REC-ERC-82-15

QUANTIFICATION OF PINHOLE TEST
EQUIPMENT HYDRAULIC

CHARACTERISTICS

September 1982

Engineering and Research Center

U. S. Department of the Interior

' eau of Reclamation




1

7-2090 (4-81)

,:B“":")“ of Reclamation o TECHNICAL REPORT STANDARD TITLE PAGE

JREPORT NO. 3. RECIPIENT’S CATALOG NO.

¢ REC-ERC-82-15 ]

4/. TITLE AND SUBTITLE 5.:45REPORT DATE i
’ Quantification of Pinhole Test Equipment September 1982 "f;
Hydraulic Characteristics 6. PERFORMING ORGANIZATION CODE
%
7. AUTHOR(S] 8. PERFORMING ORGANIZATION
REPORT NO.

% Raymond G. ACClard|;’ REC-ERC-82-15

9.;ERFORMING ORGANIZATION NAME AND ADDRESS 10. WORK UNIT NO.

Bureau of Reclamation, &wce e,

Engineering and Research Center 1. CONTRA T NO.

Denver CO 80225

13. TYP FIREW™O PERIOD

2. SPONSORING AGENCY NAME AND ADDRESS COVERED

S Buresw of Reclamation

ame . - Derwes, Colorade

14. SPONSORING AGENCY CODE

DIBR

15. SUPPLEMENTARY NOTES

Microfiche and/or hard copy available at the Engineering and Research
Center, Denver, Colorado

Ed:RDM

16. ABSTRACT

A modified pinhole test procedure for identifying dispersive clays has been developed by the
Bureau of Reclamation. Changes to the original test equipment and test procedure developed
by Dr. James L. Sherard include: (1) increased emphasis on the use of system flow rates in the
classification of dispersive soil grades, (2) reduced emphasis on the qualitative test evaluation
criteria such as final eroded pinhole size and discharge effluent turbidity in the final dispersive
grade classification, and (3) designing the equipment to assure atmospheric pressure at the
pinhole discharge and to assure verification of the actual hydraulic head on the system.

Laboratory soil test data to substantiate the proposed changes were obtained through routine
testing and an analysis of Sherard’s original data. An extremely high degree of correlation was
found between soils originally classified as dispersive by Sherard on the basis of effluent turbid-
ity and subsequently reclassified as dispersive on the basis of system flow rates. The quantita-
tive method of evaluating pinhole test results on the basis of flow rates represents a
considerable improvement over the qualitative methods originally used because subjective cri-
teria and operator bias are eliminated.

17. KEY WORDS AND DOCUMENT ANALYSIS
a. DESCRIPTORS-- / *pinhole test/ dispersive clay/ dispersive soil/ erosive clay/ erosive soil/
soil testing/ soil classification/

‘
i

b. IDENTIFIERS--

c. COSAT! Field/Group Q8M COWRR: 0813 SRIM:

18. DISTRIBUTION STATEMENT 19. (SECURITY(‘SLASS 21. NO. OF PAGE

THIS REPORT
i Nati T ical | ion S i i

Available from the Nationa echnical Information Service, Operations UNCLASSIFIED 73

Division, 5285 Port Royal Road, Springfield, Virginia 22161, 35 SECOURITY CLASS 32 FRICE

. . . (THIS PAGE)
(Microfiche and/or hard copy available from NTIS) UNCLASSIFIED




REC-ERC-82-15

QUANTIFICATION OF PINHOLE TEST =
EQUIPMENT HYDRAULIC CHARACTERISTICS

by
Raymond G. Acciardi

September 1982

Geotechnical Branch

Division of Research

Engineering and Research Center
Denver,dg(‘,lorado STMETRIC

UNITED STATES DEPARTMENT OF THE INTERIOR . BUREAU OF RECLAMATION



As the Nation’s principal conservation agency, the Department of the
Interior has responsibility for most of our nationally owned public
lands and natural resources. This includes fostering the wisest use of
our land and water resources, protecting our fish and wildlife, preserv-
ing the environmental and cultural values of our national parks and
historical places, and providing for the enjoyment of {ife through out-
door recreation. The Department assesses our energy and mineral
resources and works to assure that their development is in the best-
interests of all our people. The Department also has a major respon-
sibility for American Indian reservation communities and for people
who live in Island Territories under U.S. Administration.

The research covered by this report was funded under the Bureau of Reclama-
tion ""Program Related Engineering and Scientific Studies’ allocation,
Embankment Dam Filters (DF-13), and Site Evaluation of Dispersive Soils (DB-
28), Safety of Dams Program. Additional funds supporting this work were fur-
nished by McGee Creek Dam, SW Region, Farris, Okla.

The information contained in this report regarding commercial prod-
ucts or firms may not be used for advertising or promotional purposes
and is not to be construed as an endorsement of any product or firm
by the Bureau of Reciamation.




CONTENTS

INtrOdUCHiON . . . e e
DesCriptiON . .. e
Conclusions and recommendations .. ... .. ... .. it
Test ProcedUres . . . . . i e

Review ........ S

Hydraulic model analysis . ... ... ... ... .
Flow rate test procedure . ... .. ... ...ttt e e

Bureau and SCS Comparative Testing Program .............
Bureau head tank and water-supply system ..............
Bureau piping system components upstream of test cylinder .
Nipple friction, inlet turbulance, and cylinder design ........
Discharge end plate design . ... ......................
Additional quantitative data . ................ ... ......

Data base for developing a guantitative method for evaluating

pinhole testresults . . .......... .. ... ... ... ... . ...

Additional interpretation of original SCS testdata ...........

Bibliography . . ... .. e

Appendix A - Hydraulic analysis of laminar flows through pinhole
equipment . ... ... e

Appendix B -  Flow rate data of 318 randomly selected dispersive
soil samples from SCS pinhole tests . .........

Appendix C - Flow rate data of randomly selected dispersive and
nondispersive Bureau soil samples . ..........

Appendix D - Precision, accuracy, and reproducibility limits of
pinhole test equipment ... .................

Table

Categories of testresults . .......................
Summary of criteria for evaluatingresults ... .........
Pinhole test procedure comparisons for four Government
agencies (June 1981) . ........... ... ... ... ...,
Summary of pinhole equipment hydraulic characteristics
Flow rates in mL/s using Bureau’s piping system
COMPONEBNTS . . vttt it e it
Fiow rates in mL/s with specimen at different locations
withintestcylinder . .. ......... .. ... ... ........
SCS vacuum system — hydraulic head and flow rates with
successively lowered tailwater ...................

D Oy WN =

00 N

Pinhole test specimen flow rates from original SCS data

base generated from February 1974 to January 1975 .. ............

Dispersive grade versus final system flow rates . . ...

27

31

39

71

o~ o



CONTENTS - Continued

Table Page
D-1 Flow rate data summary using a 1.5-mmnipple .................... 72
D-2 Precision and reproducibility at 15-second collection interval .......... 73

FIGURES
Figure
1 Bureau of Reclamation pinhole test apparatus . .................... 2
2 Soil Conservation Service pinhole test apparatus ... ................ 3
3 Flow rates determined from tests of brass specimens ................ 9
4 Hydraulic capacity of Bureau pinhole equipment ... ................ 11
5 Applied shear stress versus uniform pinhole diameter .. .............. 12
6 Flow rate with atmospheric pressure and vacuum conditions .......... 15
7 Position of discharge end plate and outletnozzle ................... 16
8 Manometer and valve instaliation on SCS apparatus .. ............... 18
9 Testing of SCS apparatus with submerged outlet nozzle .............. 19
10 Testing of SCS apparatus with lowered tailwater . .................. 20
11 Bureau calibration curve versus SCS vacuumcurve . . ................ 21
12 Flow rate comparison between Bureau and SCS test
cylinders . . ... . 23
13 Hydraulic capacity comparison between Bureau and SCS
pinhole equipment . ... ... .. .. e 24
14 Hydraulic capacity of pinhole equipment with nipple and
pinhole restrictions . . ... .. ... it e 25
15 Dispersive grade versus flowrate ... ... ... .. ... .. ... ... .. .. .... 25
A-1 Hydraulic restrictions of pinhole and nipple hole . . . ................. 30
A-2 Contraction and divergence data on nipple and pinhole .............. 30



INTRODUCTION

In 1977, the Bureau of Reclamation began a
laboratory testing program for the identification of
dispersive clays. It had been previously recognized
that dispersive clays naturally deflocculate or
disperse readily in the presence of relativity pure
water; however, laboratory tests had not been stand-
ardized for dispersive clay identification. These clays
are highly susceptible to erosion and could therefore
represent unsuitable materials for earthwork con-
struction. The deflocculation of a dispersive clay
occurs when the repulsive {electrical surface charge)
forces exceed the attractive (Van Der Walls) forces
on the individual clay particles. Changes in the clay
particle physiochemical force system occur when
absorbed metallic cations are exchanged with
cations and anions available in a water solution.

The work of Dr. James L. Sherard, during the
1970’s, has resulted in an increased awareness of
dispersive clays in the Geotechnical engineering
community. Sherard, et al., reported in 1976 [1]' a
high correlation between the concentration of Na+,
K+, Cat+, and Mg+t cations for soil-pore water
samples from field sites of observed erodible or ero-
sion resistant clays. His study also showed that soil-
pore water extracts from dispersive clays would
generally contain a high percentage of Na+ as a
function of the total concentration of cations. In
addition, the study showed that dispersive clays
could be identified by a physical test in which dis-
tilled water was percolated through a 1.0-mm-
diameter pinhole in a 25-mm-long compacted soil
specimen. This test, called the pinhole test [2], iden-
tified dispersive soils by a colored discharge water,
erosion and enlargement of the pinhole, and a rapid
increase in flow rate during the first 5 minutes of per-
colation under a 50-mm hydrostatic head. Two other
tests, the Crumb test and the double hydrometer or
SCS laboratory dispersion test, to evaluate soil
dispersibility are also described in reference [1].

The pinhole test, developed by Sherard in coopera-
tion with the SCS (Soil Conservation Service). was
adopted by the Bureau in 1977 as the physical test
to be used in conjunction with the doubie hydrome-
ter test, the modified crumb test, and soil-pore water
chemistry tests to form the dispersive clay identifica-
tion test series. A detailed description of the test
procedures used by the Bureau for dispersive clay
identification is given by James L. Kinney in
reference [3].

' Numbers in brackets refer to entries in Bibliography.

DESCRIPTION

The pinhole apparatus used in the original research
test program conducted by Sherard, et al. [2], was
a modified Harvard Miniature Permeameter manu-
factured by Soiltest, Inc. The general schematic dia-
gram of this apparatus was used as a guide to
construct and fabricate the Bureau’s pinhole equip-
ment. Figures 1 and 2 are engineering drawings of
the Bureau’s and SCS’s pinhole test equipment,
respectively. Both of these drawings show a trunca-
ted brass cone with a 1.5-mm-diameter center hole.
This cone is used as a centering guide to punch the
1.0-mm-diameter pinhole into the soil specimen. The
cone or “nipple’” remains inserted in the soil speci-
men during the test.

The quantity of flow in the pinhole test apparatus,
under constant hydrostatic head conditions, is a
function of the minimum cross-sectional area and
length of the cylinder with that cross section. For
nondispersive or intermediate soils, the flow is con-
trolled by the soil specimen pinhole diameter, initially
1.0 mm in diameter. For dispersive soils, the pinhole
erodes to a diameter greater than the hole in the nip-
ple and. consequently, the flow is then controlled by
the 1.5-mm-diameter hole in the nipple.

Tabie 1 shows the different categories of dispersive
soil classification, and table 2 is a summary of the
criteria for evaluating the pinhole test results. Both
of these tables are reproduced directly from
reference [2].

As part of the initial calibration process for the
Bureau's pinhole apparatus, flow rates were deter-
mined under hydrostatic heads of 50, 180, 380, and
1020 mm through a 1.5-mm-diameter hole in the
nipple. The flow rate determinations revealed that
the maximum flow rates shown in [2] could not be
reached. The Bureau equipment produced a maxi-
mum flow rate of 1.2 to 1.3 mL/s under a hydro-
static head of 50 mm, whereas the SCS equipment
produced flows in excess of 1.5 mL/s, which
allowed a D1 classification (table 2). The reduced
flow rate by the Bureau equipment was unexpected
because the similarity in design and construction to
the SCS equipment should have resulted in similar
hydraulic characteristics. Although the cause of the
discrepancy in flow rates was not technically identi-
fied, the symptoms of the problem were resolved
when the Bureau modified its equipment design by

‘enlarging the hole diameter through the nipple from

1.6 to 2.2 mm. This modification increased the
hydraulic capacity of the equipment to a degree
necessary to achieve flow rates in excess of
1.5 mL/s and therefore, a D1 (dispersive) soil classifi-
cation. No further technical concerns were raised
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Table 1.—Categories of test results

Classification of
individual
test results

Classification of soil

D1 and D2

ND4 and ND3

ND2 and ND1

Dispersive soils: fail rapidly under a 50-mm head.
Intermediate soils: erode slowly under a 50- or 180-mm head.

Nondispersive soil: no colloidal erosion under a 380- or 1020-mm head.

Table 2.—Summary of criteria for evaluating results

Test time Visual final Color offlow at Hole
Classification Head, for flow end of test size
mm given through {cloudy or color) after test
head, specimen, (needie
min mL/s diameter)
D1 50 5 >1.5 Very distinct >2X
D2 50 10 >1.0 Distinct to slight 2X
ND4 50 10 <08 Slight but easily visible 1.6X
ND3 180-380 5 >25 Slight but easily visible 2X
ND2 1020 5 >3.5 Clear or barely visible 2X
ND1 1020 5 <5.0 Crystal clear no erosion

over the fact that flow rates were being developed
which allowed the utilization of the soil dispersive
grade classification scheme even though the equip-
ment had been significantly altered. With no further
research or investigation of this hydraulic anomaly,
the 2.2-mm-diameter hole in the nipple was adopted
as part of the Bureau’'s standard pinhole test in
March 1977 [3].

From March 1977 to July 1981, the Bureau evalu-
ated pinhole test results using table 2. Problems
were experienced in applying Sherard’s qualitative
effluent turbidity criteria without introducing opera-
tor bias in the process of evaluating test results. Four
distinct problem areas developed during these test
years in evaluating turbidity of the colloidal
discharge effluent:

1. It was difficult to visually classify the different
degrees of “cloudiness” in the collected effluent.
Different operators develop different perceptions
of dark, cloudy, or slightly cloudy colloidal suspen-
sions. Also, different soil colors produce different
levels of turbidity with the same concentration of
colloids. Evaluation of éffluent that "clears,” has
“slight color,” or a "'slight trace of color” is
extremely subject to operator interpretation.

2. In many cases, eroded soil particles and aggre-
gates were observed to collect in the gravel pack
downstream of the test specimen. When this
occurs, the collected particles do not contribute
to the visual turbidity of the effluent, resulting in
a lighter colored effluent.

3. The observed effluent turbidity is affected by
the diameter and wall thickness of the graduated
cylinders or flasks used to collect the discharge.
Two identical colloidal suspensions have different
visual turbidity when viewed through different
types of collection flasks.

4. |f the erosion rate exceeds the expansion rate,
expansive soils may be classified as dispersive
early in the pinhole test. Evaluating these soils as
dispersive only on the basis of the effluent turbid-
ity ignores the soils’ tendency to swell and seal the
pinhole, and therefore reduce flow rates. Evalua-
tion of changes in flow rates would detect the
soils’ swelling potential as a function of time and
would provide useful information on the soil
behavior.

From the preceding discussion, two basic problem
areas are identified:



1. Evaluation of effluent turbidity to interpret pin-
hole test resiis isextremely subject to operator
bias and therefore represents a qualitative evalua-
tion criterion.

2. Evaluation of flow rate, a measurable quantity
not subject to operator bias, appears to be a more
precise technical approach for evaluating pinhole
test results. However, preliminary investigations
revealed significant discrepancies in hydrautic
characteristics between the Bureau and SCS
equipment.

The remainder of this report describes the testing
and analysis performed to resolve the hydraulic dis-
crepancies between the equipment of the two agen-
cies. The report provides a new pinhole test
procedure that incorporates flow rates as a quantita-
tive primary test evaluation criterion, and recommen-
dations on equipment modifications to assure the
verification of proper hydrostatic head.

