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FOREWORD

. This report was prepared by the School of Engineering, Purdue
University, Lafayette, Indiana, under contract AF 29(601)-5204. The
research was performed under Program Element 7.60.06.01.D, Project
N 5710, Subtask 13.144, and was funded by the Defense Atomic Support
Agency (DASA).

Inclusive dates of research were 1 April 1962 to 1 April 1965.
The report was submitted 24 November 1965 by the Air Force Weapons
Laboratory project officer 1Lt John E. Seknicka (WLDC).
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ABSTRACT

A report is made of research carried out at Purdue University to determine, on
the basis of laboratory measuremeats, the ccefficient of friction between two
sands of different gradation (one with angular and the other with rcunded
particles) In contact with Portland :ement mortar, steel, teflon, and graphite.
In the static tests, loads were applie: at a uniform rate until slip vccurred
in approximately 5 minutes. Dynamic loo:: were applied by means of a shock
tub2, which produced a scep-like forcing funciior; slip usually occurred in
approximately 2 milliseconds or iess. It was found that the coefficients of
friction depend on the relative size, shapez and surface roughness of the sand
grains with respect to that of the surface ia question; when the sliding surface
is "rough" in comparison with the sand particles, the coefficient of friction
approaches the coefficient of internmal fricticn of the sand. Both graphite and
teflon serve as friction reducers, compared to the plair surfaces, irrespective
of the rate at which slip is initiated. For plain steel or cement mortar, the
dynamic coefficient of friccion was greater than the static coefficient of
friction by about 25 percent, unless the static coefficient was such that
sand/sand slip was approached. The angle of shearing resistarce of the sand
thus provides an upper limit to the coefficient of wall friction at all rates
of loading.
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SECTION I

HTRODUCTION

~e

Tne work reported herein was carried out wder contrzet P29
(601)-5204, "Experimentzl Study of Soii-Wzll Shear,” an integral part

of 2 large-scale resezrch progras orn protsctive construction sponsored
by the United States Air Porce. In commection with the design of suck
structures, cuestions arise relzting to now much shezr can te transierred
from the scil to the structure before slip wiil occur; nzmely, if ike
siresses are trans=itted as shock weves, is the coefficient of fricticm
much grester than under conditions where they are graduzlly eppiied?
Wnet tyres of lubricants can effectively recduce the mzgnituie of ihe
trnsmitted shear stresses? Since practiczlly nothing wxas izwam concerming
the dynamic fricticn of soil sliding on other mzterials, the cobjeciin

of the study was limited to 2 prelizinary investigztion — sirple in
concept and czpable of rapid execution — that could provide relizbie
answers to the questiors rzised.

This docurent constitutes the finzl report of the izboraiory studies
conducted during the pericd 1 April 1962 through 1 Zpril 1965 to fulfill
the state. objective. The project was carried out under the direction of
G. A. leonards and M. E. Harr. H¥zjor John T. Gaffey, II, developed thre
instrumentation and obtzined initial data on the static and dynamic fricticen
coetficients on cne sand for his PhD dissertation (1)%. William F. 3rummrmd
refined the experimental techniques and completed the study (including

tests on two sands) for his M.S.C.E. thesis (2). The report was prepzred

by G. A. leonards.

* Numbers in parentheses refer to the References on page 55.
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SECTICE 11
EYPERIMENTAL CON(ZEPT

1. GXERAL CONSIDEEATIONS

The stearing force, ¥, reguired to initiate slip of ope body on
amother divided by the nommal force, N, between the combzct surfaces
is cziled tke coetficient of friction, m.

The coeflicient of friction between sands ampd such comstruction
materials as steel and concrete (including the effects of Zriction
reducing liners) wzs measured to compare valres of u obtained when
slip is initiated by a slowly zpplied friction force (in zbout five
mimtes) 2e opposed to one applied very repidly (in ome millisecond or
less), herezfter referred to as “static® and “dyn=xic® tests,
respectively.

The test set-up chosen for the study is shown schematiezlly in
Figure 1 (mechznical details are described under “Apparztus and
Procedures®). It consisted of z cylinder of sand enc:sed in z rubber
zerbrane with 2 rod lccated om its axis. By evacuzting the zir from
the inside of the merbrane 2 norm=l pressure was applied cn the sand/rod
interface. The rcd was then caused to slip relative to the sand by the
application of "static® or "éynamic"™ forces in an axial direction.

To determine the coefficient of static friction, i, defined as:

by =22 (1)

where
F. = static friction force on the slip surface, at slip

N static normal force applied on the surface, at slip
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b THE DYNAMIC MODEL

FIG. | SCHEMATIC DIAGRAM OF
EXPERIMENTAL CONCEPT
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P, w2s peasured directly by weighing the cuantity of water added to
the loading frz=e when slir was induced. Ng was cobtained indirectly;
avxiiiary tzsts 5 be described later showed that N wes equal to the
cenfining pressure (0,.) due to the vacuuz, times the zrez of the
sand/rod interface. The confining pressure was measured directly with
2 bourdon gage.

