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Abstract

Static and kinetic coetficients of friction between cable and
conduit surfaces are measured undar high normalloads Hsing a
specially designed friction table. The performance of cable
fupricants under high loads is evaluated and compared o
perfermance under low normal foads. Prefiminary findings
indicate that the results may be used to better predici cabie
pulling tensions in field cable installations and ic aid in the
design of conduit systems.

INTRODUCTION

Tension exerted on cables during installation is a major
consideration in the design of conduit systems. Specifically, the
tota! length and number of bends in a duct system are limited by
the maximum tension and sidewall pressures recommended by
cable manutacivrers and accepied industry practice. A nurnber
of studies have been done to beiter define limits on sidewall
pressure. This paper does net go into this arga, other than to
note thatthere is a high expectation that there are such iimits for
optimal cable life. :

Most of the tension and resulting sidewall pressure ob-
served during a cable pull is the resuit of friction between the
cable jacket and conduit surfaces. Mathematical eguaticns
derived by R. C. Ritenberg [} can be used to estimate the
expected tension for a given cable/conduit system. These
equations include a measure of friction which is the dimen-
sionless "coefficient of friction™

To date, coelficient of friction values have heen measured
-by variations ‘of an inclined plans methed. In such measure-
ments, the bearing force between the cable and conduit is equal
to the weight of the cabtle, which is usually less than 73 N/m (S
ibf/ft). However, in actual cable pulling, the bearing force
arcund corners can be hundreds of times higher than the weight
of the cable. This difference affecis ths real coefficient of
friction. Coefficient of friction values determined on aninclined
piane have shown fimited accuracy as predictors of actual cable
pulting tensions when used in mathematical eguations.

This paper describesa new method of coefficient of friction
measurement between conduits and cables under high normal
loads. it evaluates the perfermance of cable lubricants under
these conditions. The results indicate the possibie design of
langer, more complex duct systems although additionat corre-
iation with friction measurements in field cable pulls is
necessary.
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THEQRY

The siatic coefficient of friction, ug, is a proportionality
canstant between the minimum pulfing force required io start an
objectin motian, i, and the normat force, N, between tha Gbject
and adjacent surface

fs = ysN (1)

The fricticnal force opposing the pulling force is due to the
bonding of the molgcules of the object and the adjacent surface
at places where the surfaces are in very close contagt, For
unlupricated surfaces, the pulling force required 10 move an
cbject has been found experimentally to be approximately
independent of the area of contact between the two surfaces
and directly proportional io the norma!l force exerted by one
surface ¢n the other [2].

The kinetic coefficient of friction, uk, is a proportionality
constant between the minimum force required to keep an objeci
in motion, fx, and the normat force between the object and
adjacent surface, M.

i = kN (2)
it has been found that the kinetic coefficient of friction is;
1. Less than the static coefficient of friction.

2. Dependenion the relative spesd of the surfaces, [bust
torspeedsfrom tom/secio 7 m/ses {2 H/minto 1400
ft/min} ui is approximately constant].

3. Dependent on the nature of the surfaces.

4. Independent of the macroscopic area of contact.

Lubricants

The above experimentalty determined characteristics of the
coeftficient of friction are true for unlubricated surfaces oniy.
Lubricants drastically affect the coefficients of static and kinetic
friction wnen they are introduced as a thin film between two
solid surfaces. This film separates the bonding moiecues of the
two surfaces and creates a slip plane upon which the surfaces
stide. The performance of lubricants under various conditions
varies significantly because of the microscopic nature af fric~
tion. Some lubricanis perform well between certain types of
materials while gthers do not. The same hoids true for per-
formance under high normai loads. Some lubricanis tend to get
squeezed out under high normal loads, which reduces or
eliminates their ability to lower friction. Gther lubricants will tear
or break down under high shear conditions, also making them
tess affeciive.
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Coefficient of Friction Measurement

Inclined Plane Meihod (Low Normal Loads) - Static and
kinetic coefficients of friction can easily ba measured by placing
a block onaplane surface and inclining the plane untif the block
begins to slide.

At angles tess than the critical angle, 9¢. {the angle at which
sliding starls), the block is in siatic equilibrium under the
inftuence of its weight, mg, the normal force, M, and the force of
staiic friction, fs.