CONCLUSIONS
AND RECOMMENDATIONS

The original scope of the pinhole test [2] was to pro-
vide a gualitative physical test for observing the tur-
bidity of water from dispersive clay erosion under
low hydraulic gradients. The qualitative evaluation of
discharge effluent turbidity has been shown to pre-
sent several problems as a result of operator bias
with subjective interpretation of test results. Using
the original test data generated by Sherard, et al. [2],
their basic test procedures, and the results of data
presented in this report, a new quantitative method
for evaluating pinhole test results has been devel-
oped. This new test procedure reduces the emphasis
on qualitative evaluation and increases the emphasis
on using the quantitative measured flow rate of
discharge effluent to determine soil dispersibility.

The data presented in this report indicate:

e Pinhole equipment developed by different
manufacturers have extremely high levels of
reproducibility, accuracy, and precision with
respect to system hydraulic characteristics.

o The Harvard Miniature Permeameter, manufac-
tured by Soiltest. Inc., requires a vent in the test
cylinder or end plate downstream of the test
specimen. This vent assures atmospheric
pressure at the discharge end of the specimen
pinhole and, therefore, assures accurate
measurement of the total hydraulic head on the
system.

e The hydraulic capacity of pinhole test equip-
ment is a valid test evaluation criterion for the
critical cases of flow constricted by the speci-
men pinhole or nipple.

o A high degree of correlation exists between the
physical test results and the analytical results
predicted from conventional fluid mechanics
for laminar flow through a pinhole and nipple
system.

The test procedure and evaluation criteria proposed
herein have been adopted as the Bureau of Reclama-
tion Standard Pinhole Test as of January 1982. It is
recommended that laboratories using the original or
any modified form of the pinhole test consider:

e Incorporating a “breather hole” in the equip-
ment test cylinder or discharge end plate to
assure atmospheric pressure at the discharge
end of the specimen pinhole.

e Using the quantitative flow rates as the primary
pinhole test evaluation criterion, and reducing
the emphasis on qualitative information such as
degree of effluent turbidity, turbidity rate of
change, and final eroded hole size as the test
evaluation criteria.

TEST PROCEDURES

Review

Early in 1981, the Bureau renewed investigation of

the pinhole test during the early phases of research
studies for establishing filter design criteria for dis-
persive clays. Review of the existing Bureau pinhole
test [3] and the SCS pinhole test [2] occurred con-
current with reviews of the COE (Corps of Engineers)
Pinhole Erosion Test [4]. the Physical Erosion Test
developed by T. A. Haliburton [5], and the TVA (Ten-
nessee Valley Authority) Pinhole Test [2]. These
reviews indicated that several of the major Govern-
ment agencies and geotechnical consultants
involved with the physical testing for identifying
dispersive clays had adopted the original or some
modified form of the pinhole test as initially docu-
mented by Sherard [2]. Table 3 identifies the major
differences that existed between the four Govern-
ment agencies as of June 1981.

All of the different pinhole test procedures require
observing erosion of the soil specimen pinhole as a
common evaluation criterion for soil dispersibility.
However, the COE pinhole test evaluation [4].
relates flow rates generated during soil testing to



flow rates previously obtained through aluminum cyl-
inders with uniform holes of 1.69, 3.18, 6.35, and
12.7 mm in diameter. This test assumes that a dis-
persive soil would tend to erode uniformly about the
pinhole surface in the presence of flow under low
hydraulic gradients. Increasing flow rates associated
with erosion and enlargement of the pinhole are
related to the flow rate values previously obtained on
the uniform aluminum cylinders. Using the approach
of modeling the erosion of the soil specimen pinhole
diameter, a detailed review of the hydraulic charac-
teristics of Bureau pinhole equipment was then
undertaken, and is discussed in the next subsection.

Hydraulic Model Analysis

A hydraulic model analysis of the nipple and pinhole
was used to determine water velocities, flow rates,
and shear stresses developed along the pinhole sur-
face. The following conventional fluid mechanics for-
mulas were used for analyzing laminar pipe flows
through the 2.2- and 1.5-mm nipples and using uni-
form pinhole diameters of 1.0, 1.5, 2.0, 2.5, 3.0,
and 3.6 mm [6.7.8]:

Head loss:

V,? L\ V.2 fL

r p-p

Hy = = 05+ + — {(K+— +1.0 (1)

% ) % %
Friction factor:

64v
f, p= o ; for Reynolds numbers less than 2000 (2)
" Vap9np

Shear stress:

e 8.0 Vpu 3)
dP
where H; = head loss, mm
v, p = water velocity in nipple and pinhole,
’ respectively, mm/s
f, p = friction factor of nipple and pinhole,
’ respectively
L, p = length of nipple and pinhole, respectively,
’ mm
d, p = diameter of nipple and pinhole,
’ respectively, mm
K = contraction/divergence coefficient
v = kinematic viscosity of water, mm?2 /s
u = dynamic viscosity of water, kg/m*s’
T = shear stress, Pa
g = acceleration of gravity, mm/s?

Appendix A shows the method used for calculating
the values of water velocities and shear stresses
defined by equations (1), (2), and (3). It is recognized
that equations (1), (2), and (3) apply to the limited
conditions of laminar flow with a fully developed
boundary layer on the pinhole surface. In the tables
and figures in this report, the transition from laminar
to turbulent flow was taken at a Reynolds number
equal to 2000. Although equations (1) and (3} do not
properly model turbulent flow with a partially devel-
oped boundary layer, the boundary shear stress can
still be qualitatively determined. Using a conserva-
tive approach, the boundary shear stress in a partially
developed boundary layer can be assumed to be at
least the magnitude that exists in a fully developed
boundary layer. Turbulence and drag forces in the
developing boundary layer zone (25 to 50 pipe
diameters) would cause the boundary shear stress in
that zone to exceed the values shown in table 4 and
on figure 5. Table 4 summarizes the calculated
values of water velocities, shear stresses, and flow
rates for laminar flows through the 1.5-and 2.2-mm-
diameter nipple hole configurations through uniform
pinhole diameters of 1.0, 1.5, 2.0, 2.5, 3.0, and
3.5 mm. Flow rates determined from the following
test procedure are also included in table 4 for
comparison,

Flow Rate Test Procedure

The brass nipples (fig. 1) are inserted in brass cylin-
ders that are used as simulated pinhole specimens.
The brass cylinders, hereinafter referred to as brass
specimens, are machined with pinhole diameters
ranging from 1.0 to 3.5 mm in 0.5-mm increments.
The interface between the brass specimen, nipple,
and inner wall of the test cylinder is sealed with
plasticene modeling clay to assure waterflow only
through the nipple and pinhole. A fine gravel pack
and 2-mm {No. 10) U.S. Standard mesh screens are
placed upstream and downstream of the specimen
to help provide uniform flow at the entrance and exit
of the specimen. Flow rates, in mL/s, are determined
by measuring the volume of water collected during
a specified time interval while the system is sub-
jected to constant hydrostatic heads of 50, 180, and
380 mm. Flow rate measurements are recorded at
16-, 30-, or 60-second intervals for 3 to 5 minutes
at each head.

The 1981 testing confirmed the discrepancies in
flow rates that had previously been recognized in
1977 (app. | [3]). Figure 3 shows curves that
compare the flow rates obtained through the
Bureau’s pinhole equipment using 1.5- and 2.2-mm-
diameter nipple holes in brass specimens with pin-
hole diameters of 1.0, 1.5, 2.0, 2.5, 3.0, and
3.5 mm. Figure 4 shows the hydraulic capacity of



Table 3.—Pinhole test procedure comparisons for four Government agencies (June 1981)

Feature

Bureau of
Reclamation®

SCS and TVA?

COE?®

Test heads
Pinhole diameter
Nipple hole diameter

Specimen size

Specimen preparation

Data analysis

50, 180, and 380 mm
1.0 mm
2.2 mm

340 X 38 mm

Mechanical tamping
to specified mois-
ture and density

Modified Sherard’s
D1-ND1 criteria
(D1, D2), 10 min, 50 mm
(ND3, ND4}), 5 min,
180 mm

(ND1, ND2), 5 min,
380 mm

50, 180, 380, and 1020 mm
1.0 mm
1.6 mm

340 X 38 mm

Harvard miniature
spring tamping

Original Sherard’s D1-ND1
criteria

(D1), 5 min, 50 mm

(D2, ND4), 5 min, 50 mm

(ND3), 6 min, 180 mm
(ND3), 5 min, 380 mm

50, 180, and 380 mm
1.59 mm
No nipple used

(a) 340 X 38 mm
{b) 1020 X 117 mm
(c) 790 X 117 mm

{a) Harvard miniature

(b) 0.033-ft> mold

(c) Undisturbed Shel-
by tube

Modified Sherard'’s
D1-ND1 criteria

(D1, D2, ND4), 10
min, 50 mm

(ND3),10 min, 180 mm

(ND1, ND2), 10 min
380 mm

(ND1, ND2), 5 min, 1020 mm

See footnote No. 4:

! See [3] for detailed test procedure.
2 See [2] for detailed test procedure.
3 See [4] for detailed test procedure,

* Flow rates to suit the final classification are dependent on results of calibration using aluminum cylinders with

holes.

the Bureau’s equipment using nipples with hole
diameters of 1.5 and 2.2 mm. Of particular interest
is the considerable increase in hydraulic capacity of
the system when using the 2.2-mm-diameter nipple
hole. The shear stress developed along the assumed
cylindrical surface of the eroded pinhole varies con-
siderably as a function of the hole diameter through
the nipple as shown in table 4 and on figure 5.

The pinhole test, as originally developed in [2]. was
not intended to provide precise, quantitative data on
soil erosion rates with respect to applied shear
stress. However, the fact that the Bureau and SCS
equipment produced considerably different system
flow rates and shear stresses along the soil specimen
pinhole, has caused renewed interest in the hydraulic
characteristic anomaly of apparently identical test
equipment. Technical concerns have also developed
because the Bureau had been identifying dispersive
soils using pinhole equipment with a 2.2-mm nipple

hole diameter, which subjected the soil specimen to
significantly higher water velocities, shear stresses,
and flow rates than those produced by Sherard’s
original pinhole equipment. Considerable cost
impact could result on any earthwork project where
the Bureau pinhole test identified a nondispersive
soil as dispersive if the tested soil deflocculated from
higher applied external erosive forces versus internal
ionic repulsive forces.

Bureau and SCS Comparative
Testing Program

In July 1981, a testing program was conducted at
the SCS Soil Mechanics Laboratory in Lincoln, Nebr.,
to compare the test equipment used by both agen-
cies. This program was developed specifically to
identify the anomaly or anomalies responsible for the
significant and critical differences in hydraulic char-
acteristics between the equipment. The following



Table 4.—Summary of pinhole equipment hydraulic characteristics

dn, dp’ K HL, Vn, Vp, Q, OTEST, T,
mm mm mm mm/s mm/s mL/s mL/s Pa
1.50 1.00 0.66 50 179 403 0.316 0.30 3.2
2.20 1.00 0.63 50 88 426 0.334 0.36 3.4
1.50 1.50 1.00 50 450 450 0.794 0.84 2.4
2.20 1.50 0.67 50 259 556 0.983 1.00 3.0
1.50 2.00 1.12 50 700 394 1.236 1.22 1.6
2.20 2.00 0.83 50 464 561 1.762 1.65 2.3
1.50 2.50 1.12 50 871 313 1.638 1.33 1.0*
2.20 2.50 1.17 50 645 499 2.449 2.02 16*
1.50 3.00 1.12 50 965 241 1.705 1.30 0.64 *
2.20 3.00 1.16 50 825 444 3.13% 2.66 1.2+
1.50 3.50 1.11 50 1016 187 1.794 1.32 0.43+
2.20 3.50 1.13 50 963 380 3.658 2.74 0.90*
1.60 1.00 0.66 180 448 1009 0.792 0.67 8.1
2.20 1.00 0.63 180 218 1056 0.829 0.89 85
1.50 1.0 1.00 180 996 996 1.759 1.88 5.3
2.20 1.50 0.67 180 562 1209 2.135 1.88 64
1.50 2.00 1.12 180 1507 847 2.661 2.63 3.4
2.20 2.00 0.83 180 958 1160 3.641 3.42 4.7
1.50 2.50 1.12 180 1864 671 3.293 2.79 2.1*
2.20 2.50 1.17 180 1304 1010 4.955 4.61 3.2*
1.50 3.00 1.12 180 2065 516 3.648 2.69 14*
2.20 3.00 1.16 180 1661 893 6.310 6.22 24*
1.50 3.50 1.1 180 2174 399 .3.839 244 09*
2.20 3.50 1.13 180 1934 764 7.349 6.36 1.7*
1.50 1.00 0.66 380 723 1626 1.276 1.16 13.0
2.20 1.00 - 0.63 380 350 1675 1.331 1.41 135
1.50 1.60 1.00 380 1529 1529 2.701 2.91 8.2
2.20 1.50 0.67 380 857 1842 3.254 2.72 9.9
1.50 2.00 1.12 380 2289 1287 4,042 3.81 5.1
2.20 2.00 0.83 380 1435 1736 5.451 5.35 6.9+
1.50 2.50 1.12 380 2826 1017 4,992 4.20 33*
2.20 2.50 1.17 380 1938 1501 7.363 7.21 49+
1.50 3.00 1.12 380 3131 783 5529 405 2.1+
2.20 3.00 1.16 380 2463 1325 9.359 6.87 36¢*
1.50 3.50 1.1 380 3295 605 5.819 3.52 1.4 *
2.20 3.50 1.13 380 2867 1133 - 9.51 26 *

* Turbulent flow
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shear stress, Pa
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items were investigated as equipment design differ-
ences that could potentiaily be responsible for the
hydraulic characteristic anomaly of lower flow rates
at the 50-mm head using Bureau equipment:

e Bureau head tank and water supply system

e Bureau piping system components upstream of
test cylinder

Bureau brass nipple versus SCS plastic nipple
friction

Changes in inlet turbulence conditions due to
different specimen locations within the test
cylinder

Differences in test cylinder design and
configuration

Differences in discharge end plate design and
configuration

Bureau Head Tank and Water Supply System—The
flow rate curves on figure 3 were developed from
test data generated at the Bureau’s research labora-
tory in Denver, Colo. The same set of brass spe-
cimens and the brass nipple with the 1.5-mm-
diameter hole, originally used at the Bureau’s
laboratory, were used for the investigation at the
SCS laboratory. The Bureau test cylinder and end
plates were connected to the SCS head tank and test
fixture, and the flow rates obtained were nearly iden-
tical to the flows obtained at the Bureau laboratory.
This test confirmed that the head tank and water sup-
ply tubing of the two agencies, although slightly
different, did not affect the hydraulic capacity of
either system.

Bureau Piping System Components Upstream of
Test Cylinder~The Bureau's test cylinder had several

piping system components upstream of the test cyl-
inder intake end plate (fig. 1). To determine if signifi-
cant head loss was occurring due to these piping
system components, a series of flow rate tests was
conducted with successive elimination of each indi-
vidual component. The 3.0-mm-diameter brass spec-
imen and the brass nipple with the 1.5-mm-diameter
hole were installed in the test cylinder during testing.
The test results, summarized in table b, showed that
no measurable head loss occurred due to the extra
piping system components. The flow rates
determined during this testing were again very simi-
lar to those originally generated at the Bureau
laboratory.

Nipple Friction, Inlet Turbulance, and Cylinder
Design.~The following items were investigated
essentially simultaneously for increased testing
efficiency:

e Bureau brass nipple versus SCS plastic nipple
friction

e Changes in inlet turbulence conditions due to
different specimen locations within the test
cylinder

e Differences in test cylinder design and
configuration

For this series of tests, the brass specimens with 1.0-,
2.0-, and 3.0-mm-diameter holes were alternately
installed in the SCS test cylinder. As shown on fig-
ures 1 and 2, there is a difference in the location of
the test specimen with respect to the inlet water
intake portion of the test apparatus for the two agen-
cies. To determine if inlet turbulence conditions
affected the system flow rates, the location of the
simulated specimen was varied within the test cylin-
der. The specimen was located b, 25, and 45 mm
from the water inlet end plate. At each location, flow

Table 5.—Flow rates in mL /s using Bureau’s piping system components

Head {mm)

Components tested 50 180 380
ABCDE 1.1 2.4 3.8
ABCD 1.2 2.4 3.8
AB 1.1 25 3.9
A 1.2 25 3.9
Hose inserted directly into

end plate 1.2 25 3.8
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rates were determined with the head tank positioned
to provide 50, 180, and 380 mm of headwater with
respect to the pinhole elevation. A duplicate series
of tests was conducted using the SCS plastic nipple
and the Bureau brass nipple installed in the same
brass specimen. The test results, summarized in table
6. show that no trend could be identified for variance
in flow rate as a function of specimen focation within
the test cylinder.