Ic dztermine the coefficient of dynmzmic friction, uy, defined as:

F

_d_F(t)-ra
Ya “Hg TH, + BE_ (2)
uiere
?d = dypazmic friction force
Ky = dynazic nomm2l force

P(t} = the applizg forcing function

= = totel mass of mcving system

a = acceleration of the moving system

K = gtatic normal force

&, = change in static normz2l force due to zpplication cf the
dynamic force

The terms on the right hand side of equation 2 (other than N_) were
obtai 3 by direct measurement. Miscellaneous friciion forces in the

apparatus were also measured and found to be negligible (1).

2. DYNAMIC FRICTION FORCE
A shock tube, fitted with a piston assembly, transmitted a forcing
function to the test rod. Figure 2 shows the variation in forcing

functions with time for various initial pressures in the shock tube.

Details for determining the forcing functions may be found in Appendix A.
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3. INERTIA FORCE

T deterxine the inertia forces, us: was made of a linear variable
differential transformer (LVDT). Ti. VDT, uwtilizing single sweep
oscilloscope photography, was calibrated to display a trace of the rod
velocity with time, As the siope of the velocity-time curve ecuals
tke acceleration, the inertizl correction could be made. The procedures
usetd to calibrate the LYDT for use as a welocity meter are given in

Appendix B.

4. DINASLC KORMAL FORCE

Initially it was thought that during application of the dyramic
shearing force the normal force on the sand/rod interface might change.
Accordingly, it was decidei to measure the change in siztic normal
force using piezoelectric stress gages simiiar to those designed for

another study (3).
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SECTIOK IIX
MATERTALS

1. Sad

Two types of sand werw used. One type was a uniformly graded
quartz sand, hereafter calied "20-30" sand, 10D percent of which passed
the #20 and was relained on the #30 U.S. standard sieve. The specific
gravity of the solids of this zand was found to be 2.65. The "raining"
technique fer sand placement resulted in 2 void ratio of 0.49, or an
(air) dry density of about 110 pounds per cubic foz%, which corresponds
to 2 reiative density of about 92 percent. Consiant strain rate,
vacuum triaxi:l tests give an angle of shearing resistnace, @' = 40°
(Figure 3).

The other sand used was a2 crushed quartz sand, nereafter referred
to as "60-80% sand, because 70 percent of the particles was retzined
between the #60 and #80 U.S. standard sieves. Tablz I gives the grain

size distribution of this sand.

TABLE 1

GRAIN SIZE DISTRIBUTION FOR 60-8C SAND

U.S. Sieve & Pass:
# 4O 100
# €60 75.6
# 80 7.0
#100 0.6
7
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The specific gravity of solids was found to be 2.66. The "raining"
methnd of sand placement resulted in a void ratie of 6.75, cr an (2ir)
dry density of abuut 95 psunds per cubic foot, which ccrresponds to =z
relative density of approximately 90 percent. Constant strain rete,
vacuum triaxial tests gave an angle of shearing resistance @' = Lg°
(Figure 4).

Because the 60-80 sand was crushed, the particles were very
angular. The 20-30 sand particles were, for the most part, rounded.
Figure 5 shows a photomicrcgraph of the two sands at the same magnifica-
ticn (60 x). These differences in sizc, angularity and surface texture

of the grains affected the test results significantly.

2. TEST RODS

Three types of rods were used: polished steel, smooth mortar,
and rough mortar. Graphite ard teflon were applied to some of the
test rods to act as friction reducers. The various surfaces thzt were

tested are listed in Table II.

TABIE II

TYPES OF SURFACES TESTED

1. Plain Steel (square)

2. Teflon coated Steel {square)

W

Graphite coated Steel (square)

4. Plain smooth Mortar (round)

5, Teflon coated smooth Mortar (round)
6. Graphite coated smooth Mortar (round)

7. Plain rough Mortar (round)

T L MITTRALITS




ONVS 08- 09 YH04 1S3L ITIXVI¥L 3IHL
NI *fo0-'0 ¥v3d Lv SNOILIGNOD 3dNTIV4 v 9Oid

._aen..ml.mq..ol
ov 1°] (0] Ge 0¢ Gl (0] S 0
r v
/7
/7
/S (o
o8Y = ,¢ ol
,Puis = DUD}
9
Ny
Gl q
(¥
l 5
02
o
GL0 =9 |
jupsuod o
Buisoasour ‘o {62
* :SNOILIGNOD
\ 1831

10




(09 x uoT3edTTATIINH) SANVS J0 HIVEDOHITWOLOHJ

pues 0¢-02 (1)

'S *DI4

pues 08-09 (®©)

o

FO—




The steel test rod used was machined from a rild (low carborn)
steel bar finished with & very fine exery cloth, which produced z
smooth test gurface. The red wes sgu2re, ezch side bein  1/8 inches
wide, and 10 inches long. In order for the rod to slip freely through
the circular orifice in the membrane, ezch end was turred down to a
1 1/8 inch dizmeter cylinder, and a 1/2 inch threaded extension wes
provided to facilitate commecting the static pull apparatus or the
piston assembly for the dynamic test. The total length of the steel
rod was 15 inches.