Fig.1 Forces exerted on a block resting on an inclined plane

If the x-axis is chosen parallel o the plane and the y-axis
perpendicuiar to the plane, force balances yield:

SFy = N-mgoosg = 0 {3)

Sy = mgsing-fg = 0 (4}

which can be éimp%ified by eliminating the weight from these

two equations

mg = N/cosB ' - (5}

fg = mgéine - | AR (1]
fo yieid: . . _

fs = Nsind/cosé = Ntang c E S

At the critical angle, 8¢, the static frictional force is limiting
and fs can be replaced by ugh [Equation (1)}, ’

The coefticient of static friction is then just the tangent of
the critical angle.

MUs = 1ang ' (8)

At angles greater than ihe critical angte, the block slides

down the incline with acceferation ay. The kinetic frictional

force, fx, is then uicN [Equation (2)] and a force balance in the x
direction yieids;

S Fx =mgsing-ukN = may {9}

The normal force, N, may be substituted since

N = mgcos8 {10}
which yields:
=Fx = max = mgsind - ugkmgeose an

From the position equation of projectile motion in the x piane

X = Xp + Voxt + axt®/2 {12)

a projeciite launched from a zero position (x = 0) and with no
initial velocity {vox = 0} and acceration ayx results in the
equation:

X = aytti2 {13
or solved for acceration yields:

ay s 2/t £14)
whera:

ay = acceration in x direction

% = distance fraveled

t = time to travel x distance

Jitheincline is atanangle greater than the critical angle and

the block is started from rest, the time it takes to travel a
distance, x, can be limed and the acceration determined.
Substitution of Equation {14) into Equation {11} yields:

m2x/1? = mgsinB-Ugmgeoss {15}
Elminating the mass and solving for Uy results in the equation

M = tanB - 2%/ (gl cos) {16)

which can be used to calculate the coefficient of kinstic friction.

Fricticn Table Method {High Normal Loads) - The static
coefficient of friction is delermined by measurement of the
normal force between two surfaces and the minimum pulling
force required to start the object in motion.

v

Fig. 2 Block on horizontal surface.

The static coefficient of friction, by definition, is then
determined:

Mg = f5/N {17}

The kinetic coefficient of friction may be determined by
measurement of normat force between two surfaces and the
minimum kinetic pulling force required to keep the object in

motion. The kinetic coefficient of friction, by definition, is then
determinea:

L = fk/N {18)

EXPERIMENTAL

inclined Plane Method

The inclined plane method can be directly applied to the
cable/conduit systems by using a conduit section split length-
wise as the “inciined plane” and a cabie section as the “block”™.

Any type of conduit or cable can be used.

Lt s e

Nl W, g e e e

e et e e



1. Athincoatof lubricant {1 to 2 mm) was spread evenly
both on the cable and conduit {(conduiif was tilted 1o
30 degreeas from horizantal}.

2. The cable section was placed at the starting line 31
cm {12.2 in} from the top of the conduit and refezsad
while simuitaneously starting the stop watch,

3. Thestop waichwas siopped whenthe cablereached
the end of the conduit and the time recorded.

Fricticn Table Msthod

The friction iakle method of friction measurement can be
. , directly applisd to cable/conduit systerns by using a conduit
Fig. 3 Inclined pians apparatus ' section cut tengthwise as the "horizontal plane” and a cable

, o - section asthe "block” Any type of conduit or cable can be used.
The experimental apparatus used for the inclined plane yive

method is shown in Fig. 3. It consisted of: .
g The experimental apparatus used to determine the coeffi-

cient of friction is shown in Fig, 4.

1. 3 - 231 m {7.58 ft) lengths of 7.62 cm (3 in} inner

diameter conduits cut fengthwise.
The friction table consists of:

2. 1-Wood stang

1. Sidewall Cylinder - an air cylinder mounted vertically

3. 3-15.2cm (B in) length sections of cable which applies a controlied normal forceto g 13.2cm
{6 in} cable section.

4. 1- Stop watch

2. Pulling Cylinder - an air cylinder mounted horizon-
tally which applies a controlled pulling force to a

_ Static Coefficient of Friction - The experimental procedure frictionless cart/conduit section.
employed was as follows:

3. Mecessary valving and conircls to regulate the iwo
1. Athincoatof fubricant {1to 2 mm) was spread evenly cytinders.

on both the cabte and conduit, ) . .