The results of the testing summarized in table 6
indicated:

1. No significant difference was observed in
flows through either the brass or plastic nipples.

2. Theslight difference in flow rates as a function
of specimen location within the test cylinder was
within the reproducibility limits of the test.

3. The difference in test cylinder lengths did not
affect system flow rates.

The results of all the preceding tests and evaluations
indicated that all equipment differences upstream of
the simulated specimen and nipple did not account
for the flow rate anomaly. This finding isolated the
anomaly in hydraulic characteristics to a difference
in the design of the test cylinder and the end plates
of the equipment.

Discharge End Plate Design.—-To investigate the
effect of the discharge end plates of both the SCS
and Bureau equipment, the brass nipple with the 1.5-
mm-diameter hole was inserted into the brass speci-
men with the 3.0-mm-diameter hole. This assembly
was then tested in the test cylinders of both agen-
cies, with their respective end plates. Fiow rates
under the same headwater conditions (50 mm differ-
ence in elevation between the headwater and pin-
hole) were once again found to be 1.2 to 1.3 mL/s
(Bureau) and 1.9 to 2.0 mL/s (SCS). The end plates

of both cylinders were then removed, and flow rates
were determined to be 1.2 to 1.3 mL/s through both
agency’'s equipment. Equalization of the flow rates
occurred with atmospheric pressure at the discharge
end of the simulated pinhole specimen in the SCS
test cylinders. When the SCS end plate was reatta-
ched to the SCS cylinder, the flow rate increased to
the 1.9 to 2.0 mL/s previously determined under the
same hydrostatic headwater condition. Therefore,
the flow rate increase occurred-as a result of the
head increase on the system when the tailwater ele-
vation was lowered by reattaching the discharge end
plate to the SCS test cylinder (fig. 6).

The end plate and water discharge nozzle of the SCS
equipment were responsible for creating a vacuum
downstream of the specimen when the outlet nozzle
became totally submerged and subject to full pipe-
flow conditions. This caused the tailwater elevation
of the system to lower from the elevation of the pin-
hole to the elevation of the bottom of the discharge
nozzle (fig. 6). This phenomenon was visually
investigated by conducting tests without a grave!
pack downstream of the specimen to allow observa-
tion of the discharge water leve! in the test cylinder.
It was observed that flow rates increased when the
water outlet end plate was systematically rotated.
This procedure aliowed the water level in the test
cylinder stilling basin downstream of the specimen
to collect and raise high enough to submerge the
outlet nozzle. When the discharge end plate was
returned to the original position, without interrupting
flow, the flow rate was maintained at the higher rates
of 1.9 to 2.0 mL/s. The inability of the system to
discharge the water accumulated in the stilling basin
indicated the presence of a vacuum in the test cylin-
der downstream of the simulated specimen. The
flow rates that were obtained by systematically
rotating the position of the discharge end plate are
shown on figure 7. Rotating the end plate allowed
the flow to occur under partially or totally submerged
outlet nozzle conditions.

Table 6.—Flow rates in mL /s with specimen at different locations within test cylinder

Nipple, Pinhole Distance from water inlet to specimen, mm
1.6-mm-diameter diameter, 5 25 45 5 25 45 5 25 45
hole mm 50 mm™ 180 mm* 380 mm*
SCS (plastic) 1.0 0.31 0.37 0.36 0.71 0.83 0.76 13 1.3 1.2
Bureau (brass) 1.0 0.37 0.38 0.37 0.85 0.82 0.78 1.4 13 1.3
SCS (plastic) 20 14 15 15 25 2.7 2.6 3.9 4.1 3.7
Bureau (brass) 2.0 1.8 1.7 18 2.9 25 29 4.2 3.8 4.1
SCS (plastic) 3.0 1.9 1.8 1.8 28 2.8 3.0 41 4.2 43
Bureau (brass) 3.0 1.9 2.2 2.0 3.0 3.6 3.2 4.1 53 48

* Difference in elevation between headwater and centerline of pinhole specimen.
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Figure 6.—-Flow rate with atmospheric pressure and vacuum conditions.
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Figure 7.—Position of discharge end plate and outlet nozzle.

In summary, two distinctly different flow rates were
achieved through the SCS pinhole test apparatus
while the headwater elevation remained at the level
required for 50 mm of head with respect to the ele-
vation of the pinhole. The reason for the two differ-
ent flow rates involves the discharge end plate.
When the end plate was either completely removed
or attached to allow atmospheric pressure in the test
cylinder downstream of the simulated specimen, the
flow rates were 1.2 to 1.3 mL/s with a 50-mm head.
When the end plate was attached with the water
outlet nozzle submerged, the flow rates increased to
1.9 to 2.0 mL/s under the same 50-mm headwater
level. This higher flow rate corresponds to a total
head value of 100 to 110 mm on the calibration
curves originally obtained from the Bureau apparatus
(fig. 4). The geometry of the SCS pinhole apparatus
{fig. 6) indicates how the additional 60 mm of eleva-
tion difference exists between the level of the pin-
hole and the bottom of the discharge nozzle. This
observation fully explains why the SCS equipment
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produced higher flow rates than the Bureau equip-
ment at the “apparent” 50-mm head.

Additional Quantitative Data~To conduct additional
tests, the SCS pinhole test apparatus was moved to
the Bureau’s laboratory in Denver and fitted with a
U-tube manometer positioned at the top of the
discharge end plate with valves to control atmos-
pheric pressure in the test cylinder and U-tube {fig 8).
This modification allowed measurement of the vac-
uum created in the test cylinder downstream of the
specimen as the outlet nozzle became submerged
and subject to full pipe-flow conditions.

A series of flow rate tests were conducted by insert-
ing the brass nipple with the 1.6-mm-diameter hole
and brass specimen with the 3.0-mm-diameter hole
into the SCS test cylinder with no gravel pack
installed downstream of the specimen. Flow rates
were determined under both atmospheric and vac-
uum conditions in the test cylinder downstream of



the brass specimen. The headwater elevation was
set 50 mm above the brass specimen pinhole eleva-
tion for all tests. Figure 9 shows the relationship
between the water levels in the U-tube due to vac-
uum conditions with a 60-mm drop in tailwater
(fig. 6). During the remainder of the vacuum portion
of the testing, the tailwater elevation of the system
was successively lowered in about 50-mm incre-
ments by attaching various lengths of plastic tubing
to the discharge nozzle. Figure 10 shows the rela-
tionship between the water levels in the U-tube and
a typical length of plastic tubing added to the
discharge nozzle. The data obtained is given in table
7. and also shown on figure 11 to show the correla-
tion with the Bureau calibration curve (fig. 3).

The results of this testing confirmed that flow rates
increased when the nozzle outlet became sub-
merged, and continued to increase with successive
lowering of the system'’s tailwater. From the analysis
and test evaluation of the original SCS pinhole test
equipment, the conclusion became apparent that the
initial development of the pinhole test was done
.using equipment that created higher hydrostatic
heads during testing when the water outlet nozzle
became submerged. This phenomenon becomes
extremely important because the basis for determin-
ing clay dispersibility occurs at very low hydraulic
heads, about 50 mm. Sherard, etal.[1], reported
that dispersive clays erode rapidly, within 5 minutes
after the start of flow. under a 50-mm head. Also,
final flow rates through the specimen at the 50-mm
head must be greater than 1.5 mL/s, which is dic-
tated by the hydraulic capacity of the equipment.
The previous discussions have shown that flow rates
greater than 1.2 to 1.3 mL/s cannot occur at a
50-mm head. Paragraph 10, appendix | of Sherard’s
paper [2] notes that the hydraulic capacity of the

SCS pinhole test equipment is 1.6 to 2.0 mL/s at a
50-mm head, but the test data summarized in this
report indicate that flow rates of that magnitude
exist only at about a 100- to 110-mm head.

A comparison of the flow rates versus the difference
in elevation between the headwater and pinhole of
the SCS and Bureau equipment, using the same
brass specimen and brass nipple configuration, is
given on figure 12, and figure 13 compares the
hydraulic capacities of the equipment.

The flow rate bands on figure 13 exist because of
the limits of reproducibility of the pinhole test
(app. D). The SCS curve on figure 13 can be made
to “match” the Bureau curve by shifting each bound-
ary of the SCS curve about 50 to 60 mm to the right.
This distance corresponds to the difference in eleva-
tion of the water nozzle with respect to the pinhole
in the test specimen.

From the previous presentation of test data and
mathematical analysis, it has been shown that:

1. At a b0-mm head, and with atmospheric
pressure in the test cylinder downstream of the
test specimen, the hydraulic capacities of the SCS
and Bureau pinhole test equipment are virtually
identical; i.e., 1.2 to 1.3 mL/s.

2. A flow rate greater than 1.5 mL/s cannot be
achieved at a 50-mm hydrostatic head through
the pinhole equipment using a nipple with a 1.5-
mm-diameter hole.

3. The hydraulic capacity of both the Bureau and
SCS test equipment is governed by the nipple with
the 1.5-mm-diameter hole.

Table 7.—SCS vacuum system-hydraulic head and flow rates with successively lowered tailwater

Tailwater Tube U-tube reading, mm Tube Total

position length?, head system Flow rate,
No. mm Vacuum Left Right loss? head, mL/s

mm mm

1 0 0 1783 2385 0 50 1.2
2 60 49 1808 2361 11 99 1.7
3 116 88 1827 2341 18 138 2.2
4 165 121 1844 2325 54 171 24
5 225 163 1865 2304 62 213 29
6 267 194 1880 2288 83 244 3.1
7 320 229 1898 2271 91 279 34
8 370 259 1912 2255 i 309 3.6
9 415 285 1928 2245 130 335 3.6

11 ength of tube attached to discharge water outlet nozzle.
2 Additional head loss from flow through discharge tubing.
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These flow curves were generated using the same
bross simulated specimen with 3.0-mm-diameter
hole and the brass nipple with [.5-mm~-diameter
hole.

The Bureau curve was generated by successive

5.0

raising of the system headwater (ie. 50 mm,

180mm, ond 380mm).

The SCS curve was generated by setting the
headwater tank 50 mm above the pinhole .
elevation. The flow rate at ¢ 50-mm head

4.0

was determined with the test cylinder vented

to atmosphere. All other flows were determined
with the test cylinder under vacuum conditions.
The system heod was calculated using the 50-mm
headwater plus the vacuum measured in the

3.0

7
/ POSITION 6

POSITIONS
POSITION 7

U-tube.

FLOW RATE (mL/s)

2.0

POSITION 2

10 100
HEAD (mm)

1000

Figure 11.-Bureau calibration curve versus SCS vacuum curve.

4. The hydraulic characteristics of both the
Bureau and SCS pinhole equipment are reproduci-
ble to two significant digits with an accuracy of
plus or minus 15 percent.

Data Base for Developing a Quantitative
Method for Evaluating Pinhole Test Results

A major objective of the Bureau's efforts in identifi-
cation of dispersive clays has been to develop a test
method with a quantitative basis for evaluating clay
dispersibility. Sherard’s work [2] was *" ... not
intended to be used as a quantitative test for measur-
ing rates of erosion as a function of the velocity of
flowing water.” In fact, the statement is made in [2]
that ... the main indicator or failure is the colloidal
color of the water (flowing through the test specimen
under a 50-mm hydrostatic head).”

During November 1981, a return visit was made to
the SCS laboratory in Lincoln, Nebr., to review data
from more than 1200 original pinhole tests used in
compiling data to support Sherard’s paper [2]. Dur-
ing that visit, discussions with the original authors
revealed that system flow rates were intended to be
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included in the paper as informative comments, not
as exclusive evaluation criteria. However, that fact
was regrettably insufficiently emphasized in the text,
tables, and appendix | of the paper. Several Govern-
ment agencies including the Bureau of Reclamation
and Corps of Engineers, the Soil Bureau of New Zea-
land, various geotechnical engineering consultants,
and other users/operators have concluded that flow
rate observations can provide meaningful, objective,
measurable data for dispersive clay evaluation. With
the intent of categorizing the original pinhole test
data with respect to measured flow rates as opposed
to effluent turbidity, flow rate data from about 950
pinhole tests were reviewed. Of these data, 318
tests were from soil specimens that demonstrated a
dispersive reaction (D1 or D2) in the pinhole test.
The test data were reviewed for two specific
features:

{1) Initial, final, and rate of increase in system
flow rates under the “apparent” 50-mm head; and

(2) Observation of the time required to reach the
hydraulic capacity of the system using the 1.5-
mm-diameter nipple hole at the initial 50-mm
hydraulic head.



Appendix B contains a detailed summary of test data
from SCS pinhole tests No. 270 through 1200. A
brief summary of the data is given in table 8.

Of the tests reviewed, 84 percent indicated pinhole
erosion to a diameter greater than 1.5 mm within b
minutes of testing under an initial hydrostatic head
of 50 mm. Concurrent with, or subsequent to, ero-
sion of the pinhole, the flow rate increased to a
constant value greater than 1.5 mL/s as the sub-
mergence of the outlet nozzle increased the hydrau-
lic head to 110 mm. Some 43 percent of the
specimens were originally classified dispersive
{table 1) even though the flow rates were less than
the 1.5 mL/s value. In all cases, the discharge efflu-
ent of these dispersive soils had been visually classi-
fied as either slightly cloudy, cloudy, or dark.

Additional Interpretation of Original
SCS Test Data

As stated earlier in this report, the guantity of flow
in the pinhole test apparatus, under a constant hydro-
static head, is a function of the minimum cross-
sectional area and the length of the cylinder with that
cross section. For soils that erode rapidly (dispersive),
the 1.5-mm-diameter nipple hole controls the flow
rate. For soils that do not erode or erode slowly (non-
dispersive to intermediate), the soil specimen pin-
hole diameter controls the flow rate. The hydraulic
capacities for a 1.5-mm-diameter nipple hole and a
1.0-mm-diameter pinhole for hydrostatic heads of
50, 180, and 380 mm are given on figure 14. The
data as presented are the ranges obtained from test-
ing the brass specimens and nipples with an addi-
tional plus or minus 15 percent included for operator
and equipment variance. Figure 14 was developed
directly from figure 13 and by using data from She-
rard’s original paper [2], table 8, and the interpreta-
tion of Bureau flow rate data generated using brass
specimens.

Figure 15 was constructed so that a dispersive grade
could be assigned to a soil specimen based on flow
rates from various hydraulic restrictions:

o Nondispersive (ND1, ND2) — Flows restricted
by the soil specimen 1.0-mm-diameter pinhole.

e Dispersive (D1, D2) — Flows restricted by the
1.6-mm-diameter nipple hole (subsequent to
enlargement of the pinhole from 1.0 mm to
plus 1.5 mm diameter).

e Intermediate (ND3, ND4) - Flows restricted by
soil specimen pinhole diameters between 1.0
and 1.5 mm.

Plots of several pinhole tests conducted by the
Bureau using figure 15 are given in appendix C.

The flows from the new flow rate criteria developed
in this investigation do not match the flows pre-
sented by Sherard in table 2 because:

1. Sherard did not intend to use flow rates as the
primary criterion for assigning the D1-ND1 disper-
sive grades.

2. The flow rate ranges shown in appendix | and
table 2 of reference [2] were originally developed
from Sherard’s general interpretation of flow rate
data collected during the original specimen
testing program. The flow rate investigations that
form the basis of this report were conducted with
considerable emphasis on reproducibility, accu-
racy. and precision limits of measuring flow quan-
tities, and time collection intervals. Appendix D
gives an analysis of the limits of precision, accu-
racy, and reproducibility of pinhole equipment.

3. The flow rates originally reported were higher
due to the difference between actual and nominal
hydraulic head as a result of submerging the SCS
pinhole equipment outlet nozzle.

Table 8.—Dispersive grade versus final system flow rates

Number of pinhole tests

Dispersive Q>15mlL/s Q>1.0 mL/s Q<1.0 mL/s Total
grade Q<15 mL/s
D1 173 68 43 284
D2 7 18 9 34
Total 180 (57%) 86 (27%) 52 (16%) 318 (100%)
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Figure 15.-Dispersive grade versus flow rate.
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APPENDIX A
HYDRAULIC ANALYSIS OF LAMINAR FLOWS THROUGH PINHOLE EQUIPMENT

Calculations shown in this appendix were used to determine flow rates, water velocities, and shear stresses
associated with laminar flows through the pinhole equipment. A set of brass specimens and truncated
cone nipples was fabricated to validate the analytical models with the physical testing. The intention of
this appendix is to provide analytical support for evaluating pinhole test results on the basis of quantita-
tive flow rate measurements; that is, eliminate or replace the subjective portions of the pinhole test as
originally developed in reference [2]. When the Soil Testing Section of the Bureau began developing a
test data base in 1977, the flow rates as presented in [2] were not reproducible. To validate the published
flow rates, the hole in the brass nipple was enlarged from 1.6 to 2.2 mm in diameter. Additional investi-
gations on the flow rates were pursued by testing new sets of brass specimens and nipples.