A graphite coating was applied to the steel surface with a soft
pencii and Dixcn No. 2 graphite flakes. The surface of the rod was
first rubbed thorocughly with the pencil; then graphite flakes were
rubbed on with a cotton applicator.

A Teflon coating was applied tc the steel surface by covering
the rod with 1/2-inch wide by 0.006~inch thick Teflon "Temp-R-Tape."
Two layers of tape wers applied to the rod, care being taken so that
nc two of the longitudinal butted joints occurred in the same place.

Preliminary tests indicated that concrete rods 1 1/8 and 2 inches
in diameter by 15 inches long would "fit" the combination of forces
available from the shock tube and the expected friction forces., To
provide for possible extensions to the study, the aggregate used was
chosen for i.s availability and reproducibility of size, surface
texture, and shape. Accordingly, it was decided to use the 20-30
sand (ASTM designation C190-59) as a one-sized aggregate. Type III
(high early strength) Portland cement, conforming to ASTM Designation

€150-61, was used in the following proportions:




e

Hater—cezsnt ratic (by weight), 0.45.

fggregate-cezent rztio (by weight), C.45.

Wetting zgent (Plastirant) 1 percent =2 cement weight.
To withstand the tensile stresses to be zpplied in the tests, tke
zortar rods were provided with z 3/16-inch steel rod passing through the
center, each end cf which was threaded into z 1/2-inch dizreter coupling
section. Tne mix was placed in & plexiglass mold, thorougnly rodded,
and then cured for 8 hours. The mortar rods fzbriczted in this m=anrer
had very smooth surfaces. Some of the rcds were roughened by successive
immersion in weak hydrochloric acid, washing, and scrubbing with a stiff
brush until about 15 percent of the diameter of the sand grzins was
exposed above the level of the cement paste. Surface zapplicaiion of
graphite or teflon wes identical to that used on the steel rcd.

The three rcds, with no surface treatment, are shown in Figure 6.

13
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SECTICH I¥
APOLRATUS D PROCEDURES

i. SAMPIE PHEPARATION

Tie rubber cexbrane nsad was 5 inches in dizzeter and 13 inches
iong with 2 thiclmess of about 6.015 inch. These rexbranes were
fzbriczted using 2 single dip rethod (1). Tre filling =oid consisted
of a split brass casing 5 i/16 inckes in Giameter 2nd 13 1/3 inckes
long (Figrre 7), whick wes provided with a rubber gasket and twc zir
evacuation ports. Twu alumimm plates, 8 inches saquare, served zs the
top and bottom for the casing. To prepare the sample the test rod was
pushed through the orifice in the rubber membrane and the assembly
positioned inside the brass casing. Spacers were provided in the
bottom of the mold so tha. the correct length of the sample would be
obtained. A brass ring was placed around the top of the membrane; then
the rubber was rolled back over the ring and some of the casing. The
top plate was then screwed down over the rolled back membrane. With
the split mold clamped shut a vacuum was applied to the volume between
the membrane and the casing, which caused t§g membrane to be drawn
tightly against the sides of the mold.

Both tyves of sand were placed by "raining" through a 5/8-inch
diameter brass tube 18 inches long having a scattering screen at the
bottom and a funnel at the top (Figure 8). The height of fall was
regulated so that the diffusing screen always remained 4 to 6 inches
above the surface of the sand. The rates of placement were 0.3 pound
per minute for the $0-80 sand and G.5 pound per minute for the 20-30

sand.

15
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when dynazic tests were being performed, the compaction process
was stopped at various levels to &llow for gage placerent. Tne gage
was secured in the positicning tool (Figure 2&), partially erhedded in
the sand with ity face 1/ inch away from ard normal to the rcd and then
released by means of the wire plunger. Gages were placed on opposite
faces of the rod at stations 1 inch apart along the axis of the rod
(Pigure 9B). After each pair of gages were positioned, the raining
process was resumed.

Wnen the sand completely filled the mold; the vacuum applied to
the side of the split mold was released. A headcap (Pigure 10) weas
then placed over the upstream end of the rcd. This headcap was fitted
with twelve Microdot #33-53 bulkhead feed-thru adarcers. In the
dynamic tests the gage leads are screwed into the underside of the
adapter, which provided & vacuum tight method of making an electriczl
comnection through the rubber encased sample. With the gage leads
connected, the headcap was pushed down until it seated on the surface
of the sand. Alsc shown in Figure 10 are the evacuation ports through
which the confining pressure was then applied to the sampie.

The bress casing containing the sample was laid horizontally on
a cradle, the screws maintaining the split mold were icosened, and the
sample was carefully pushed from the casing (Figure 11). Also evident
in these figures is the portable vacuum source employed. The extruded
sample is shown in Figure 12,

Upon extrusion from the mold the sample was taken to the test
area and placed in the sample housing (Figure 13), which consisted of

a section of 8-inch-diameter cast iron pipe, 12 1/2 inches long. The
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(a) Sample Ready for Extrusion (note portable vacuum source)

(b) The Extrusion Process

FIG. 11. EXTRUDING THE SAMPLE FROM THE MOLD
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sample was supported on adjustable centering guides. At the downstream
end of the housirg was a 2-inch-thick wooden reaction ring, 5 inches
0.D. and 2.5 inches I.0. The sample was slid into the housing until
its downstream end came into contact with the reaction ring.