A 152 cm (6 in} bootis attached to the end of the vertically
mounted sidewall cylinder which evenly applies and distributes
a normai load over the entire 15.2 ¢m (& in) cable section and :
ats¢ holds the cable section stationary.

3. The angie of inciination was recorded. A48.3 cm (19in) conduit section split lengthwise is securely
’ fastened to the frictioniess cart 50 as to become a rigid single

I - . . unit attached to the horizontally mounted pulling ¢ylinder. The
Kinetic Coefficient of Friction - The experimental proce- pulling cylinder moves {he cart/conduit under the stationary

2. The conduit was tilted upward from horizontal untit
the cable section started in motion. ’

dure employed was as foll_ows: : cable section.

Refer to the "POLYWATER" J
Bulletin #21 for clearer
picture and definitions.

Fig. 4. Friction table device



Any cable section 15.2cm {6 in) longand up o84 cm (2.5
in) cutside diameter may be placed in any conduit section 48.3
cm {18 in} long and 5.1 to V.6 cm {2 to 3 in) inner diameter for
coefficient of friction measurement.

Thescales for the two air cylinders were carefully calibrated
to give accurate readings [sidewall cylinder +3% at 445 N (100
1bf), pulling cylinder +5% at 147 N (33 I1bh].

The experimental procedure employed was as follows:

1. Athincoat ofiubricant {1102 mm)wasspread evenly
both to the cable and conduit.

2. The t5.2 ¢m (8 in} cable section was placed in the
conduit under the sidewail cylinder.

3. Amaximumnormal force ranging from 580 10 2920 N
{40 to 200 Ibt) per lineai meter {ft} of cable langth was
apptied by the sidewall cylinder to the 15.2 cm (6 in)
cabie. Smaller normal forces were required to mea-
sure high coefficients of friction due to the strength
limitations of the pulling cylinder [147N {33 [bf}].

Static Coefficient of Friction - The minimum pulling force
required to start the cart/conduit in motion under the cable was
determined by:

1. Applying a smali pulling force to the cart/conduit.

2. Increasing the pulling force until the cart/conduit
started in motion.

3. Recording the finat pulling force.

Kinetic Coetficient of Friction - The minimum pulling force . _
required to keep the cart/conduit in metion underthe cable was .

determined by: o
1. Applying a pulling force to the cart/conduit.

2. Starting the cart/conduit in motion with a tap from a
rubber maliet.

‘3. Adjusting the pulling force until the cart/conduit
’ maintained a constant velocity.

4. Recording the final puiling force.

The basic types of cable lubricants tested were:

1} Control-Unlubricated (Bare)

2} High performance gei polymer solution (HPGP)
3) Gel polymer solution {GP)

4) Liguid polymer solution {LF)

5} Wax emuision {WE}

68) Fiuffed soap (FS}

7) Bentonite ciay (BC}

8} Talcum powder {TP}

SUMMARY OF RESULTS

TableI Coefficients of Friction {Inclined piane method)

Conduit
Cable PVC Rigid EMT
Lube Ms MK | Mg Ak s pk
WE 21 20| .20 .20 30 .25
LP 32 30 | .29 28 23 .19
HPGP 34 34 | 42 42 50 .50
£S 52 52 | 45 41 46 46
XLP TP 50 .42 | 56 .50 60 .52
GpP 44 44 | 42 38 48 .48
BC 83 .83 | .90 90 | 10 1.0
Bare 60 52 | .44 44 48 48
WE 26 26 | .22 20 32 30
LP 42 27 | 34 27 36 .27
HPGP 50 50 | 42 42 55 .50
FS 50 50 | .40 35 48 .46
PVC  gp 55 501 .52 .50 60 .52
GP 50 .45 | .47 .45 73 a7
BC 80 .80 | .90 9 | 10 1.0
Bare 40 .30 | 27 27 30 .30
WE 32 28 | 30 .27 36 .28
LP 15 .18 | 66 .26 50 .25
HPGP 35 .35 |.38 .38 44 44
FS 45 45 | 42 42 64 .62
. TP 50 47 | 50 50 80 .55
Hypaion 10 85| 38 38 | 80 70
BC 797 {17 12 F 12 1z
Bare 20 11 1.5 1.0 1.7 1.0

*Registered Trademark - E.l. Dupont de Nemaurs & Co.