Figure A-1 show the hydraulic restrictions on the nipple hole and pinhole. Figure A-2 is a representa-

tion of the contraction and divergence between the nipple and pinhole, and also shows the coefficients
of the contraction and divergence. Assumptions used throughout this analysis are:

1. Laminar flow conditions exist at heads up to 380 mm [2].
2. Total head loss is due to friction loss along the nipple and pinhole specimen.

3. Brass specimens and cohesive, smooth soil specimens have similar surface roughness over the ranges
of laminar flows considered.

4. Final eroded shapes of the pinholes will be cylindrical, or the eroded volumes will match those of
the cylinders used.

5. The soil-water “‘mud” slurry that is created adjacent to the eroded pinhope surface has no signi-
ficant shear strength (i.e., Bingham Yield Strength).

From [2], the flow through the nipple and pinhole system can be calculated from:

v 2 f, L v, 2 f L
n n-n p p-p
Hy = —105+ >+ K + +1.0
29 d, 29 dp (1)
; 64 64v
np - VI
P~ Re Vn,p%,p (2)
where HL = head loss, mm
Vn,p = water velocity in nipple and pinhole, respectively, mm/s
fn’p = friction factor of nipple and pinhole, respectively
Ln’p = length of nipple and pinhole, respectively, mm
dn,p = diameter of nipple and pinhole, respectively, mm
R, = Reynolds number

v = kinematic viscosity of water, mm?2/s
g = acceleration of gravity, mm/s?
K = contraction or divergence coefficient from nipple to pinhole

Use equation (2) for the friction factor of the cylinder walls of the nipple and pinhole.
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Laminar flow conditions were assumed through the nipple and pinhole where the pipe lengths are ex-
tremely long in relation to the diameter, allowing the assumptions of constant flow rate and constant
velocity throughout the entire lengths; i.e., ignore the effect of vena contracta:

Qp = Q,
VpAp = V,A,
Vp = Vu(Au/Ap)
where On,p = flow rate through nipple and pinhole, respectively, mL/s
An,p = area of nipple and pinhole, respectively, mm?
] Vn,p = (as previously defined)
Equation (2) can then be written:
64 v 64 VAp
f, = = (2)

PvAa)d, VAL,

To obtain the head loss Hy as a function of V,, equation (1) can be written:

V,2 64vL, V(A /AL B64vL,A,
H; =—— {05+ v + K+ —— +1.0 (1)

2g 10, 2g ,,A,,a!,,2

For v =0.984 mm?/s (water at 21 °C)
g = 9820 mm/s?
L, =13 mm,and Lp =25 mm (from fig. 1)

2 2 2
" v, (0'5+ (64)(0.984)(13)) . Vot (A4 </<+ (64)(0.984)(25)Ap - 1.o>

2(9820) v,d,? 2(9820) VoA, dy?

509x 10 V,?(0.5+819/V,d, ) + [5.09x 10~ V, 4,2 1A, NIK + 1570 A,/V,A,d, " +1.0]

]

- - -5 -
254 x 10 San +4.17 x10 2vn/d,,2 +[5.00x10 " V,*(A,/A,)*] [K+1] +7.99 x 10 2v,,A,,/Apdp2

-5 -5 -2 -
V,2 {25410~ +[5.09x10 (4,%/A,%)] [K+11}+V, 417x107 /d,2 +799x10 Ap/Apdy?)

Since A, , =md%, /4, then A, /A, =d,?/d,}?, and
=5 -5 - -
Hy = V,? {254 %107 +[5.00x 10 (d,*/d,)][K+11} +V, [4.17x 107 a2 +7.99 %10 (d,2/d,*)]
Setting up as a quadratic equation of the form A Vn2 +BV, +C=0,
-5 -5 - -
{254 x107° +15.00% 107" (0, /) 1k + 11} V,2 +1417 x 1077 /0,2 +7.99 x 107 (d, /d,*)] V,, = Hy =0
Let AA=509x10 dt/dyt, and AB=K +1

Then A = 2.54 x 10~ +AA(AB)
Let B8 =8.01x 10 (d,2/d,*), and
BC=417x10"" /a2
ThenB=BC+BB,andC=-H|
AV,2 48V, +C=0
Solution for this quadratic equation is:

-B+VBI-4AC
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Computer solution follows:

PROGRAM FILE

10
20
30
40
50

2000

PROGRAM UNIPIN (INPUT,OUTPUT,TAPE1,TAPE2)
WRITE(2,1100)

WRITE(2,1200)

C=0.-50.

G0 TO 40

C=0.-180.

GO T0 35

C=0.-380.

REWIND1

READ(1,*)DN,DP, XK
IF(EOF{1))2000,50

AA=( .0000509*DN**2_/Dp**4 )
AB=(XK+1.)

A=.0000254+( AA*AB)
BB=(.0799*%DN**2,/DP**4,)
BC=.0417/DN**2,

B=BB+BC

BNEG=0.-B

CNEG=0.-C

BSQ=B*B
RAD=(BSQ-(4.*AxC))** 5
VN=(BNEG+RAD)/2.*A
VP=YN*XDN**2_/DP**2,
Q=VN*3.14*(DN**2,)*,001/4.
WRITE (2,1300)DN,DP,XK,CNEG,VN,VP,Q
GOT040

L=L+1

IF(L.EQ.1)20,2100

2100 IF(L.EQ.2)30,2200

1100 FORMAT (' DN DP
1200 FORMAT ('

K HEAD VN VP

. . S —n - - - A en W o A .

1300 FORMAT (3(F4.2,1X),F4.0,1X,2(F5.0,1X),F5.3)
2200 STOP

END

INPUT FILE (dp, dp, k)

PO oot N =2 R = N = 1) b R et
- . - [ ] L] £l L . -* L d L) .
OGN TR R G R G A D

) - - L ]
PO N st it et b
L ] L] - L] .

-
s WO

-
()]

—~J

N

29



el L PP il
| | | |
T p 7
7 | G
Ve / L.——Soil or brass specimen——] ///
= LA
%
dn Ly / dp < 7%
dp
PINHOLE DIAMETER NIPPLE HOLE
RESTRICTION DIAMETER
RESTRICTION

Figure A-1.-Hydraulic restrictions on pinhole and nipple hole.

/ NIPPLE
P o, @//J .
Vo ) ’ ‘_

Contraction Divergence

{a) Representation of contraction and divergence between nipple and pinhole.

dn dp 6 INTERFACE COEFFICIENTS L/
NIPPLE SPECIMEN AREA ASSUMED [CONTRACTION!| DIVERGENCE
HOLE PINHOLE RATIOS WALL

(mm) {mm) dp? DIVERGENCE

dn?

s | o oa44a ~ 068 -

2.2 10 6207 - 063 -

2.2 1.5 0465 - 067 -

2.2 2.0 0.826 - 0.83 -

2.2 2.5 - 90° - L7

2.2 30 - 90° - 116

2.2 3.5 - 30° - 113

w
m o
rry
-
"

EFERENCES [6.7.8]
{b) Coefficients of contractions and divergence.

Figure A-2.-Contraction and divergence data on nipple and pinhole.
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FLOW RATE DAYTA OF 318 RANDOMLY SELECTED DISPRRSIVE
SOIL SAMPLES FROM 3CS PINHOLE TESTS

Table B-1.—Pinhole test specimen flow rates from originai SCS dars base
generated from February 1974 to January 1875

System flow rate {7is

SCS Test Dispersive )
pinhole test date grade initial® Intermediate’ Finat?
number . - e A Ao 45t b
270 2-74 D1 0.1¢ 0.67 1.4
271 2-74 Di 0.56 1.1 1
272 2-74 D1 0.59 1.1 17
273 2-74 D1 0.76 1.0 L
274 2-74 ] 0.42 0.50 D
275 2-74 D1 0.35 053 1
306 2-74 D3 0.71 11 LG
309 2-74 D1 0.42 0.7C R
311 2-74 D1 0.40 .96 ts
313 3-74 D1 0.28 1A .8
314 3-74 D1 0.46 0.92 14
315 3-74 D1 0.35 0.97 1.3
316 3-74 D1 0.63 14 20
317 3-74 D1 0.50 0.59 aon
319 3-74 D1 0.63 0.83 * A
320 3-74 D1 0.59 11 kS
322 3-74 D1 0.40 0.59 {5
324 3-74 D1 0.40 042 i
367 3-74 D1 0.83 1.0
370 3-74 D1 1.3 1.7
371 3-74 D1 0.40 0.83 14
374 3-74 D1 0.56 0.77 0o
375 3-74 D1 0.42 1.3 3.a
402 3-74 D1 0.46 1.8 1.8
403 3-74 D1 0.28 0.4G {137
404 3-74 D1 1.1 2.3 2.2
406 374 D1 0.27 0.4 T
414 3-74 D1 0.53 11 Rt
415 3-74 D1 0.71 1.0 18
416 3-74 D1 0.59 0.77 17
435 3-74 D2 14 1.4 PA
436 4-74 D1 0.67 1.3 1.4
437 4-74 D2 0.67 0.91 1.3
438 4-74 D2 042 0.7 1.0
445 4-74 D1 1.4 1.7 1.6
455 4-74 D2 0.67 0.91 0.77
459 4-74 D2 0.33 0.40 0.63
460 4-74 D2 0.59 1.0 1.2
463 4-74 D1 0.77 1.4 1.8
470 4-74 D1 0.83 1.0 1.2
474 4-74 D1 0.77 1.0 LY
479 4-74 D1 1.4 1.7 1.7
486 4-74 D1 0.53 0.77 DA
491 4-74 D2 1.4 1.2 oe
492 474 D1 0.62 0.77 s
500 4-74 D1 0.5 0.70 1.4
509 4-74 21 0.48 0.52 0.83
512 4-74 D2 o 0,77 o377
518 4-74 [BN D sa 1. f



Table B-1,—Pinhole test specimen flow rates from original SCS data base
generated from February 1974 to January 1975—Continued

System flow rate (mL/s)

SCS Test Dispersive
pinhole test date grade [nitial® Intermediate? Final®
number

520 4-74 D1 0.48 1.0 2.8
522 4-74 D1 0.29 1.2 25
538 4-74 D1 0.40 0.70 0.70
539 4-74 D2 0.56 1.2 1.2
540 4-74 D1 0.67 1.0 1.3
541 4-74 D1 0.30 0.62 0.91
543 4-74 D1 0.50 1.4 1.8
b44 4-74 D1 1.0 2.0 2.5
545 4-74 D1 2.0 20 2.0
b46 4-74 D1 0.20 1.0 1.7
563 4-74 D1 0.33 1.0 1.9
556 4-74 D2 0.50 1.0 1.0
559 4-74 D1 0.59 1.0 1.7
561 5-74 D2 0.52 0.46 15
564 b-74 D2 0.35 0.52 1.3
567 5-74 D2 0.56 0.62 0.30
568 5-74 D1 0.77 1.5 2.0
569 5-74 D1 0.67 1.0 1.2
570 b-74 D2 0.71 1.0 1.5
571 5-74 D1 0.36 0.83 1.1
b72 b-74 D1 0.53 1.2 1.9
574 b-74 D1 0.50 0.77 1.8
580 5-74 D2 1.0 1.2 1.5
583 b-74 D2 0.90 0.9 1.2
590 5-74 D1 0.40 0.83 1.2
592 5-74 D1 0.59 0.83 1.0
593 b-74 D2 0.50 0.70 1.9
597 b-74 D1 0.40 0.60 1.0
600 b-74 D1 040 0.75 1.0
601 b-74 D1 0.90 0.90 1.0
604 b-74 D1 0.40 0.40 0.35
605 5-74 D2 0.50 0.50 0.32
606 5-74 D1 0.56 1.6 2.1
607 574 D1 0.63 08 09
608 5-74 D1 0.30 05 05
612 5-74 D1 1.2 1.6 1.6
616 5-74 D1 0.21 1.0 2.5
617 5-74 D1 1.4 1.5 1.5
618 b-74 D1 0.30 0.7 1.9
621 b-74 D1 0.63 1.1 1.8
643 5-74 D1 0.27 0.71 1.1
644 5-74 D1 0.50 0.77 1.5
645 5-74 D1 0.36 1.0 1.2
646 5-74 D1 0.40 0.80 1.2
647 5-74 D1 0.30 0.25 0.25
648 5-74 D1 0.28 0.71 1.7
649 5-74 D1 0.25 0.60 1.7
650 5-74 D1 0.28 1.0 1.6
651 5-74 D1 0.35 0.59 1.7
652 5-74 D1 0.33 1.1 1.3
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Table B-1.—Pinhole test specimen flow rates from original SCS data base

generated from February 1974 to January 1975—Continued

System flow rate {(mL/s)

SCS Test Dispersive
pinhole test date grade Initial! Intermediate? Final3
number
653 5-74 D1 0.62 1.0 1.7
664 5-74 D2 0.29 0.90 1.3
671 6-74 D1 0.71 1.1 1.1
675 6-74 D2 0.59 0.83 0.83
677 6-74 D1 0.90 0.83 0.59
695 6-74 D1 0.42 0.68 0.68
698 6-74 D2 0.67 1.7 1.7
708 6-74 D1 0.26 1.1 1.8
709 6-74 D1 0.36 1.2 2.4
712 6-74 D2 0.46 0.90 1.9
716 6-74 D2 0.29 0.60 2.5
721 6-74 D1 0.40 0.90 1.0
736 6-74 D1 0.30 0.85 1.2
737 6-74 D1 0.35 0.80 1.5
738 6-74 D1 0.48 1.1 2.1
739 6-74 D1 0.56 1.1 1.6
740 6-74 D1 0.44 1.5 25
741 6-74 D1 0.90 15 2.4
742 6-74 D1 0.50 1.1 2.0
743 6-74 D1 0.55 1.2 1.9
745 6-74 D2 0.62 0.90 1.8
749 6-74 D1 0.56 0.56 0.56
750 6-74 D1 1.2 1.6 1.5
753 6-74 D1 0.59 0.83 1.0
754 6-74 D1 0.56 1.2 14
755 6-74 D1 0.56 0.71 0.86
756 6-74 D2 0.63 0.71 1.4
757 6-74 D2 0.83 0.83 0.67
759 6-74 D1 0.43 0.59 0.43
763 6-74 D1 0.56 0.67 1.0
764 6-74 D1 0.50 1.6 25
765 6-74 D1 0.59 1.1 1.7
766 6-74 D1 0.50 1.1 1.6
7172 6-74 D1 0.20 1.7 2.5
773 6-74 D1 0.40 1.0 2.2
774 6-74 D1 0.25 1.0 1.1
775 6-74 D1 0.67 2.0 25
776 6-74 D1 0.59 1.1 1.7
777 6-74 D1 0.42 0.8 1.0
783 7-74 D1 0.37 1.0 25
784 7-74 D1 0.59 0.91 1.8
786 7-74 D2 0.37 1.0 1.3
787 7-74 D1 0.77 1.0 1.7
788 7-74 D1 0.66 1.3 1.7
794 7-74 D1 0.60 0.85 1.3
797 7-74 D1 1.2 156 1.5
798 7-74 D2 0.91 0.89 0.89
804 7-74 D1 0.77 0.80 0.80
806 7-74 D1 0.59 0.83 0.83
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Table B-1.—Pinhole test specimen flow rates from original SCS data base
generated from February 1974 to January 1975—Continued

System flow rate (mL/s)