The sample housing was then placed on the test track and aligned
with the shock tube and the cable used for the static tests by adjusting
the contoured track. Once the housing was in position it was securely
bolted to the test track. The sample was then ready for either static

or dynamic tests,

2. STATIC TESTS

To determine the relation between the confining pressure applied
to the rod (when the membrane is evacuated) and the total normal force
at the sand/rod interface, two auxiliary tests were conducted. The
first of these consisted of a smooth steel plate upon which a single-
grain layer of sand was cemented. A 6 inch x 6 inch mortar plate was placed
on the sand and a normal force applied by means of weights (Figure 1lia).
The static friction force required to initiate slip was then measured
by siphoning water into the loading bucket, whence the value of ug
was cbtained.

In the second auxiliary test a sawed 2-inch ‘iameter mortar rod was
embedded in the sand with its flat surface up ( igure 14b) and normal
loads were applied to this upper surface (the sand was restrained from
heaving by metal plates). A static friction test was performed and a

seccnd value of ug computed.,
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FIG. 14.

Split-Rod Test (Normal Ioad N Removed)

APPARATUS FOR AUXILIARY STATIC FRICTION TESTS
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The test sample prepared as previcusly described was mounted on
the test track, the rod was attached to the proving ring and loading
cable, and the displacement dial was clamped in place {Figure 15).
load was applied by siphoning water into the loading bucket at a rate
which would produce slip in about 5 minutes while lcad and displacement
dial readings were taken. Orce siip occurred, further displacenment was
prevented. After the "virgin" pull, the load bucket was emptied and

&

"repull"” tests were conducted at three different confining pressd?gél

3. DYNAMIC TESTS

After mounting and aligning the sample on the test treck, the
piston assembly on which the shock wave impinges to transfer the forcing
function to the rod was then set in place (Figure 16); the piston rod
and test rod were separated by a thin rubber gasket and kept in contact
by means of springs.

The body of the LVDT used to measure the velocity of ihe test
rod (Appendix B) was clamped to supports in front of the housing and
its core threaded to the end of the test rod (Figure 17). The assembly
is shown in Figure 18. A detail of the gage connections through the
rubber headcap is shown in Figure 19. Single sweep, dual trace
oscilloscopes were used to record the piezoelectric gage outputs.
Details for gage fabrication, calibration, and recording circuitry
may be found in Reference 3. Figure 20 is a general view of the
dynamic test se% up.

Tvio ceries of dynamic tests were run. One series had all the
stress gages in a horizontal plane, six gages on the left side and six
on the right side. The second series had all the stress gages in a

vertical plane, six gages on top and six on the bottom. To facilitate
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PROVING RING AND DISPLACEMENT DIAL IN POSITION FOR STATIC TEST
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FIG. 17.

PISTON ASSEMBLY

LVDT MOUNTING
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FIG. 18.

DYNAMIC TEST ASSEMBLY

FIG. 19. DETAIL OF HEADCAP
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FIG. 20.

GENERAL VIEW OF DYNAMIC TEST SET-UP
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comparison between successive tests, it was decided to position the
gages at the same stations. The spacing selected was 3, 4, 5, 6, 7,
and 8 inches from the headcap.

In both series of tests, the piezoelectric pressure gages wers
placed with their sensitive elements facing the rod but 1/4 inch
away from it (Figure 9B). Tests showed that the pressure did not
attenuate appreciably with distance from the rod out to a distance of
1/2 inch; when the spacing became 1/8 inch or less the gage output
became very erratic.

To evaluate the inertial response of the piezcelectric gages,
plexiglass caps were placed over the sensitive faces cf the gages
prior to embedment (Figure 21). A series of tests was performed
using the capped gages.

It was found that 1/16 inch of rod movement was necessary to
insure rod/sand slip; this usually took 3-4 milliseconds after rod
movement. started. However, if a static test was first performed,
rod/sand slip occurred after 1.4-1.8 milliseconds, or with about C.01
inch of rod movement. To compare static and dynamic coefficients of
friction under the same test conditions, each of the dynamic tests was

preceded by a static test,
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CAPPED STRESS GAGE
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SECTIGN V

RESULTS

1. STATIC FRICTION TES1S

The values of the coefficient of static friction, ug, computied
from the auxiliary tests and those computed from ths sclid rod tests —
assuming that the contact pressure at the sand/rod interface, o3,
equals the confining pressure, o,, on the membrane — are compared in
Table ITI. It was conciuded from these results that, for all practical
purposes, it may be assumed that 0, = op and this assumption was made
in interpreting the remainder of the static friction tests. The only
other study that could bte found relevant to this question was made by
Kennedy (4) who worked with a 16-inch-diameter membrane-encased sand
sample having a concentric 7-inch-diameter steecl pipe. Kennedy concluded
that 0, = 1.4 g for his conditions.

