 .484 .416 0.680 ± 0.181
.75 1.0 .893 .869 .885 .857 .894 .907 0.884 1 0.0182
1.0 1.25 1.15 1.14 1.13 1.13 1.17 1.17 1.13 1.145 ± 0.0181
1.25 1.50 1.43 1.41 1.45 1.41 1.39 1.42 1,45 1,422 i 0.022

1.50 1.75 1.68 1.70 1.71 1.74 1.71 1.73 1.73 1.75 1.73 1.72 1.72 ± 0.020

1.75 2*0 1.95 1.97 1.98 1.94 1.96 1.98 1.98 1.96 1.97 1.98 1.967 ± 0.0141

2.0 2.25 2.20 2.22 2.23 2.24 2.23 2.22 2.21 2.72 2.26 2,23 2.226 ± 0.0164

2.25 2,50 2.43 2.44 2.43 2.45 2.45 2.44 2.43 2.44 2.42 2.43 2.436 i 0.0096

2.50 2.75 2.64 2.65 2,6? 2.63 2*62 2.63 2.64 2.66 2.64 2,64 2.642 i 0.0147

2.75 3.0 2.89 2.91 2.91 2.93 2*92 2.91 2.86 2.88 2.88 2.89 2,898 i 0.0215

3.0 3.25 3.20 3.21 3.22 3.20 3.23 3.20 3,22 3.20 3.20 3.23 3.19 3.20 i 0.0137

3.25 3.50 3.49 3.47 3.49 3.48 3.48 3.49 3.46 3.47 3.47 3.46 3.476 ± 0.0117

3.50 3.75 3.66 3.55 3.55 3̂ 586 ± 0.0635

3.75 4.0 4.03 3.98 3.99 4.03 4.00 3.81 3.973 + 0.0826
AverageStandardDeviation « 0.0350



Repeated tests on several natural sands were also performed at 
this time, for in the previous tests the grain sizes calculated by the 
program for the sieved sands generally fell between the sieve passed 
and the sieve that retained the sand over the calibrated range. The 
results for these runs are given in Table 5° As is again readily seen, 
these data show the variation between sample runs to be small? note 
especially the phi sizes calculated for the critical percentiles. All 
samples were divided by use of micro-baffle splitter, but no special . 
care to match samples was taken, so operational conditions probably 
reflect the degree of systematic error which would be observed in rou
tine analysis.

After the final calibration coefficients had been found, the 
sample 7-WJL was run again, to see - how great an effect the new calibra
tion curve made. This, run is included for comparison, along with 
graphically determined percentiles from sieving, in Table 5° The median 
grain size was moved about 0.25 phi, but the standard deviation of the 
sample and its skewness were within the range previously calculated.
This suggests that the program’s calculation of parameters is not high
ly sensitive to absolute calibration accuracy. .



fable 5o Analysis of Natural Sands by Automatic Settling Tube,,

InclusiveGraphic
Cuniulative Percentile< #  W 25% 15% 8496 9596 Md.phi GraphicMean StandardDeviation Graphic

Skewness
Run

Sample 71-11 Beach Sand, Pensicola,. Florida
1 . 1.530 1.620 1.670 1.860 2.020 2.080 2.200 1.060 1,850 .218 -.0093
2 1.46 1.57 1.63 1.82 2.01 2.09 2.22 1.82 1,83 .242 .036
3 1.52 1.65 1.70 1,85 2.03 2.10 2.22 1.85 1.87 .218 o ld

4 1.60 1.68 1.73 1.86 2.01 2.0? 2.18 1.86 1.87 .187 .078
5 1.50 1.60 1.68 1.86 2.03 2.10 2.23 1.86 1.85 ,237 —.049

71-11 (New Calibration Curve)
1 1.210 1.350 1.420 1.630 1.860 1.960 2.180 1.630 1.650 o299 .081

71-11 .

Sieve 1.17 1.40 1-.50 l.?2 ‘ 1.90 2.0 2.22 1.72 1.707 .309 0O66

71-8 Beach Sand, Coronoda, California
1 2.350 2.420 2.50 2,830 3.230 3.380 3,560. 2.840 2.980 .422 •132
2 2.26 2.38 2.46 2.66 2.93 3.07 3.31 2.66 2.71 .331 ■ .208
3 2,0? 2.27 2.42 2.73 3.07 3.23 3.47 2.73 2,74 .453 .033

71-7 Fluvial Sand, North of Hillcox, Arizona
1 2,320 2.460 g.600_ . 3.120 3.570 3.700 3.940 3.120 3.100 555 -.07
2 2,29 2,44 2.58 *•*' 3.07 -Js S L 3.68 3.95 3.07 3.07 .561 -.017



CONCLUSIONS

The instrument, here described, in its design tests has met well 
the operational goals we set for it.®' Sample preparation is easy, 
simply involving wet sieving for most sands, and the computer allows 
complete automation once the sample is wetted and hung on the sample 
introducer. The calibration done by use of the curve fitting tech
nique means that the instrument can readily be "custom" calibrated for 
use on modem samples of known environment.

One major design change should be made if the instrument is to 
be duplicated. As the tube needs only be transparent over a narrow 
"window," except for the few inches where the optical components are 
mounted, the whole settling tube could be made of the black poly-vinyl 
chloride (PVG) pipe used in domestic and industrial plumbing systems. 
This type of tubing is significantly lower in cost than the clear 
acrylic tubing, and' inherently shields ambient light. The whole sys
tem, including the Ohio Scientific Inc. electronics and, the analog 
parts but excluding the cost of the terminal, was constructed for less 
than $1,000 (1978 prices) and so meets the need for a low cost and 
efficient system. Since the start of this project, the selection of 
small computers of an essentially read to operate nature has grom 
greatly. It is now possible, for a very similar price, to obtain a 
computer of similar power ready to install an A/D stage on and operate, 
with the terminal being included as an integral part of the system.
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