SCS Test Dispersive
pinhole test date grade Initial® Intermediate? Finali®
number
807 7-74 D1 0.71 1.25 1.9
808 7-74 D1 0.77 0.90 1.8
809 7-74 D1 0.67 1.7 2.3
810 7-74 D1 0.71 1.1 1.9
811 7-74 D1 0.59 1.1 1.7
812 7-74 D1 0.42 1.1 1.3
814 7-74 D1 0.56 0.67 0.76
820 7-74 D2 0.34 0.44 0.93
824 7-74 D1 0.77 156 1.7
829 7-74 D1 0.56 1.0 156
830 7-74 D1 0.59 0.91 15
832 7-74 D1 0.42 040 0.40
838 7-74 D1 0.83 1.8 25
837 7-74 D1 1.0 1.6 1.7
845 7-74 D1 1.7 1.7 1.8
850 7-74 D1 0.59 1.2 1.5
860 7-74 D1 0.71 0.62 0.67
867 7-74 D1 0.59 0.67 0.92
870 7-74 D1 0.91 1.2 15
877 7-74 D1 0.77 1.2 1.6
879 7-74 D1 0.40 1.6 1.6
882 7-74 D1 1.0 1.7 2.1
889 7-74 D2 0.32 0.60 1.9
892 7-74 D1 1.2 2.0 2.0
896 7-74 D1 0.51 1.1 1.1
897 7-74 D1 0.56 1.0 2.0
898 7-74 D1 0.77 1.8 1.9
899 7-74 D1 0.42 1.0 1.8
902 7-74 D1 0.57 1.0 1.6
906 7-74 D1 0.67 1.6 1.9
907 7-74 D1 0.50 0.9 1.0
910 7-74 D1 0.59 0.83 0.83
9156 8-74 D1 0.91 1.0 1.2
916 8-74 D1 1.0 1.7 2.0
917 8-74 D1 0.48 1.0 2.5
918 8-74 D1 0.55 1.1 2.3
919 8-74 D1 0.70 1.1 1.7
923 8-74 D1 0.56 25 2.7
924 8-74 D1 0.50 0.62 1.4
927 8-74 D1 0.59 0.64 0.62
928 8-74 D1 0.33 0.91 1.5
929 8-74 D1 0.50 1.0 25
930 8-74 D1 0.67 1.3 2.1
336 8-74 D1 1.0 1.3 1.7
37 8-74 D1 0.62 1.2 2.2
93K 8-74 D1 0.42 1.0 2.5
339 8-74 D1 0.50 0.70 0.91
242 8-74 D1 0.71 1.1 2.9
a4 8-74 D1 14 1.4 1.9
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Table B-1.—Pinhole test specimen flow rates from criginal SCS data hase

generated from February 1974 te January 1975 Continued

_ System: flow rate {mL/s)

SCS Test Dispersive .
pinhole test date grade Initial’ intermediate? Firol®
number
947 8-74 D1 0.83 1.2 1.7
048 8-74 D1 0.77 1.4 1.4
949 8-74 D1 0.43 1.1 1.2
950 8-74 D1 1.2 1.8 2.2
e1515) 8-74 D1 0.77 1.1 1.6
957 8-74 D1 1.0 1.7 2.8
959 8-74 D1 11 1.5 2.8
963 8-74 D1 0.77 1.5 2.1
964 874 D1 0.56 1.2 2.1
968 8-74 D1 0.80 1.4 2.3
969 8-74 D1 0.57 0.91 1.6
970 8-74 D1 0.36 1.0 2.8
971 8-74 D1 0.62 1.1 1.7
972 8-74 Dt 0.37 0.91 1.4
973 8-74 D1 0.50 1.4 2.5
974 8-74 D1 1.1 2.0 1.9
986 8-74 D1 0.57 1.1 2.1
988 8-74 D1 1.2 15 2.1
994 8-74 D1 1.1 2.1 24
995 8-74 D1 0.83 1.5 1.7
996 8-74 D1 0.50 1.0 2.1
997 8-74 D1 0.37 0.67 1.8
998 8-74 D1 0.91 2.0 2.1
1002 8-74 D1 0.77 1.8 2.0
1003 8-74 D1 0.62 0.77 2.3
1006 8-74 D1 0.59 0.67 0.7
1007 8-74 D1 1.7 2.0 25
1008 8-74 D1 0.33 0.45 0.50
1009 8-74 D1 0.18 1.0 1.4
1015 8-74 D2 0.62 1.0 1.2
1019 8-74 D2 0.30 0.91 1.2
1020 8-74 D1 0.45 0.60 25
1021 8-74 D1 0.23 0.60 2.3
1022 8-74 D1 0.71 1.2 2.1
1026 8-74 D1 0.569 0.91 0.90
1027 8-74 D1 0.41 1.0 25
1031 8-74 D1 0.59 1.2 1.8
1032 8-74 D1 0.28 0.91 0.9
1033 8-74 D1 0.38 0.91 25
1038 8-74 D1 0.44 1.0 16
1040 8-74 D1 0.48 1.1 2.1
1041 8-74 D1 0.31 11 1.9
1042 8-74 D1 0.51 1.1 2.1
1046 8.74 D1 0.50 0.67 0.60
1047 8-74 D1 0.60 1.0 1.9
1060 8-74 D1 0.57 0.67 0.67
1051 8-74 D1 0.77 1.2 2.3
1052 8-74 D1 0.36 0.59 0.62
1053 8-74 D1 0.36 1.0 25
1054 8-74 D1 0.50 156 1.9
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Table B-1.—Pinhole test specimen flow rates from original SCS data base
generated from February 1974 to January 1975—Continued

System flow rate (mL/s)

SCS Test Dispersive
pinhole test date grade Initial! fntermediate? Final®

number

1057 8-74 D1 0.56 1.2 1.9
1068 8-74 D1 0.69 0.91 1.7
1061 8-74 D1 2.0 2.3 2.3
1062 8-74 D1 0.67 1.2 25
1063 8-74 D1 0.46 1.3 2.8
1064 8-74 D1 0.29 0.62 1.9
1066 8-74 D1 1.6 2.2 3.1
1067 8-74 D1 0.67 1.8 1.8
1068 8-74 D1 0.62 1.0 1.2
1069 8-74 D1 0.67 1.2 1.6
1072 8-74 D1 1.0 1.2 1.3
1073 8-74 D1 0.59 0.71 0.91
1074 8-74 D1 0.62 1.2 2.3
1075 8-74 D1 0.91 1.8 2.3
1076 8-74 D1 0.83 1.9 1.9
1077 8-74 D1 0.91 1.6 2.2
1078 8-74 D1 1.1 14 1.6
1079 8-74 D1 0.91 14 1.9
1080 8-74 D1 0.46 0.91 1.0
1081 8-74 D1 0.83 1.0 1.8
1082 8-74 D1 0.67 1.0 2.4
1083 8-74 D1 0.67 14 1.7
1086 8-74 D1 2.1 25 2.1
1087 8-74 D1 0.53 0.59 0.56
1088 8-74 D1 0.66 1.1 25
1089 8-74 D1 0.83 1.0 2.1
1090 8-74 D1 0.40 1.5 2.7
1091 8-74 D1 1.0 14 2.5
1092 8-74 D1 0.71 1.7 2.3
1097 8-74 D1 053 1.0 1.7
1008 8-74 D2 0.42 1.1 1.2
*099 8-74 o1 0.37 1.0 1.9
1100 8-74 D1 036 1.1 2.3
1101 8-74 1 0.67 0.71 0.91
1105 8-74 D1 0.62 0.67 0.67
1106 8-74 o1 0.46 1.1 1.9
1109 8-74 D1 0.67 0.67 0.67
1110 8-74 D1 11 15 2.7
1111 8-74 o 0.63 1.5 2.5
1112 8-74 D1 0.56 1.0 24
1117 8-74 D1 0.83 15 2.1
3118 9-74 B )| 0.44 1.0 1.1
1122 9-74 D1 0.46 0.95 1.9
1123 9-74 D1 0.32 14 1.9
1124 9-74 D1 042 1.1 2.1
1125 9-74 D1 0.50 0.91 156
1130 9-74 D1 0.71 0.91 1.9
1131 9-74 D1 0.40 1.0 25
1132 9-74 D1 042 1.0 1.9
1133 9-74 D1 0.77 1.0 23
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Table B-1.—Pinhole test specimen flow rates from original SCS data base

generated from February 1974 to January 1975—Continued

System flow rate (mL/s}

SCS Test Dispersive
pinhote test date grade Initial? Intermediate? Final®

number

1137 9-74 D1 0.56 1.1 14
1140 9-74 D1 0.50 0.50 0.56
1141 9.74 D1 0.59 1.5 23
1142 9-74 D1 0.77 1.4 2.1
1143 9-74 D1 0.67 0.91 2.3
1148 9-74 D1 0.563 1.2 2.4
1149 9-74 D1 0.47 1.0 2.3
1152 9-74 D1 0.50 1.0 16
1153 9-74 D1 0.56 1.7 1.9
1154 9-74 D1 0.31 1.1 2.1
1155 9-74 D1 0.50 1.3 2.3
1165 9-74 D1 0.37 1.1 1.8
1166 10-74 D1 0.77 15 2.5
1167 10-74 D1 0.32 1.0 2.3
1168 10-74 D1 0.77 15 1.9
1172 10-74 D1 0.77 1.5 2.3
1175 10-74 D1 0.59 1.4 2.3
1176 10-74 D1 0.34 0.91 0.91
1177 10-74 D1 0.36 1.0 1.7
1201 12-74 D1 0.83 1.1 2.3
1208 1-75 D1 0.563 0.83 1.2

! Initial = start of test.
2 |ntermediate = approximately 2 to 4 minutes of elapsed test time is used for this flow rate to show an approximate
rate of change of flow. Also, the SCS test uses time as a dependent variable to determine flow rates.

* Final = end of test.
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FLOW RATE {(mL/s)

FLOW RATE (mL/s)

FLOW RATE DATA OF RANDOMLY SELECTED DISPERSIYVE

AND NONDISPERSIVE BUREAU SOIL SAMPLES

5.0 E
- lo1 02|ND4 ND3|ND2 NDIJ
- {DISPERS I VE|{INTERMEDIATE|NONDISPERSIVE |
40— HEAD =50 mm H=180mm H=380mm |
- NOTE: CRITERIA APPLY FOR 1.0-mm-DIAMETER
[ PINHOLE AND NIPPLE WITH .5-mm-DIAMETER
[~ HOLE.
- HYDRAULIC CAPACITY= | =
30— —
- 2.8 ml./s - -— 3.0
- T - -
- * [ ND3 3
- ND4 I i
200~ — ND2 20
- HYDRAULIC CAPACITY=1.4 mL/s .[ . ]
= ND3 : o H -
- LY D2 - NDI .
i.0
ny ' ] ] ND4 | ' X Lo
- —{-————---—-——l'
- SWELL ING POTENTIAL
z [
56C-107 7-2-8) ND4 S 10 15 20
TEST TIME (MINUTES)
DISPERSIVE GRADE VS FLOW RATE
5.0 —
— [o1 p2[ND4 ND3|ND2 NO |
— |DISPERS I VE[INTERMEDIATE[NOND I SPERS | VE |
40— HEAD=50mm H=180 mm H=380 mm
- NOTE: CRITERIA APPLY FOR 1.0-mm-DIAME TER
" PINHOLE AND NIPPLE WITH 1.5-mm-DIAMETER
[ HOLE.

- HYDRAULIC CAPACITY= | =
e 2.8 mL/s — — 30
- — ND3 -

— O
— ;1»» < ND4be -~ 3
- / = 3
20— + { ND2 — 20
- — i -
o /’ - 3
- HYDRAULIC CAPACITY=1.4 mL/s / -
= / :ND3| ! E ND!I ; ]
oF ol S - 1 N S o : 1.
- E } i ND4 ' ! . ’
L. 1 1
C | /" INCREASE HEAD-CONTINUE TEST | f—T——|——-+——1— —‘]
- ' ' i
V4 I S (S G G S SN S SWELL ING PCTENTIAL
» T REPUNCH HOLE ! ] | |
' I n i
s 0 £.] 20

56C-108 7-2-81 ND4

%* Specimen shou!d have classified DI
(Hyd. copacity ot T=5 min)

TEST TIME (MINUTES)
DISPERSIVE GRADE VS FLOW RATE
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FLOW RATE (mL/s)

FLOW RATE (mL/s)

5.0

— o4 p2|ND4 ND3!ND2 NDI|
- [D1SPERS I VE[INTERMEDIATE|NOND ISPERS I VE |
40— HEAD=50mm , H=180mm H=380mm
C NOTE: CRITERIA APPLY FOR 1.0-mm-DIAMETER
[ PINHOLE AND NIPPLE WITH 1.5-mm-DIAMETER
- HOLE.

- HYDRAULIC CAPACITY= [~ =
*or 2.8 mL/s — —]30
- —

- 4+ ND3 -
= ND4 — -
20— — ND2 —20
L - ! .

- HYDRAULIC CAPACITY=1.4 mL/s ' F ]

o IND3: 3
- DI 02 =  NOI J

1.0
- ' | ) N : ! 1.0
[ '
- | INCREASE HEAD-CONTINUE TEST | f—+4——|——F——— —Jl
- ! ' |
= ' — 4 —= SWELL ING POTENTIAL
g REPUNCH HOLE ' | | |
n ) n i
56C-112 7-15-81 D2 5 1o 13 20
TEST TIME (MINUTES)
DISPERSIVE GRADE VS FLOW RATE
50—
o
C oi D2|ND4 ND3|ND2 NDH|
= [D1SPERS I VE[INTERMEDIATE|NOND I SPERS | VE |
40— HE AD=50mm _ H=180mm ) H=380 mm
-~ - gl
— NOTE: CRITERIA APPLY FOR 1.0-mm-DIAMETER |
- PINHOLE AND NIPPLE WITH L.5-mm-DIAMETER
C  HOLE.

- HYDRAUL IC CAPACITY= | =
30— 2.8 mL /s - 3%
- : 3
- [ ND3 ]
I~ ND4 - =
20— : 1 ND2 —5 2.0
C L ! ' ]

e o 3
- HYDRAULIC CAPACITY=1.4 mL /s ! — -

r !ND3| ' o NDI q
~ DI p2 - ! ]
I.O__ 1.0
g N ot 4 A%

- [ e Gy i S —
- | INCREASE HEAD com’mut-l: TEST
C | H SWELL ING POTENTIAL
» REPUNCH HOLE | | 1 |
56C-117 7-2-81 NDI 5 15 20

TEST TIME (MINUTES)

DISPERSIVE GRADE VS FLOW RATE
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FLOW RATE (mL/s)

FLOW RATE (mL/s)

5.0

o1 D2|ND4

ND3|ND2

ND|

{DISPERS I VE|INTERMEDIATEINOND | SPERS I VE |

-
40— HEAD=50mm H=180mm H=380mm
= NOTE: CRITERIA APPLY FOR 1.0-mm-DIAMETER
- PINHOLE AND NIPPLE WITH L5-mm-DIAMETER
[ HOLE.
sofF- HYDRAULIC CAPACITY= = i
— 2.8 mL/s — =
i - ND3 -

— ND4 - -
20— C ND2 —20
- - -
= HYDRAULIC CAPACITY=1.4 mL/s ! - =
= ND3. ! ~ NO!I ! -

- DI D2 - H .
I.O_ ND4 4 1.0
o P 1 — : s P——F

L | INCREASE HEAD~CONTINUE TEST ! -4 ——|--t-q--
Loy : RS ST ————
- -et= T T - SWELL ING POTENTIAL
¥ REPUNCH_HOLE : IR
56C-117 7-2-81 NDI 5 10 s 20
TEST TIME {MINUTES)
DISPERSIVE GRADE VS FLOW RATE
5.0 —
- |os p2[ND4 ND3|ND2 NDI)
- [DISPERS I VE|INTERMEDIATE|NOND I SPERS 1 VE |
40— HEAD=50mm H=180 mm H=380 mm
~ NOTE: CRITERIA APPLY FOR 1.0-mm-DiAMETER
-  PINHOLE AND NIPPLE WITH |.5-mm-DIAMETER
[ HOLE.
sol HYDRAUL IC CAPACITY= [& .,
= 2.8 mL/s — [ he
- - ND3 -
oy ND4 — -
20 :»_— ) ND2 —20
- o ! I
= HYDRAULIC CAPACITY=1.4 mL/s - 3
l !N03| ' = 1 .
£ bz - ;NO! -
1.0 1.0
- o4, | T
- ' | — T ] T = ' |
- 1 _”INCREASE HEAD-CONTINUE TEST ! |t —F———-1——<— —JI
o 1
- \ t
= A4 __l.__l__l__ _____ 4 SWELL ING POTENTIAL
T REPUNCH HOLE ! L] |
56C-118 7-2-81 D2 s 10 15 20

TEST TIME (MINUTES)

DISPERSIVE GRADE VS FLOW RATE
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FLOW RATE (mL/s)

FLOW RATE (mL /s)

E 0y D2{ND4 ND3{ND2 NOI
- {DISPERS ! VE|INTERMEDIATEINOND | SPERS | VE |
40— HE AD= 50 mm H=i80mm H=380mm
E NOTE: CRITERIA APPLY FOR i.0-mm-DIAMETER
C PiINHOLE AND NIPPLE WiTK L.5-mm-DIAMETER
[  HOLE.