Typical relationships between the applied frictional force and rod
displacement obtained from the siatic tests are shown in Figures 22
through 24. Although the displacement required to induce slip in ihe
virgin pull always exceeded that in the repuli tests -- sometimes
by significant amounts -- the ultimate value of the friction force is
the same for the two cases. Accordingly, it was felt that preceding
the dynamic test by a static test should not alter the value of y; that
would bz ok.ained and would provide test data under essentially the
same initial conditions.

Tables IV and V surmarize the values of u g obtained for the two

sands on the variety of surfaces tested (sample calculations may be
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(static test No. 7)
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found in Appendix C). It will be noted that tesis were repeated to
check reproducibility. The agreement found was excellent in all cases,
even when different invesiigators performed the tests. Examination
of the data shows that the coefficient of wzll friction depends not
only cn the nature of the surface involved but alsc on the angularity
and roughness of the sand grains in reiation to the roughness of the
surface itself. In the case of the 60-80 sand slidirig on the rcugh
mortar rod the angle of wall friction essentially equalled the angle
of shearing resistance of the sand, which implies sand/sand slip.
Under "static" conditiions, graphite was fourd to bte au effective
Jubricant for all types of surfaces tested; this was alsc true for
Teflon, with the exception of the polished steel surface.

Suklje and Brodnik (5) performed static friction tests with
several flat concrete plates 20 cm. in width and either 60 cm. or
30 cm. long on beds of two types of cohesionless material. Their
test results show that the coefficient of static friction between
a smooth concrete plate and gravel s less than between the same
plate and sand, and that ug for a rough concrete plate sliding on
gravel is greater than a smooth concrete plate sliding on the same
gravel. Since details of the nature of the ccnesionless materials
or the roughness of the concrete plates were not given, direct
comparison of numerical values with those obtained in this study is
not possibie. However, the order of magnitude of the results obtained,
and their general trends are comparable.

Potyondy (6) performed skin friction tests with steel, concrete,

and wood on various soils. The tests were run in & stress controlled
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shear box which had an area of 12.4 sq. in. The steel test surface was
very similar to the one used in this study; the smooth concrete surface
was prepared by placing a concrete mix with 2.5 mm maximur aggregate in a
plywood form; and the rough concrete surface was made by pouring a mix
with 7.5 mm maximum aggregate on "flat rough grournd." Among the soils
tested by Potyondy was a well graded sand having a uniformity coeffi-
cient of 3.8 and a2 median size corresponding to the 20-30 sand. The

results obtained are compared in Table VI.

TABIE VI

COMPARISON OF u o VALUES

Item Potyondy 20-30 Sand
Relative Density (%) 66 92
Normal stress 7.0 7.5
tan @ 0.98 0.8,
M5 smooth steel 0.45 6.35

smooth concrete 0.82 0.59
rough concrete 0.97 0.72

2. DYNAMIC TESTS

Figure 25 shows a typical output trace obtained from the LVDT.
At the lower left hand corner of the photograph a sharp downward "blip"
is observed; this is the output from the time mark generator. About
1.1 ms later, the shock wave impinged on the piston assembly and
transferred the forcing function to the test rod and surrounding sand,
thereby accelerating the entire assembly. Then, as the force built
up against the reaction ring, the rod velocity became constant until

rod/sand slip occurred (about 1.7 ms after the forcing function first
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FIG. 25. TYPICAL LVDT TRACE (Shct 2000R)

Sweep 2 ms/cm sensitivity: Top = 0.02 volts/cm
Bottom = 0.05 - olts/cm

FIG. 26, TYPICAL PRESSURE GAGE TRACE (Shot 1306, uncapped)

Top: Gage #1 scale; 1 ms/cm, 0.05 volts/cm
Bottom: Gage #2
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caused the rod to accelerate). At this time, the magnitude of the
forcing function was 185 pounds (Figure 2, 40 psig). Thereafter, the
acceleration was essentially constant, and since the forcing function
increased slightly with time (until it decayed sharply at 7 ms) it may
be inferred that the coefficient of dynamic friction increased slightly
with velocity (about 10%, for velocities up to about 30 inches/sec).
The slope of the velocity-time trace after slip occurred was used to
obtain the acceleration of the rod in order to compute the inertia
force.

Figure 26 shows typical traces frem a pair of uncapped pressure
gages. The time mark and the instant at which the forcing function
impinges on the rod are clearly evident. About 0.8 ms after this time
{i.e. when the reaction ring had picked up its load, but before rod/sand
slip took place) a 1200-1500 cycle/sec disturbance developed in the
gage outputs and continued until the forcing function decayed. This
phenomenon was also observed in the capped gages, although the amplitude
of the disturbance was less pronounced. The cause of the disturbance
is not understood, but to interpret the record a smooth curve was
drawn through the mean amplitude of the trace. A time of 2 ms was
selected for computation purposes; a) because this time is just slightly
beyond that at which rod/sand slip occurred in all the tests, b) the
forcing function was constant between slip and 2 ms, and c¢) the
acceleration of the rod could be determined reliably at this time.
Having obtained the gage factors by calibration (3) the gage response
could be expressed as a pressure for each station along the rod. A

typical result, averaging top and bottom gages, is shown in Figure 27,
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Assuming thact the middle 5 inches is typical of the pressure changes
that might be taking place along the 10-inch length of rod, the apparent
change in normal force (ANg) could be computed. Table VII gives the
values of ANS calculated in this manner for the tests with capped and
uncapped gages, respectively. Although indications are that a small
increase in normal force does develop before slip occurs, it is not
large enough to influence the computed values of Hq significantly.