TableTl Coefficients of Friction {Friction table method)

) Conduit o
 Lube N ug ue| N ps pk | N-opg ug
HPGP 100 .15 .12 100-.15 .14 | 100 .16 16
WE 100 .09 09| 100 .15 .14 [ 100 17 .17
- FS 100 12 142|100 17 37 | 100 28 .25
XLP  GP 100 22 21) 100 25 24 | 100 28 28
"BC 100 .24 24| 100_.25 .25 | 100 30 .30
P 100 .28 .27 | 100°.27 25 | 100 32 32
TP 80 .40 40| 40 62 60 | 60 43 .43
Bare 40 75 71} 40 75 71 | 40 65 .59
HPGP 100 .15 13| 100 .15 .15 | 100 .21 19
WE 100 11 11) 100 15 15 | 100 16 .15
: FS 100 .18 .18 100 17 .17 | 100 25 25
PVC GP 100 24 23| 100 .33 .33 | 100 34 33
BC 100 .27 .27 ) 60 50 50 | 100 .32 32
LpP 100 .29 29| 100 32 32 | 100 32 .31
TP 80 40 40| 60 42 42 | 80 41 .41
Bare 40 74 70| 40 55 51 | 40 55 54
HPGP 100 .07 .07 | 100 .18 18 {100 25 .25
WE 100 .09 .09 | 80 .37 32 | 60 45 .45
FS 100 .13 131 100 23 21 | 60 38 38
. GP 100 30 .24 | 40 55 48 | 40 .60 60
Hypaton 80 .35 30| 80 .40 40 | 80 55 55
P 100 .23 20! 60 56 48 | 40 80 65
TP 60 47 47| 60 .50 50 | 60 .43 .43
Bare 102018 2014121 20 1.0 95

"Registered Trademark - E_.I. Dupont de Nemours & Co.
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Cable Lubricant Performance

For each of the seven cable lubricants, an average value of
the ning measured kinetic coefficients of friction was calculated
and used to evaluate performance. The lubricants were ranked
from the lowest to highest mean value of the kinetic coaefficient
of friction.

The ranking of lubricants with the mean value of the static
coetficiant of frigtion is identical to the mean kinatic coefficient
ranking except {forthe low shear performance rating of the liquid
polymer [tbricant. 115 ranking wouid move from second to
fourth.

Table I Coefficient of Friction Averages
{Inclined Plang Method}

STATIO KINETIC

1. Wax Emulsion 0.277 0.243
2. Liguid Polymer Solution 0513 Q.251%
3. HP Ge! Polymer Solution 0433 0428
4. Flutfed soap 0.478 0.466
5. Tatcum Fowder 0.548 .498
. Gel Polymer Sotution 1580 0,540
7. Bentonite Clay 1.0 0.956

Contraol 0.854 0.603

TableW Coefficient of Friction Averages
{Friction table method}
STATIC KINETIC

1. High Performance

Gei Polymer Solution 0.163 (3.154
2. Wax Emulsion 6.189 0.187
3. Fluffed Soap g.212 0.207
4. Gel polymer sofution 0.247 0.327
5. Bentonite Clay 0.353 0.343
6. Liguid polymer solution 0.370 (.348
7. Taleum Powder 0.453 .451

Control 0.932. 0.857

DISCUSSION OF RESULTS

TableIconsists of the coefficients of friction determined by
the inclined plane method for the seven different fubricants
tested and the control. The values varied greatly from one
lubricant type to another. The lower viscosity. lubricanis {wax
amuision and liquid polymer solution) yielded smaller coeffi-
cients of friction than the high viscosity lubricants {gel polymer
selution and bentonite clay). The ranking of lubricants under
tow shear appears in Table TIL S

TableIL consists of the coefficients of friction dete'rmi'rred_.

by the friction table method. The values varied greatly from one
tubricant to another. The lubricant performance ranking
appears in Table ¥ The high performance polymer gel was
found to yield the greatest friction reduction under high shear
and the taloum powder the lowest.

Noie that both methods of measurement indicate signifi-
cant differences in coefficient of friction depending on cabls
jacket type and conduit type. All jubricants generally result in
some reduction of iriction over the non-lubricated control
except for bentonite clay under low shear.