- HYDRAUL IC CAPACITY= [ =
30~ 2.8 mL/s i 030
- e 3
- ‘ | - ND3 e
- ND4 l - 3

- ; ; . 2.0
zo— | ] - ND2 1%
F HYDRAULIC CAPACITY=1.4 mL/s ‘ | 3
- iND3 ‘ " ' .

- DI b2 | NO! .
1.0 + 1 LO

- : : ND4 | ‘ \

- INCREASE HEAD-CONTINUE TEST | | —g/=—|——1— -T -

- X ' | i

;_+_ '_q___lu___l__l_ S N B SWELL ING POTENTIAL

E, & l b—REPUNCH _HOLE | _ _ 1 _ _|_ | | | | !

=y = he o l i
56C-121 7-14-81 ND3 3 1o 15 20
TEST TIME (MINUTES)
DISPERSIVE GRADE VS FLOW RATE

50

o Y D2{ND4 ND3{NDZ NDi

= 101SPERS I VEIINTERMEDIATE|NOND I SPERS | VE |
40F—- HE AD= 50 mm H=i80mm H=380 mm

e n ]

C NOTE' CRITERIA APPLY FOR 1.0-mm-DIAMETER

C  PINHOLE AND NI{PPLE WITH L5-mm-DIAMETER

- HOLE.

- HYDRAUL IC CAPACITY= [ ; =3
%o 2.8 mL/s - | 3%
= - ND3 -

- ND4 . —
20 L_— [ —: 2.0
C - : Noz -

- HYDRAULIC CAPACITY=14 mL/s ! - =
- :ND:’! 1 : - ! 3
o Di D2 — :NDI -

1.0 - 1.0

- ‘ : : : ND4 . N S )

L | INCREASE HEAD-CONTINUE TEST | > ——m—t =g -

- ! 1 - J— PR DENS W ‘

f A T _i_ i R s SWELL ING POTENTIAL

[, l | RlEPUN(lIH HPLE X ! | I l

56C-122 7-2-81 ND3 3 10 15 20

TEST TIME (MINUTES)
DISPERSIVE GRADE VS FLOW RATE
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FLOW RATE (mL/s)

FLOW RATE (mL/s)

5.0 — ¥
-
i o p2{ND4 ND3|ND2 NDi]
- (D{SPERS | VE|INTERMEDIATE|NOND | SPERS | VE |
40— HE AD =50 mm o H=180 mm | H=380 mm
= N =
- NOTE: CRITERIA APPLY FOR 1.0-mm-DiAMETER i
- PINHOLE AND NIPPLE WITH L.5-mm-DIAMETER ;
I~ HOLE !
- HYDRAULIC CAPACITY= = -
30— — s Y
- 2.8 mL/s - 33
- - ND3 -
- ND4 - -
C o ]
20 E— i ND2 —j 2.0
ol -
- HYDRAULIC CAPACITY=1.4 mL/s ! : =
- :ND3 ' : - | ]
- oI 02 = NO! 3
10 o i P
I- ) : : ND4 |, ' N
- ! §
- | INCREASE HEAD- CONTINUE TEST- F=t=—--1-1 —-—ll /f’"‘?““ &
- |
- ___l___l _____ 4 SWELL ING, POTENTIAL
E PUNGH HOLEi M—é——H—«( |
56C-124 7-2-81 NDI 18 20
TEST TIME (MINUTES)
DISPERSIVE GRADE VS FLOW RATE
5.0: |
- |o: D2|ND4 ND3|ND2 ND!] ;
- {DISPERS | VE[INTERMEDIATE|NOND I SPERS | VE | |
C a
40r E
O = ] ¥
- HEAD=50 mm _ _ H=180mm _H=380mm ;
- NOTE: CRITERIA APPLY FOR 1.O-mm-DIAMETER
- PINHOLE AND NIPPLE WITH L5-mm-DIAMETER ;
[T HOLE. i
~ HYDRAULIC CAPACITY= [~ =
3.0— 'y
- 2.8 mL/s - 3¢
- - ND3 3
- ND4 - -

C C :
20— ! ND2 —a.c
- - ! -

- HYDRAULIC CAPACITY=1.4 mL/s ! F ' ;1

o {ND3 . - ' '

- DI p2 =/ ¥ND ¢ »
1.0 i.0

- . ) ) ND4 | | | / !

[ ' 1 T | T &

-1 INCREASE HEADICONTiNUE TEST ¢ -t -Tif

- - )\ .

= A _'TF"-"_’I_J ':t“"‘::':“‘_":' SWELL ING POTENTIAL

REPUNCH HOLE i | | | |
56C~125 7-14-81 NG 5 e 15 20

TEST TIME {MINUTES)
DISPERSIVE GRADE VS FLOW RATE
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FLOW RATE (mL/s)

FLOW RATE (mL/s)

5.0

- DI D2|ND4 ND3|ND2 NDI|
- DISPERS | VE|INTERMEDIATE|NOND I SPERS I VE|
40— HEAD= 50 mm H=180mm H=380 mm
- NOTE: CRITERIA APPLY FOR I.0-mm-DIAMETER
[ PINHOLE AND NIPPLE WITH 1.5-mm-DIAMETER
[ HOLE.

- HYDRAUL IC CAPACITY= [ =
301 28 mL/s — 30
E - ND3 o
- ND4 — -
20f— C ND2 —20
[ o | I
E  HYDRAULIC CAPACITY=14 mL/s | o 3

IND3 | - ' 3
i D2 - :ND‘ 3
1.0 4 1.0
- . ! : ND4 |
L ' ]
L1 INCREASE HEAD-CONTINUE TEST ! -1
L ! ! | b
A SR SR SO I G G _____%/q SWELL ING POTENTIAL
-oee|-——F ==~ R
A 1 1 I
56C-126 7-14-81 NDI s 10 15 20
TEST TIME (MINUTES)
DiSPERSIVE GRADE VS FLOW RATE
5.0E-
- ] 02|ND4 ND3|ND2 NDI|
[~ [01SPERS I VE|INTERMEDIATE|NOND ISPERS I VE |
40— HEAD=50mm H=180mm H=380 mm
- NOTE: CRITERIA APPLY FOR 1.0-mm-DIAME TER
- PINHOLE AND NIPPLE WITH L5-mm-DIAMETER
[ HOLE.
- HYDRAULIC CAPACITY= | =
3.0t— — o
- 2.8 mL/s - 330
- - ND3 3
E ND4 — —
20 t—— = : NO2 —: 20
E  HYDRAULIC CAPACITY=1.4 mL/s | - 3
e (ND3: | ' 3
- DI D2 :ND' -
1.0
- | ' NDa | . ! 1.0
- ] ] ] | !
- 1 _~INCREASE HEAD-CONTINUE TEST F=t=—-—-t—-71- —i
- '
N ! |
1.4 SR W (S [N (S I DU MR SWELL ING POTENTIAL
/1 T Repunci_oie 1 L L
-] 10 15 20

56C-127 7-14-81 D2

TEST TIME (MINUTES)
DISPERSIVE GRADE VS FLOW RATE
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FLOW RATE (mL/s)

FLOW RATE {(mL/s)

5.0

~ fo1 p2|ND4 ND3|ND2 NDi|
E {DISPERS | VE|INTERMED{ATE|NOND I SPERS | VE |
40— HE AD = 50 mm H=180 mm H=380 mm
- NOTE: CRITERIA APPLY FOR 1.0-mm-DIAMETER
E  PINHOLE AND NIPPLE WITH |.5-mm-DIAMETER
[ HOLE.
sof- HYDRAUL1C CAPACITY= & a0
- 2.8 mL/s — ~ 7
- — ND3 3
— - -
20— = |no2 20
- o ]
- HYDRAULIC CAPACITY=1.4 mL/s - 3
- oI 02 - NOI 3
1.0 [K+J
— ' Il ]I ND4 ;. : \
- ¢ 1
- | INCREASE HEAD-CONTINVE TEST | | —ff————T—— —l|
- 1
= ! |
ettt — b —d || SWELL ING POTENTIAL
pugH HRLE | _ _[__| - L]
56C-128 7-13-81 ND4 O 0 13 20
TEST TIME (MINUTES)
DISPERSIVE GRADE VS FLOW RATE
5.OE-
- [o1 p2|ND4 ND3|ND2 NDIJ
E [01SPERS | VE[INTERMEDIATE[NOND I SPERS I VE |
40— HE AD= 50 mm H=180mm H=380 mm
~ NOTE: CRITERIA APPLY FOR 1.0-mm-DIAMETER
- PINHOLE AND NIPPLE WITH L5-mm-DIAMETER
= HOLE.
~ HYDRAUL IC CAPACITY= &
3.0— -
- 28 mL/s - 4°%°
- — ND3 3
- ND4 — ]

- b4 3
20— E 0 |no2 20
» C -

- HYDRAULIC CAPACITY=14 mL/s ! a -

» IND3' ! - ' ]

E DI D2 - NOI 3
o » ' ]
1.0 O

- ‘ i : ND4 0 T : !

- 1 INCREASE HEAD-CONTINUE TEST ! -4 ——|-=+-4- —i

[ ! ! |

A TSN ISUNO AN S R N M SWELL ING POTENTIAL

3 , Hoeo - - - - L1 1|

56C-129 7-14-81 ND4 5 10 18 20

TEST TIME (MINUTES)
DISPERSIVE GRADE VS FLOW RATE
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FLOW RATE (mL/s)

FLOW RATE {(mL/s)

5.0

—

C o1 p2|ND4 ND3|ND2 NDi|

- |DISPERS | VE|INTERMED IATE|NOND | SPERS | VE |
40— HEAD=50mm H=180mm H=380mm

- NOTE: CRITERIA APPLY FOR I.0-mm-DIAMETER

C PINHOLE AND NIPPLE WITH I.5-mm-DIAMETER

[~ HOLE.

al HYDRAULIC CAPACITY= & =
3o 2.8 mL/s — 430

- — ND3 7

o ND4 — -
20 L:— s : ND2 — 20

: I 1 —d

ol HYDRAULIC CAPACITY=1.4 mL/s " :f ' - -

= 1ND3 | ' - ; 3

- DI b2 / -~ NO! 3
1.0 1.0

~ . a | ND4 , ' \

_ ! INCREASE HEAD commue TEST | —t ===t

- |

L l\?,_& ‘_—_+— - SWELL ING POTENTIAL

REPUNCH HOLE-I L L] ]
56C-130 7-16-81 ND3 s 10 15 20
TEST TIME (MINUTES)
DISPERSIVE GRADE VS FLOW RATE

5.0E-

- o1 02|ND4 ND3|ND2 ND|

— [DiSPERSIVE|[INTERMEDIATE[NONDISPERSIVE ]|
40— HEAD=50mm . H=180mm | H=380 mm

- NOTE: CRITERIA APPLY FOR I.0-mm-DIAMETER

- PINHOLE AND NIPPLE WITH L5-mm-DIAMETER

[C  HOLE.

- HYDRAULIC CAPACITY= |- =
30~ 2.8 mL/s — 4%

- — ND3

E‘ ND4 — 3
2.05— - : ND2 . —iz.o

- HYDRAULIC CAPACITY=1.4 mL/s ! - 3

= :ND3| ' - H ]

- Di D2 :NDI ]
1.0 & p1.0

- I i ND4 | !

F ' | T | T ! |

- | INCREASE HEAD—CONTINUE TEST ! =

L == — o= = = SWELL ING POTENTIAL

REPUNCH _HOLE : L 11
56C-132 7-16-81 NDI s 10 15 20

TEST TIME (MINUTES)
DISPERSIVE GRADE VS FLOW RATE
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FLOW RATE (mL/s)

FLOW RATE (mL/s)

5.0

40

3.0

20

5.0

40

3.0

20

= oy p2|nD4 ND3|ND2 NDI|

- [01SPERS I VE[INTERMEDIATE|NOND I SPERS I VE |

— HE AD=50mm H=180mm H=380 mm

E NOTE: CRITERIA APPLY FOR 1.0-mm-DIAMETER

[ PINHOLE AND NIPPLE WITH L5-mm-DIAMETER

[T HOLE.

o HYDRAULIC CAPACITY= [= 30

- 2.8 mL/s — —

- e

- — ND3 -

- ND4 - -

- -1 [wo2 20

c - ]

r HYDRAULIC CAPACITY=1.4 mL/s - =

«ND3 : - .

= ' - NOI .

- DI D2 ) - : 3

o 1.0

- y | i ND4 | ; \

- ' | T | 1

-1 /INCREASE HEAD-CONTINUE TEST F=t————1T—1— |

- P ' )

A __l___l.__l_ A T SWELL ING POTENTIAL

s T REPUNCH HOLE ' b

1 1 JE—
56C-135 7-2-81 D2 5 10 15 20
Should have ciassified DI TEST TIME (MINUTES)
DISPERSIVE GRADE VS FLOW RATE

F

= oy p2|ND4 ND3|ND2 NDI

[~ [0iSPERS | VE[INTERMEDIATE|NOND I SPERS I VE |

— HEAD=50 mm H=I80mm H=380 mm

E NOTE: CRITERIA APPLY FOR I.0-mm-DIAMETER

L PINHOLE AND NIPPLE WITH |.5-mm-DIAMETER

[C  HOLE.

- HYDRAULIC CAPACITY= & 10

- 2.8 mL/s — [N he

- — ND3 -

- ND4 — -

. - \ ND2 ; 20

- o 3

- HYDRAULIC CAPACITY=1.4 mL/s . = | J

= (ND3 ! = o

- DI 02 | F ot »
1.0

- ' | i ND4 | ,

- ' | T 1 1 vy G

- | INCREASE HEAD-CONTINUE TEST ! - —t—-—t—-q-

L _p—— ="t SWELL ING POTENTIAL

» REPUNCH HOLE ! i | | l

56C-167 11-27-81 NDI s 1o s 20

96 Hr Loose Cure
1.5% Lime

TEST

TIME (MINUTES)

DISPERSIVE GRADE VS FLOW RATE
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FLOW RATE (mL/s)

FLOW RATE (mL/s)

5.0

=
= o1 D2|ND4 ND3|ND2 D1
E |01SPERS | VE[INTERMEDIATE[NONDISPERS I VE|
4.0 HEAD=50mm ol H=180mm H=380 mm
= NOTE: CRITERIA APPLY FOR I.0-mm-DIAME TER
C PINHOLE AND NIPPLE WITH L5-mm-DIAMETER
T HOLE.

C HYDRAUL IC CAPACITY= | =
301 2.8 mL/s |~ 30
- o - ND3 3
= ND4 — -
20— ( - ND2 20
= HYDRAULIC CAPACITY=1.4 mL/s | o 3
E 1ND3 ., ! - H .

- DI 02 | - NOI ]

r— -
1.0 4 1.0
- , .| ; ND4 |
- 1 | ]
[ | INCREASE HEAD-CONTINUE TEST !
C — - — ::i==:=— SWELL ING POTENTIAL
- REPUNCH HOLE | | |
56C-167 11-27-81 NOI 5 o 15 20
96 Hr Loose Cure TEST TIME (MINUTES)
2.0°% Lime DISPERSIVE GRADE VS FLOW RATE
5.0:—
- Ioi D2|ND4 nD3|ND2 NDI|
— |01SPERS I VE[INTERMEDIATE[NONDSPERS I VE |
40— HEAD=50mm H=180mm H=380 mm
- NOTE: CRITERIA APPLY FOR 1.0-mm-DIAMETER
- PINHOLE AND NIPPLE WITH L5-mm-DIAMETER
[ HOLE.