Accordingly, the values of u ., reported in Tables VIII to XIIT were

d

computed assuming ANS equals zero. The data are indicative of the
reproducibility in test results that was achievéd. Table XIV summarizes
the average values of My that were obtained and compares them with the
corresponding values of Hg* The results show that the coefficient. of
dynamic friction is greater than the static friction. 1In the case of
unlubricated surfaces, the increase is of the order of 25 percent unless
sand/sand slip occurs. The data in Table XIV offer further evidence that
@' dynamic essentially equals @' static; thus, tan @' is an upper limiting
value for the coefficient of friction that can be developed in drained
sands.

Tables IV and V show that graphite is an excellent lubricant under
static conditions; Teflon is effective when compared with the plain
mortar surfaces but increased friction slightly in the case of the smooth
steel surface. They still act as lubricants under dynamic conditions
especially in the case of graphite; but Teflon is much less efficient,

due perhaps to viscosity effects.
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TABIE VII

ANg FOR UNCAPPED /ND CAPPED GAGES AT TIME OF SLIP

Material: Plain Steel

F(t) = 185 ibs.

Confining Pressure

Gages_Pesitioned on
Ieft and Right of Rod

5 psi

From

Gages Positioned on
Top and Bottom of Rod

Test

No.

1306  Uncapped
1309 Uncapped
1310 Uncapped
1311 Uncapped
1312 Uncapped
Average

1313 Capped
1314 Capped
Average

ANS(Lb. ) Test
No.
L7 2000 Uncapped
52 2001 Uncapped
L2 2002 Uncapped
Ll 2003 Uncapped
51
L7 Average
36 2004 Capped
28 2005 Capped
32 Average
LS

ANS(Lbs)

80
63
96
L

78
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TABLE VIII
VALUES OF puy FOR 60-80 SAND ON PLAIN STEEL
Forcing Function: F(t) = 185 1bs.
Confining Pressure: ¢ =5 psi

Mass: m = 1.43 x 10~2 1bs. sec?/in.

Test No. Ng = Ng ma Fq M4
(Lbs) (Lbs) (Los)

2000 24 37 18 0.69
2001 rAVA 41 144 0.67
2002 2 59 126 0.59
2003 21, - - ———=
2004 Capped 21, L3 12 0.66
2005 Capped 21k 33 152 0.71
2000 R¥* 214 Ly 4] 0.66
2001 R 2, 55 130 0.61
2002 R 21, 52 133 0.62
2003 R 214, 48 137 0.64
2004 F. Capped PAVA 38 147 0.69
2005 R Capped 21, L6 13 0.65
1306 21 L6 139 0.65
1309 214 28 157 0.73
1310 214 63 122 0.57
1311 21, 51 134 0.63
1312 214 - -— ——
1313 Capped 21, 56 129 0,60
1314 Capped 214, 39 Ub 0.68
1309 R¥* 21, 55 130 0.61
1310 R 214 98 87 0.41
1311 R 214 -- - ———
1312 R 21, 55 130 0.61
1313 R Capped 21, 50 135 0.66
31, R Capped PAVA 43 12 0.66

Average 0.63

# R designates a reshot
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TABLE IX

VALUES OF uy FOR 20-30 SAND CH SMOCTH MORTAR

1 1/8" Dia. Rod; Weight of Moving System = 2.71 1lbs.

Test No. Ng ma F(t) Fy
(Lbs) (Lbs) (Lbs) (Ibs)
73DS 168 65 185 120
48DS 168 50, 185 131
L9DS 168 35 185 150
52DS 168 63 185 117
53DS 168 71 185 11
56DS 210 86 220 i3
57DS 210 L0 185 145
7,DS 210 76 220 144
38DS 252 67 220 153
39DS 252 75 220 145
60DS 336 L9 275 226
61DS 336 87 275 188
62DS 336 55 275 220
63DS 334 72 275 203
76DS 336 L3 275 232

2" Dia, Rod; Weight of Moving System = 5.29 lbs.

127DS 300 63 220 157

129DS 300 52 275 223

136DS 300 67 275 208
Average
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TABLE X
VALUES OF Ky FOR 20-30 SAND ON ROUGH MORTAR

1 1/8" Dia. Rod; Weight of Moving System = 2.70 1bs.