Comparison of the Two Methods of Measurement

The coefficients of iriction measured under high shear are,
in general, approximately half of the vaiues obtained under low
shear.

The large difference between the values determined by the
inclined plane method and the valtues determined by the friction
table method may be atiributed to ona factor: the difference in
magnitude of the normal and pulling forces.

tinder low normalioads, less than 75 N/m {5 1bf/ft). such as
those experienced between the cable and conduit in the
nclined plane test, therg existed a relatively thick film {1 to 2
mmj of lubricant between the two surfaces. In the cases where
this lubricant fitm was highly viscous (polymer gels and bento-
nite clay} there was a substantial force required to avercome the
viscous drag [3] and to push a quantity of lubricant ahzad of the
cabte section. This force was very significant relative to the fow
frictionai force. mgsin®, exerted by gravity on the cable, and
resubted in an artificialiv high apparent coefficient of friction.
The ranking of lubricants under tow shear, therefore, is pri-
marity a ranking of iubricant viscosity.

For the triction table method of measurement, the normat
force between the two surfaces was refatively high [2920 N/m
1200 1bf/ft)] which squeezed the lubricant into avery thin film (1
-10 pm). The puthing force [44 10 147 N {1010 33 [bf)} required to
slide the conduit section under the cable section was much
greater than the pulling force required under low normal loads
{4410 88 N(1to2ibf)forthe inclined plang test]. Thus, the
additionat force reguired to overcome the viscous drag of the
lubricant became a negligible factor, and an accurate coeffi-
cient of friction was obtained.

The performance of the lubricants under high shear
differed significantly. Scme lubricants were able to withstand
the high normal pressure and still perform effectively. The high
performance gel polymertubricant proved superiorunder thase
conditions,

Correlation for Lise in Pulling Eguations

Coefficient of friction values determined by the inclined
ptane test are only appficable to very short, perfectly straight
puils with lightweight cabte. Even during these types of pulls,
sidewall pressures can axceed 2890 N {20 (bf) becavse of the
triplexing of cables, high percent conduit fill, or spiraling
tendency of the cable.

When sidewall pressures between cable and conduit
surfaces exceeds 290 to 730 N/m {20 - 50 1bi/ft}, which includes
a majority of pulls that require lubricant. cable lubricant per-

formance is similar to that chserved in the friction table method

of measurement. Therefore, the coefficients of friction obtained
by this method should be better predictors of cable tensions in
field installations.

The coefficienis of friction in Table T were measured under
experimental faboratory conditions with clean cables and
conduits, They do not include any adjusiment for the forces
reguired to bend cables around corners, the additienal forces
reguired to pull cable through sand, dirt or imperfections in the
conduit, or the forces reguired to pull cable through unfubri-
cated sections of conduit.

Actual field cable tansions may corralate best with those
calculated using the coefficients of friction measured under
high shear when proper cable pulling practices are followed.

1. The cable should he clean.

2. The conduit should be continuous and free of any
dirt, sand or obstructions.

3. Lubricant should be spread throughout the conduit
run to insure that it is present at alf poinis of cable/
conduit coptact.
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Although & small rumber of measured cable tensions have
shown excellent agreement with the tensions predicted by
using the high shear coefficients of friction developed above, it
is recommended that future work encompass a [arge number of
actual cable pulls with controlled pulling ¢onditions 1o more
accurately corretate theory and practice.

Due to the large number of variables involived in cable
pulling (conditicn of conduit and cable, guality of lubricant and
lubricant application, temperature, gtc.} and the limited corre-
lation between theory and practice at the time of publication, it
is recommended that the experimentally determined coeffi-
cients of friction in Table be used to calculate a fower limit of
the expected tension in actual cable pulls. Specific field conditions
and measurements can be used o determine what additional
safety factor, if any, is necessary.

CONCLUSION

Goefficients of fricticn obtained under high shear condi-
tions are shown to be better predictors of the performance of
cable lubricants in actual field cable instailations into conduits
with bends. The measured values indicate the possibility to
design longer, more compiex duct systems with fewer man-
heles/splices and a major reduction in cost.

Actual fieid tensions may ciosely approximate predicted
tensions i proper pulling and lubricating practices are followed.
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