- HYDRAUL IC caPACITY= = =
30— 2.8 mL/s [~ 330
- y ND3 b
- ND4 [ -
20 E 2 . 20
g i - R
= S -
ot o ]

- HYDRAULIC CAPACITY=14 mL/s -

ol P ' -

= !ND3 l 1 - | n

- Y 02 - Nt 3
1.0 + 1.0

- ) | | ND4 '

- ' I~ T | ! '

= | INCREASE HEAD-CONTINUE TEST | | —F——|-—1——- ‘

- ' I

C Y __l__l__l_ ] —]— SWELL ING POTENTIAL

o711 Repumen woie | : RN

" 56C-167 (1-27-81 D2 s 10 15 20

96 Hr Loose Cure
0.5% Lime

TEST TIME (MINUTES)
DISPERSIVE GRADE VS FLOW RATE
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FLOW RATE (mL/s)

lo1 p2|ND4 ND3|ND2 NDI|
{DISPERS | VE|INTERMEDIATE|NOND I SPERS I VE|

5.0

4.0

3.0

20

FLOW RATE (miL/s)

-
.
e
[— HEAD=50mm H=180mm H=380 mm
E NOTE: CRITERIA APPLY FOR 1.0-mm-DIAMETER
[ PINHOLE AND NIPPLE WITH |.5-mm-DIAMETER
- HOLE.
- HYDRAULIT CAPACITY= |- =
n 2.8 mL/s — =
- - ND3 3
- ND4 -
- - ND2 -
s g i
o HYDRAULIC CAPACITY=1.4 mL/s ! - -
= !ND3| - \ ]
- ot D2 l :NDI 3
- ' ; : ND4 , !
[ ' [ T
= INCREASE HEAD-CONTINUE TEST ! |~ —fb= - -
n ! ! |
o PR PR, NN SWELL ING POTENTIAL

- REPUNCH HOLE | | | |

A 1 — 1
56C-167 11-27-81 NDI s 10 18
96 Hr Loose Cure TEST TIME {MINUTES)

o 1

1.0% Lime DISPERSIVE GRADE VS FLOW RATE
[
- o1 p2|ND4 NO3|ND2 o1
g {DISPERS I VE[INTERMEDIATE|NOND I SPERS | VE |
— HEAD=50mm H=180 mm H=380 mm
- NOTE: CRITERIA APPLY FOR I.0-mm-DIAME TER
E PINHOLE AND NiPPLE WITH 1.5-mm-DIAMETER
T HOLE.
il HYDRAULIC CAPACITY= [
- 28 mL/s [
- — 3 =
— — ND —
-y ND4 -
- . ND2 —]
— ) —
- HYDRAULIC CAPACITY=1.4 mL /s . - -
= (ND3. = ' ]
n 0!I D2 . /NOI .
- . ! i ND4 : !
- ' ! ]
~ 1 INCREASE HEAD-CONTINUE TEST ' |p—4——[--1—-+4—-
- ! ' 1
S ngrt: (SRS NS DR HN N SWELL ING POTENTIAL
o REPUNCH HOLE i | [

1 i i Il
56C-167 1-27-81 D2 S 10 15
96 Hr Loose Cure TEST TIME (MINUTES)

OISPERSIVE GRADE VS FLOW RATE
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FLOW RATE (mL/s)

FLOW RATE (mL/s)

5.0

40

3.0

20

5.0

40

30

20

- ot p2|ND4 ND3|ND2 NDI)
- |DISPERS I VE[INTERMED IATEINOND I SPERS I VE |
HEAD=50mm H=180mm 1 H=380mm
P
= NOTE: CRITERIA APPLY FOR 1.0-mm-DIAMETER
- PINHOLE AND NIPPLE WITH L5-mm-DIAMETER
" HOLE.
- HYDRAULIC CAPACITY= = a0
- 28 mL/s — — 7
- — ND3 3
- ND4 - -
— R | 1.0 20
= HYDRAULIC CAPACITY=1.4 mL/s o
= ND3, ! - '
- by 02 - NO!
1.0
— : ) ND4 | ' .
- . 1 1 | 1
| INCREASE HEAD-CONTINUE TEST ! F——e—g—=—a=
£ —p— PP o = = = SWELL ING POTENTIAL
L REPUNCH HOLE i | | | l
1 i n i
56C-167 11-25-81 NDI 5 10 15 20
48 Hr Loose Cure TEST TIME (MINUTES)
2.0% Lime DISPERSIVE GRADE VS FLOW RATE
~ o) p2|nND4 ND3|ND2 ND!|
- {DISPERS I VE|[INTERMEDIATE|NOND | SPERS I VE |
-
— HEAD=50mm H=180mm H=380 mm
E NOTE: CRITERIA APPLY FOR 1.0-mm-DIAMETER
I PINHOLE AND NIPPLE WITH 1.5-mm-DIAMETER
= HOLE.
= HYDRAUL IC CAPACITY= [= =
- 28 mL/s - 3
- — ND3 -
- ND4 — -
:— : ! ND2 -5 2.0
= HYDRAULIC CAPACITY=14 mL/s ' o ]
o IND3y NDI | .
= DI D2 )
(X4}
r ' ! ! ND4 ' ! N
- ' T |
o ! INCREASE HEAD-CONTINUE TEST ! F—= =k
) 1
I S S, S ST N PP PP PP SWELL ING POTENTIAL
[, REPUNCH HOLE ! | | | |
56C-167 [1-25-81 NDI 5 10 15 20

48 Hr Loose Cure
1.5% Lime

TEST TIME (MINUTES)
DISPERSIVE GRADE VS FLOW RATE

50



FLOW RATE (mL/s)

FLOW RATE {(mL/s)

5.0E
- o1 p2|ND4 ND3|ND2 ND!|
- jOISPERS | VE[INTERMEDIATE[NOND | SPERS | VE |
40— HEAD=50mm H=180mm H=380mm
= NOTE: CRITERIA APPLY FOR 1.0-mm-DIAMETER
—  PINHOLE AND NIPPLE WITH L5-mm-DIAMETER
T HOLE.
~ HYDRAULIC CAPACITY= = =
3o 2.8 mL /s - 33°
- — ND3 3
- ND4 — -
20— s : ND2 —20
- HYDRAULIC CAPACITY=1.4 mL/s ! - 3
= :ND3| ! - NO! 1 ]
o ol D2 l g ! 3
1.0 1.0
~ ' |' : ND4 | ' y
— ' t
— | INCREASE HEADCONTINVETEST ! _ /= T——|-~T1— 1~ —*l
L H |
= A= jj__l-________. SWELL ING POTENTIAL
REPUNCH HOLE . L
A 1 n L
56C-167 11-25-81 ND3 s 10 15 20
48 Hr Loose Cure TEST TIME (MINUTES)
1.0% Lime DISPERSIVE GRADE VS FLOW RATE
5.0E
C ol p2|ND4 ND3|ND2 NDI|
E [01SPERS I VE[INTERMEDIATE|NOND I SPERS I VE |
40— HEAD=50mm H=180mm H=380 mm
- NOTE: CRITERIA APPLY FOR 1.0-mm-DIAMETER
- PINHOLE AND NIPPLE WITH I.5-mm-DIAMETER
C  HOLE.

- HYDRAUL IC CAPACITY= [& =
3o 2.8 mL/s — 03
= ' - ND3 =
- ND4 - -
20f— - ND2 —20
- = .
= HYDRAULIC CAPACITY=1.4 mL/s ! o =
= (ND3 ! - NDI 1 .

' DI 02 - ! .
1.0 ¥ 1.0

- . | | ND4 | |
: t l T T ] 4 ! [}
- | INCREASE HEAD-CONTINUE TEST =t ——==t—a--
= : ' |
C o | - SWELL ING POTENTIAL
o REPUNCH HOLE—I . Lol
A 1 n 1
56C-167 11-24-81 D2 5 10 15 20

48 Hr Loose Cure

0.5% Lime

TEST TIME (MINUTES)
DISPERSIVE GRADE VS FLOW RATE
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FLOW RATE (mL/s)

FLOW RATE (mL/s)

5.0

E o1 p2|ND4 ND3|ND2 NOl|
- |DISPERS I VE[INTERMEDIATE|NOND | SPERS | VE |
40— HEAD=50mm H=180 mm H=380 mm
= ———— ]
E NOTE: CRITERIA APPLY FOR 1.0-mm-DIAMETER
C  PINHOLE AND NIPPLE WITH 15-mm-DIAMETER
- HOLE.
alt HYDRAULIC CAPACITY= - ]
301 28 mL/s [ 30
- ' = ND3 B
g ,No:d —
20{— - ND2 — 20
L — t H 3
o HYDRAULIC CAPACITY=1.4 mL/s ' - »
= ‘ND3 ) : [~ 1 .
- DI D2 -  NDI J
1.0 1.0
- ! ! ! ND4 | = I ,
= | INCREASE HEAD-CONTINUE TEST | F—t————t—-+- —Jl
'
| Y !
iy — = T N SWELL ING POTENTIAL
. REPUNCH HOLE_I . | | |
4 i n 1
56C-167 11-24-81 ND4 O 10 13 20
48 Hr Loose Cure TEST TIME (MINUTES)
DISPERSIVE GRADE VS FLOW RATE
5.0E
= los p2|ND4 ND3|ND2 NDI|
- [DISPERS | VE[INTERMEDIATE|NOND | SPERS | VE |
40— HEAD=50mm H=180mm H=380 mm
= NOTE: CRITERIA APPLY FOR I.0-mm-DIAMETER
[ PINHOLE AND NIPPLE WITH 1.5-mm-DIAMETER
~ HOLE.
- HYDRAUL IC CAPACITY= = =
301 2.8 mL/s - 30
- — ND3 ]
= ND4 — -
- - 1
- o ]
20— E ND2 —20
— — 1] —
- HYDRAULIC CAPACITY=1.4 mL/s c | [ —
- DI D2
1.0
- ' | | ND4 |
- ' | T ] T
- | INCREASE HEAD-CONTINUE TEST ! HAt——-—-1t—-1-— 4|
s SRR (R (D RN A S e SWELL ING POTENTIAL
T REPUNCH HOLE ' | | |
4 i n |
56C-167 |1-24-81 NDI 3 o 13 20

24 Hr Loose Cure

20°% Lime

TEST

TIME (MINUTES)

DISPERSIVE GRADE VS FLOW RATE
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FLOW RATE (mL/s)

FLOW RATE (mL/s)

5.0

i lo1 p2|NDa ND3|ND2 NDI|

E |01SPERS | VE|INTERMEDIATE|NOND | SPERS I VE |
40— HEAD=50mm H=180mm H=380 mm

- NOTE: CRITERIA APPLY FOR 1.O-mm-DIAME TER

- - PINHOLE AND NIPPLE WITH L5-mm-DIAMETER

—  HOLE.

= HYDRAULIC CAPACITY= [~ 0
3o 2.8 mL/s [ 3>

- — ND3 3

- ND4 - -
20— . : ND2 —20

b = ) —

- HYDRAULIC CAPACITY=1L4 mL/s | E | 3

— (ND3 . - 1 -

C DI D2 l - ' p @_‘
1.0 1.0

- Lo i NDa, | ! :

- t 1 )

- | INCREASE HEAD-CONTINUE TEST ! A==

L sl = | e =l = o = = SWELL ING POTENTIAL

» REPUNCH HOLE ! | ! { ]

L 1 i

56C-167 11-24-81 ND2 O 10 19 20

24 Hr Loose Cure TEST TIME (MINUTES)

1.5% Lime DISPERSIVE GRADE VS FLOW RATE
5.0€

- o1 02|ND4 ND3[ND2 Dt

- {DISPERS | VE|INTERMEDIATE[NOND I SPERS | VE |
40— HEAD=50mm H=180mm H=380 mm

~ NOTE: CRITERIA APPLY FOR 1.0-mm-DIAMETER

L PINHOLE AND NIPPLE WITH |.5-mm-DIAMETER

[T HOLE.

all HYDRAUL IC CAPACITY= [ =
301~ 2.8 mL/s — 430

- —

- - ND3 3

= ND4 — -

- - 7
20t— | -— 20
= = ND2 3
= HYDRAULIC CAPACITY=14 mL/s - 3
= =N03| : - H =
- DI 02 - NO! 3
1.0 1.0

- . : 1 ND4
L i ' T ]
~ 1 INCREASE HEAD—CONTINUE TEST - ——d
L — -~ me o — SWELL ING POTENTIAL
" REPUNCH HOLET ‘ L] |
1 1 i 1
S 10 1] 20

56C-167 11-24-8I
24 Hr Loose Cure

1.0% Lime

ND3

TEST

TIME (MINUTES)

DISPERSIVE GRADE VS FLOW RATE
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FLOW RATE (mL/s)

FLOW RATE (mL/s)

5.0E
- o1 p2|ND4 ND3|ND2 N
- {DISPERS I VE|INTERMEDIATE|NOND ISPERS I VE
40— HEAD=50mm H=180 mm H=380mm
E NOTE: CRITERIA APPLY FOR 1.0-mm-DIAMETER
L PINHOLE AND NiPPLE WITH L.5-mm-DIAMETER
O HOLE.

- HYDRAULIC CAPACITY= [~ =
30 2.8 mL/s - 30
- — ND3 -
-~ ND4 — -
20 E— [~ : ND2 —E 2.0
= HYDRAULIC CAPACITY=1.4 mL/s ! . -

T (ND3 : - H 7]
- DI D2 s (NO! 3
1.0 1.0
- ! | NDa, | | |
- i ' [ T T ) T I __j
©  INCREASE HEAD—CONTINUE TEST ! F—t-——=-1—-7- |
- ! I
e e— L 1 g 4 SWELL ING POTENTIAL
T RIEPUNCI:H HpLE : | | |
56C-167 |1-24-81 p2 S 1o 15 20
24 Hr Loose Cure TEST TIME (MINUTES)
0.5% Lime DISPERSIVE GRADE VS FLOW RATE
5.0
=
= o p2|ND4 ND3|ND2 NDI
- [0/SPERSIVE[INTERMEDIATE|NONDISPERS | VE
»
40— HEAD=50mm H=180mm H=380mm
= NOTE: CRITERIA APPLY FOR 1.0-mm-DIAMETER
[ PINHOLE AND NIPPLE WITH |.5-mm-DIAMETER
[ HOLE.
= HYDRAUL IC CAPACITY= [~ =
30— 2.8 mL/s - 30
- — ND3 3
— ND4 — -
20— - 20
- R s B
= HYDRAULIC CAPACITY=1.4 mL/s . o 3
= :ND3| : - H 3
C ol bz - {NO! 3
1.0 [X+)
: v : : |
- . 1 ]
-1 INCREASE HEADZTONTINUE TEST | F—t——f==t——- —"
- ! ' i
SR nge S (S S S H R SWELL ING POTENTIAL
[ REPUNCH HOLE ! | [ J l
56C-167 11-24-8 D2 5 10 s 20
24 Hr Loose Cure TEST TIME (MINUTES)

DISPERSIVE GRADE VS FLOW RATE
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FLOW RATE (mL/s)

FLOW RATE (mL/s)

5.0

_E o1 p2|ND4 ND3|ND2 NDIJ
- [0rSPERSIVE[INTERMEDIATE|NOND I SPERS I VE |
40— HE AD=50mm H=180 mm H=380mm
E NOTE: CRITERIA APPLY FOR 1.0-mm-DIAMETER
—  PINHOLE AND NIPPLE WITH |.5-mm-DIAMETER
[C  HOLE.