Test No. N, ma F(t) Fy
(Lbs) (Lbs) (Lbs) (Tbs)

40DS 168 57 220 163
4L1DS 168 58 220 162
77DS 168 56 220 164
83DS 210 LO 220 180
64D8 210 66 220 154
65DS 210 67 220 153
79D3 252 43 275 232
82DS 29/, 22 275 253
111DS 291, L5 275 230
112DS 29 L5 275 230
70DS 294 78 275 197
71DS 294 58 275 217

2" Dia., Rod; Weight of Moving System = 5.29 1bs.

185DS 300 53 275 222
186Ds 300 53 275 222
Average
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TABIE XI

VALJES OF My FOR 20-30 SAND ON TEFLON CGATED SMCOTH MORTAR

2% Dia, Rod; Weight cf Moving System = 5.29 1bs.

Test No. Wy ma F(t) Fy
(Lbs) {Los) (Lbs) (Lbs)
159DS 300 9L 275 181
160DS 300 113 275 162
161DS 300 40 220 180
Average

L9
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TABIE XII

VALUES OF p3 FOR 20-30 SAND ON TEFLON COATED STEEL

1 1/8" Dia. Round Rod; Weight of Moving System = 5.52 1lbs.

Test No. Ng ma F(t) Fy
(Lbs) (Lbs) (Lbs) (Ibs)
90DS 168 65 185 120

91Ds 168 67 185 iR
92DS 168 69 i85 116
105DS 210 106 220 11,
106DS 210 115 220 105
113DS 210 103 220 117
93DS 252 86 220 134
94DS 252 73 220 1.7

G5DS 252 83 220 13
107DS 29, 78 220 142
108DS 291, 81 220 139
109DS 29, T9 220 Bl
96DS 336 92 275 183
97DS 336 85 275 190

110DS 336 106 275 169

Average

50

Hd

0.7
0.70
0.69
0.54
0.50
0.56
0.53
0.58
0.54
0.48
0.47
0.48
0.55
0.57
C.50

0.56
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TABLE XTIT

VALUES OF pq FOR 20-30 SAND ON GRAPHITE COATED SMOGTH MORTAR
1 1/8" Dia. Rod; Weight of Moving System = 2.71

Test No. N ma F(t)

s fa
(Lbs) (Lbs) (Lbs) {Lbs)
151DS 210 81 185 104
165DS 210 76 185 109
152DS 210 8L 185 101
144DS 252 L6 185 139
145D 252 77 185 108
149DS 252 61 185 12
147Ds 336 77 220 143
14605 336 99 275 176
148DS 236 L8 185 137
140DS 420 88 275 187
142DS L20 75, 275 197
141DS 4,20 37 220 183
2" Dia. Rod; Weight of Moving System = 5.29 lbs.
174DS 300 OL 220 1. -
175DS 300 oL 220 126
176DS 300 82 220 138
179DS 450 118 275 157
178DS 450 109 275 166
177DS 450 112 275 163
183DS 525 88 275 187
189DS 525 92 275 183

Average

51
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SECTION VI

CONCLUSIONS

The following conclusiocns are based on laboratory tests in which

tha coefficient of fricticn between drained sands and steel, cement

morteir, Teflon, and grapnite surfaces was measured at contact pressures

up to 10 psig. and for 1vading times to initiate 3lip of 5 minutes

and about one miliiisecond:

1.

The static coefficients of friction are markedly affected by
the size: angularity, and surface texture of the sand grains,
regardless of the nature of the surface against which slip is
occurring.

When the sliding surface is rough in comparison to the grain
size of the sand, the angle of wall friction exceeds the angle
of shearing resistance of the sand and sand/sand slip occurs.
Since the angle of shearing resistance, @', of drained sands
is practically uninfluenced by the rate of loading, tan @' is
an upper limiting value for the coefficient of wall friction
regardless of the rate at which slip is initiated.

In the case of unlubricated surfaces, the dynamic coefficient
of friction is about 25 percent greater than the static
coefficient, unless the conditions for sand/sand slip are
approached.

At slow rates of loading, graphite is an excellent lubricant
for both steel and mortar surfaces; Teflon was effective in the
case of mortar surfaces but increased friction slightly in the

case of the smooth sucel surface.
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5.

At high rates of loading, both Teflon and graphite act as

lubricants when compared to tiie plain surfaces; however,
Teflon s less effective than graphite due, perhaps, to
viscosity effects.

Once slip is initiated, the dy:amic coefficient of friction
increases slightly with increasing velcci*w (about 10 percent

for velocities up to 30 inches/sec).
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APPENDIX A

% DETERMINATION OF THE FORCING FUNCTION

§ The shock tube used to produce the forcing function had a 4.5-f~:t

: rarefaction chamber and a 4.0-foot compression chamber with an ir-.ide
diameter of 2.75 inches. Details of the relatively inexpensiv: shock
tube that was constructed may be found in Reference 3.

Two methods were used to evaluate the forcing fun<.ion. First,
piezoelectric gages were placed on a rigid piston r=sitioned in the
downstream end of the shock tube. The average recorded pressure times
the area of the piston was taken as the magnitude of the forcing function,
which is shown plotted in Figure 2. By placing piezoelectric gages in
the sidewalls of the shock tube, the shock wave velocity and the over-
pressure were measured directly, which permitted comparing of the
theoretical reflected pressure on the piston with that actually
recorded (1). The theoretical pressure acting on the fixed piston was
about 7-10 percent greater than the pressure actually recorded by the
gages. Part of this difference can be atrributed to leakage around
the piston face.

The forcing function, F(t), having been determined, as described
above, a moveable piston was placed in the downstream end of the shock
tube. By measuring the velocity of this system with the LVDT, a set of
time-displacement curves was obtained, which are compared with those
obtained by double integration of F(t) = m dv/dt in Figure 28. It is

evident that excellent agreement was obtained.
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APPENDIX B
USE OF LINEAR VARIABLE DIFFERENTIAL
TRANSFORMER FOR VELOCITY MEASUREMENTS

A Schaevitz No. 1000SL LVDT, consisting of a hollow cylindrical
nonconductive coil form about 5/8 inch in diameter was used. Three
independent equally spaced coils are wound on the coii form. The
center coil is the primary winding and the two flanking coils are
secondaries. The transformer is provided with a cylindrical shield,
fitting tightly around the coils, for both physical protection and
electrostatic shielding from random electrical radiations. Inside the
hollow coil form is a coaxial steel core about 1/4 inch in diameter.

If direct current is fed to the primary coil, the core is converted
into a magnet, setting up a flux field around it. If the core is moved,
the flux field moves through the secondary coils, inducing a direct
current voltage whose magnitude is proportional to the speed of the
core, and whose phase is determined by the direction of motion of the
core. If the secondary coils are cornected in "series adding," the
output voltages are amplified. The circuit needed to use the 1000SL
LVDT as a velometer is shown in Figure 29.

To calibrate the LVLT, the core was connected to a piston in the
shock tube and displaced a known distance (about 0.2 inches) from the
end plate by means of a micrometer. A shock wave was generated in
the tube and the output from the LVDT was recorded through the c¢scillo-
scope. A typical record is shown in Figure 30. Tﬁe area under this
curve equals the known initial displacement, whence a calibration factor

of 258 inches/second-volt was obtained when the primary coil current
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FIG. 29 CIRCUIT DIAGRAM FOR LVDT USED AS

A VELOCITY TRANSDUCER
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FIG. 30.

TYPICAL TRACE FOR VELOMETER CALTBRATION
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was 15 milliamps. The procedure was repeated with a2 variety cf dummy

loads added to the piston. In this manner the LVDT coil was moved over

the renge in velocities that developed in the dynamic friction tests

without significant variation in the calibration factor.
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VPERUIE C

SAMFLE CALA ATINS

siatic Tests

In the static test, the applied load minus the force needed to
overcome the restriction of the rubber membrane at each end of the
sample equaled the effective static friction force. By placing the
rod in a sieeve to isolate it from the surrounding sand, the restraining
force due to the membrane was measured and found to equal 9 pounds.

The confining pressures reported are nominal gage pressures. It
was found that the vacuum gage was nct accurate, and a calibration,
using a mercury manometer, was performed (Figure 31). All computations
used corrected gage pressures.

Sample Calculation:

Referring to Figure 24, for 20-30 sand cn Teflon coated steel
(static test No. 15),
o, = 5 psi gage
Applied force - 79 lbs. (Virgin Pull)
The lateral area of the square steel rod is:

A=14 x11/8 x 10 = 45 square inches.

_Fs F-9
Therefore, pg = ﬁ: T Ax o, actual

-

u=79-9=70=0'
S L5x4.T75 214 33

This result may also be found in Table V.
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MANOMETER ( psi)
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i0

FiG. 31

4 6 8 10

VACUUM GAGE (psi)

VACUUM GAGE CALIBRATION
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Dynamic Tests

For 60-80 sand on plain steel (dynamic test No. 2000 R)

1. Membrane pressure = o= 5 psi gage
Therefore, Ng = 214 pounds

2. Forcing function (shock tube pressure = 40 psig).
From Fig. 2, P(t) = 185 pounds at 2 milliseconds {since
F(t) can be determined with an accuracy of 45 pounds, no
attempt was made to correct for the restrictive effect of
the membrane).

3. Mass of moving system

m=1.43 x 10"’2 lbs. - sec2
in.

L. LVDT constant

in

258 sec~-vclt

at 15 milliamperes through primary coil

Sample Calculation:

Interpreting the IVDT trace shown in Figure 25,
sweep = 0.002 seconds/centimeter
sensitivity (top) = 0.02 vclts/centimeter

slope of trace after slip:

2.4 em X 0.0z volts
= 12 volts
0.002 sec, sec
2ecmx T c'm -
The acceleration is:
12 ¥olts y 258 __In___ = 3.1 x 103 in/sec?
sec sec-~volt

Gt e+ g, A - -




e

1
Therefore,u 4 = F(t) ~ ma

Ng

=185 - (3.43 x 1072) (3.1 x 103)

e
<4

= .66

This result may also be found in Table ¥Il:i.
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