- HYDRAULIC CAPACITY= = =
3o 2.8 mL/s — 33
- — ND3 3
o ND4 — -
20— o 20

= = ND2

— - -
- HYDRAULIC CAPACITY=1.4 mL/s — | f -
- !ND3| ! - NO! i .
C DI D2 - ! o

1.0 1.0
= . : : ND4 | J i
- \ ' 1
- | INCREASE HEAD—CONTINUE TEST = S
= ! |
= ; S (S RV N S P SWELL ING POTENTIAL
3 —o1--F- L 1|

1 L n 1 I
60H-11 ND2 s 10 15 20
TEST TIME (MINUTES)
DISPERSIVE GRADE VS FLOW RATE

5.0E
- o1 D2|ND4 ND3|ND2 DY
E [DISPERS { VE[INTEPMEDIATE|NOND! SPERSt VE |

40— HEAD=50mm H=180mm H=380mm
[ NOTE: CRITERIA APPLY FOR |.O-mm-OIAME TER
—  PINHOLE AND NIPPLE WITH L5-mm-DIAMETER
" HOLE.

o HYDRAULIC CAPACITY= =
- 2.8 mL/s — 1
- — ND3 a
o ND4 — -

20{— 7& ! ND2 20
- HYDRAULIC CAPACITY=1.4 mL/s / F J
- {ND3 ' » : -

- DI Y ” ~ NDI ]

1.0 o ; »

- : ! \ ND4 | ! 1.0
- . ' | 1

o INCREASE HEAD —CONTINUE TEST —— - —"

E —_ _=L- po ot SWELL ING POTENTIAL

s T REPUNCH HOLE l | |

60H-12 ND3 15 20

TEST TIME (MINUTES)
OISPERSIVE GRADE VS FLOW RATE
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FLOW RATE (mL/s)

FLOW RATE (mL/s)

5.0

4.0

3.0

20

5.0

4.0

30

20

E o1 p2|ND4 ND3|ND2 NDI|
. {DISPERS I VE[INTERMEDIATE|NOND I SPERS I VE |
— HE AD=50mm H=180mm H=380mm
~ NOTE: CRITERIA APPLY FOR 1.0-mm-DIAMETER
- PINHOLE AND NIPPLE WITH |.5-mm-DIAMETER
[ HOLE.
ol HYDRAUL IC CAPACITY= [~ =
n 2.8mL/s - i g
- - ND3 3
- ND4 — =
= - 2 = 20
. 1 ND —g e
- - ﬁ - —p
ol HYDRAUL IC CAPACITY=l4 mL/s . -
| [ ' .
- DI D2 L/ /NDI 3
1.0
- | || 1[ ND4 | ' |
- ' 1
- INCREASE HEAD—CONTINUE TEST ! F——— -ll
' ]
. A————ep et m e =t = SWELL ING POTENTIAL
» REPUNCH HOLE | | {
. 1 A
60H-13 NDI s 15 20
TEST TIME (MINUTES)
DISPERSIVE GRADE VS FLOW RATE
C loi D2|ND4 ND3{ND2 NDI|
E IDISPERS I VE|INTERMEDIATE|NOND 1 SPERS I VE |
— HEAD=50mm H=180mm H=380mm
E NOTE: CRITERIA APPLY FOR I.O-mm-DIAME TER
- PINHOLE AND NIPPLE WITH IL.5-mm-DIAMETER
[ HOLE.
~ HYDRAUL IC CAPACITY= |~ i N
- 2.8 mL/s - P
— = ND3 3
- ND4 - .
C E ND2 20
- - 3
- HYDRAUL IC CAPACITY=1.4 mL/s - -
[ 1 | -
- ||ND3 | . - | n
- 0!I 02 S \NDI .
- 1.0
~ | : : ND4 , I ' X
- ! ]
E g HNETESTw b —+ — |-t —4— -
- | ' I
L __h__lt__l__lﬁ _— = SWELL ING POTENTIAL
[/ T REPUNCH HOLE | | | I
iy 1 ) A
60H~15 NDI 5 10 15 20

TEST TIME (MINUTES)
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FLOW RATE (mL/s)

FLOW RATE (mL/s)

5.0

F
- o1 p2|ND4 nD3|ND2 NDi|
E |01SPERS 1 VE[INTERMEDIATEINOND 1 SPERS | VE |
-
40— HE AD= 50 mm H=180mm H=380mm
- NOTE: CRITERIA APPLY FOR 1.0-mm-DIAMETER
C  PINHOLE AND NIPPLE WITH 1.5-mm-DIAMETER
—  HOLE.

- HYDRAULIC CAPACITY= | = PR
3.0_ 2.8 mL/s — : 3
~ - ND3 n
— ND4 — -
20 ND2 S EL
C L
F HYDRAULIC CAPACITY=1.4 mL/s | — —
= 'ND3 ! NO! H ]

- Di D2 ! n
1.0 1.0
- h : : ND4 | ' N
— ' J
C © INCREASE HEAD-CONTINUE TEST ! —
C . l I SWELL ING POTENTIAL
C | REPUNCH HOLE R
60H-16 NDI s 15 20
TEST TIME (MINUTES)
DISPERSIVE GRADE VS FLOW RATE
5.0E
= o1 02|ND4 ND3|ND2 NDI|
- |01SPERS I VE[INTERMEDIATE[NOND ISPERS I VE |
40— HE AD= 50 mm H=180mm H=380 mm
- NOTE: CRITERIA APPLY FOR 1.0-mm-DIAMETER
T PINHOLE AND NIPPLE WITH L5-mm-DIAMETER
[ HOLE.
= HYDRAULIC CAPACITY= | =
30— 2.8 mL/s - 30
- - ND3 b
i ND4 — -
20— / - ND2 —20
— o | -
- - 3
- HYDRAULIC CAPACITY=1.4 mL /s ! -
= :ND3| : - D 1 ]
- 0!I 02 - NOt .
1LO [X+)
- Lo ‘ ND4 | : 4 :
- [ T Ll T
E | INCREASE HEAD-CONTINUE TEST | |—fA<—|——1—— —Jl
[ ] |
E_ | 4 _i_ S A SR N SWELL ING POTENTIAL
- RNy 7+ T - P FEpSN AN i | l
. h 1 i
60H-17 ND3 S 1o 5 20

TEST TIME (MINUTES)
DISPERSIVE GRADE VS FLOW RATE
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FLOW RATE (mL/s)

FLOW RATE (mL/s)

8.0

40

3.0

20

5.0

40

3.0

20

F

- loi D2{ND4 ND3|ND2 NO!I/

- [DISPERS I VE|INTERMEDIATE|NOND I SPERS | VE |

[— HEAD=50mm H=180mm H=380 mm

~ NOTE: CRITERIA APPLY FOR 1.0-mm-DIAMETER

[ PINHOLE AND N{PPLE WITH 1.5-mm-DIAMETER

[ HOLE.

- HYDRAUL IC CAPACITY= = s P

f— 2.8 mL/s — : ’

= - ND3 3

- ND4 — -

—_ o 1 ND2 —] 2.0

o - N

3 HYDRAUL IC CAPACITY=1.4 mL/s - ]

= IND3 s ! NDI H -

o ol D2 I E ' =
1.0

= b i ND4 | .

- 1 | ] } ! 4

[ | INCREASE HEAD—CONTINUE TEST ! FAt——|--1t—-1— '

~ ' ;

C . I %___.l_ oy o e = SWELL ING POTENTIAL

’ i REPUNCH HOLE ! I |

60H -18 ND3 5 0 15 20

TEST TIME (MINUTES)
DISPERSIVE GRADE VS FLOW RATE

_E o1 D2|ND4 ND3|ND2 NDIJ

- |DISPERS I VE|INTERMEDIATE[NONDISPERS I VE|

— HEAD=50mm » H=180mm H=380mm

E NOTE: CRITERIA APPLY FOR 1.0-mm-DIAMETER

L PINHOLE AND NIPPLE WITH L5-mm-DIAMETER

[ HOLE.

ol HYDRAUL IC CAPACITY= = 0

= 28mL/s - 3~

= ' = ND3 =

o ND4 - -

- a .

— ' ND2 —{2.0

- L ! 3

= HYDRAULIC CAPACITY=L4 mL/s . o 3

- !ND3| - ! .

r DI ' D2 = :NDI l .

- X ! | ND4 | ! X 10

- . ' 1 )

L | INCREASE HEAD-CONTINUE TEST ! ——t -~

_ : I o
S SR (N WS U N SWELL ING POTENTIAL
T REPORCH WOLE | L
60H-20 ND2 5 s 20

TEST TIME (MINUTES)

DISPERSIVE GRADE VS FLOW RATE
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FLOW RATE (mL/s)

FLOW RATE (mL/s)

5.0

4.0

3.0

20

5.0

40

30

20

E b1 p2|ND4 ND3|ND2 NDI|
= [D1SPERS I VE[INTERMEDIATEINOND I SPERS I VE |
— HE AD= 50 mm H=180mm H=380 mm
- NOTE: CRITERIA APPLY FOR 1.0-mm-DIAMETER
[~ PINHOLE AND NIPPLE WITH 1.5-mm-DIAMETER
[ HOLE.
- HYDRAULIC CAPACITY= |- =
E— 2.8 mL/s — = 30
- T -
- » -y ND3 -
- ND4 — -
— = ND2 20
- ;: h ]
E  HYDRAULIC CAPACITY=1.4 mL/s - -
= +ND3, ! - 1 ]
r D'ASL/ 02 n N0t .
1.0
- N i ND4 | '
. ' | T 0 T ! !
- /1 INCREASE HEAD-CONTINUE TEST ! }———4- ——|——t = —Jl
- ' ' |
e ___l__l__J,_ S I SWELL ING POTENTIAL
T REPUNCH HOLE ' | | | |
1 i n 1
60H-20 D2 s 1o 1S 20
TEST TIME (MINUTES)
DISPERSIVE GRADE VS FLOW RATE
- |os p2|{ND4 ND3|ND2 NDIJ
’E‘ |D1SPERS I VE[INTERMEDIATE|NOND I SPERS | VE |
—
L— 3 ~_ HEAD=50mm H=180mm H=380 mm
E NOTE: CRITERIA APPLY FOR 1.O-mm-DIAME TER
- PINHOLE AND NIPPLE WITH |.5-mm-DIAMETER
™ HOLE.
- HYDRAULIC CAPACITY= | i P
- 2.8 mL/s — — 7
- - ND3 -
- ND4 — -
- — : ND2 | —20
- = 1 —
F HYDRAULIC CAPACITY=1.4 mL /s = -
= IND3: | - ! e
- D! D2 NOt 3
¥ 1.0
- , ! ! ND4 | !
- 1 L]
! INCREASE HEAD-CONTINUE TEST | |3 ——|——1—- —-Jl
» ! ! y
- —t— = e = - SWELL ING POTENTIAL
[ REPUNCH HOLE [ l | | |
i I N 1
60H-22 NDI s 10 15 20

TEST TIME (MINUTES)
DISPERSIVE GRADE VS FLOW RATE
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FLOW RATE (mL/s)

FLOW RATE (mL/s)

5.0

= o1 p2|ND4 ND3|ND2 Dt
E {DISPERS | VE|INTERMEDIATE[NOND I SPERS I VE |
40— HEAD=50mm H=180mm H=380mm
- NOTE: CRITERIA APPLY FOR 1.O-mm-DIAMETER
L PINHOLE AND NIPPLE WITH L5-mm-DIAMETER
[ HOLE.
= HYDRAUL IC CAPACITY= |- =
3o 2.8 mL/s - 30
- - ND3 7
- ND4 — -
20p— s : ND2 20
- = 1 =
~  HYDRAULIC CAPACITY=1.4 mL/s - 3
= :ND3| : - ND 1 ]
- oI D2 - Ot I 3
1.0 1.0
- i : | ND4 ' J‘%}
- ' | |
E INCREASE HEAD-CONTINUE TEST ! - -————5%;— =
3 \ ; : !’ — |
'SR N T N R g _;_':__+___: _ SWELL ING POTENTIAL
3 FRONGH  AOLE | : L
60H-23 NDI s 1o 15 20
TEST TIME (MINUTES)
DISPERSIVE GRADE VS FLOW RATE
5.0E
- DI p2|ND4 ND3|ND2 NDI|
— DISPERS | VE[INTERMEDIATE|NOND | SPERS | VE |
40— HEAD=50 mm H=180mm H=380 mm
- NOTE: CRITERIA APPLY FOR 1.0-mm-DIAMETER
~  PINHOLE AND NIPPLE WITH I.5-mm-DIAMETER
C HOLE.

- HYDRAUL IC CAPACITY= | =
301 2.8 mL/s — 33
C — NO3 -

- ND4 — -
20— = ND2 — 20
o o b3
- HYDRAULIC CAPACITY=14 mL/s . - =
o :ND3| ' - 1 n
- [o]] D2 - )_1&&_————:»

1.0
~ h : 1 ND4 | : / -0
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APPENDIX D

PRECISION, ACCURACY, AND REPRODUCIBILITY
LIMITS OF PINHOLE TEST EQUIPMENT

The precision, accuracy, and reproducibility of flow rate measurements are discussed in this appendix,
and are defined:

Precision—The degree of mutual agreement among individual measurements.

Accuracy—The degree of agreement of individual or average measurements with an accepted reference
value,

Reproducibility—The degree of mutual agreement among repeated data sets of individual measurements.

Table D-1 summarizes the results of flow rate data collected from tests conducted in accordance with the
flow rate test procedures previously discussed in the main body of this report. The precision of flow rate
measurements increases with the increasing collection intervals until a point where operator reaction time
no longer significantly influences the final flow rate determination. The data in table D-1 show no signi-
ficant trend for assessing precision among the 15-, 20-, 30-, or 60-second effluent collection intervals.
The precision of flow rate measurements using a 15-second collection period is summarized in table D-2.
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Table D-1.—Flow rate data summary using a 1.5-mm nipple

Water volume collected, mL

Test d HL , Time, Q(Avg.), No. of
No. mhi mm s Avg. Min, Max. s.D.! Var? mL/s readings
1 1.0 50 60 18 15 22 25 5.8 0.30 10
2 156 50 30 25 24 26 0.74 0.49 0.84 10
3 1.5 50 20 20 20 21 0.73 0.48 1.0 10
4 2.0 50 30 37 35 38 0.95 1.2 1.2 10
5* 2.0 50 30 14 13 15 0.72 0.45 0.45 10
6 25 50 15 20 19 20 0.32 0.09 1.3 10
7 25 50 15 16 15 17 0.79 0.56 1.1 10
8 3.0 50 15 20 19 20 0.53 0.25 1.3 6
9 3.0 50 15 17 15 18 0.94 0.80 1.1 10
10 35 50 15 20 19 20 042 0.16 13 10
11 35 50 15 20 18 21 0.92 0.76 1.3 10
1 1.0 180 30 20 21 23 6.4 3.6 0.67 10
2 15 180 30 56 55 59 1.4 1.8 1.9 10
3 15 180 30 58 57 60 0.95 0.81 1.9 10
4 2.0 180 30 76 73 79 20 3.7 2.5 10
5* 20 180 20 20 19 21 0.81 0.59 1.0 10
6 25 180 15 42 40 43 1.2 14 2.8 10
7 25 180 15 34 32 36 1.5 2.0 2.3 10
8 3.0 180 15 40 40 43 082 0.61 2.7 6
9 3.0 180 15 37 33 39 1.9 3.21 25 10
10 35 180 15 37 35 38 0.97 0.84 24 10
11 35 180 15 29 28 30 1.2 1.2 1.9 10
1 1.0 380 30 35 32 36 1.2 1.2 1.2 10
2 15 380 30 87 84 89 1.6 24 2.9 10
3 15 380 15 47 43 51 29 7.6 3.1 10
4 2.0 380 30 114 112 116 14 1.8 38 10
5* 2.0 380 30 47 45 50 1.5 2.0 1.6 10
6 25 380 15 63 60 67 2.3 4.7 4.2 10
7 25 380 15 51 48 54 1.7 26 34 10
8 3.0 380 15 61 60 64 1.8 28 4.0 6
9 3.0 380 15 59 58 64 2.0 36 4.0 10
10 35 380 15 53 48 56 26 6.0 35 10
1 35 380 15 47 44 50 2.2 4.2 3.1 10

! gtandard deviation.
2 variance.

* Data on test No. 5 were unreliable by inspection.
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Table D-2.—Precision and reproducibility at 15-second collection interval

Test H L Q, No. of Hydrautic Range
No. mr mL/s readings capacity, selected,’
mL/s mL/s
6 50 1.3 10
7 50 1.1 10
8 50 1.3 6
9 50 1.1 10
10 50 1.3 10
1 50 13 10
All data. 50 1.2 56 1.2 +0.2
6 180 2.8 10
7 180 2.3 10
8 180 2.7 6
9 180 25 10
10 180 2.4 10
1 180 1.9 10
All data. 180 2.4 b6 24 0.3
6 380 4.2 10
7 380 34 10
8 380 4.0 6
9 380 4.0 10
10 380 3.5 10
1 380 31 10
All data. 380 3.7 56 3.7 +0.5

! This range is reflected on figures 14 and 15 in main body of this report.
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Mission of the Bureau of Reclamation

The Bureau of Reclamation of the U.S. Department of the Interior is
responsible for the development and conservation of the Nation's
water resources in the Western United States.

The Bureau’s original purpose “to provide for the reclamation of arid
and semiarid lands in the West” today covers a wide range of interre-
lated functions. These include providing municipal and industrial water
supplies; hydroelectric power generation, irrigation water for agricul-
ture; water quality improvement: flood control; river navigation; river
regulation and control; fish and wildlife enhancement; outdoor recrea-
tion; and research on water-related design, construction, materials,
atmospheric management, and wind and solar power,

Bureau programs most frequently are the result of close cooperation
with the U.S. Congress, other Federal agencies, States, local govern-
ments, academic institutions, water-user organizations, and other
concerned groups.

A free pamphlet is available from the Bureau entitled “"Publications
for Sale.” It describes some of the technical publications currently
available, their cost, and how to order them. The pamphlet can be
obtained upon request from the Bureau of Reclamation, Attn D-922,
P O Box 25007, Denver Federal Center, Denver CO 80225-0007.




