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PREFACE
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Engineer Waterways Experiment Station (WES) , Vicksburg . Miss.

Dr. Vincent P. Drnevich , Soil Dynamics Instruments, Inc.,
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Director was Mr. F. R. Brown.
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CONVERSION FACTORS , U. S. CUSTOMARY TO METRIC (SI)
UNITS OF MEASUREMENT

U. S. customary units of measurement used in this report can

be converted to metric (SI) units as follows :

Multiply By To Obtain

degrees 0.01745329 radians

feet 0.3048 metres

inches 25.4 millimetres
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RESONANrI. COLUMN TEST

1. I N T R O D U C T IO N

These methods cover the determination of the shear modulus,

shea r damping, rod modulus (commonly referred to as young ’s

modulus) , and rod damping of cylindr ical specimens of soil in  the

undisturbed and remolded conditions by vibration using the

r~ ;onant column. The vibration of the  specim .~n may be superpos~ d

on a controlled ambie nt state of stress in the specimen. Th~

vibrat ion apparatus and  specime n may be enclosed in a triaxial

chamber and subjected to an all around pressur.~ and axial load.

tn ~ddition , the specimPu may be subjected to other controlled

~nvironment conditions ~tor examp le tem pe rature) . These methods

for modulus and damping determination are considered

nondestructive w h e n  the strain amplitudes of vibration are less

titan 104—4 in./in. and many mea surements may be made on the same

specimen at a given ambient st ress and at various oth-~r states of

ambien t stress. These method s cover the (L?t~ rm ination of the

modulus and damping , the necessary vibration , a n d  specimen

preparation procedures related to the vibration , etc., and th.

application , measurement and control of the amhien1~ stress. The

application , measurement , and control of ambient stress is quite

simila r to tha F giv~ n in Appendix X: Triaxial Compression Tests~

The description of apparatus, apparatus calibration , and

calculations (irciuding the enclosed computer program) hav .~ he’~n

* Engineering Manual 1110-2-1906 , ‘Laboratory Soils Testing ,”
November 1970.
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adapted from Drnevich et al.*

2. SIGNIFICANCE

V The modulus ar .a damping of a given soil, as measured by t h e

resonant column , depend upon tne strain amplitud e oi vibration ,

the ambient state of effective sttess, and ~he void ratio of the

soil as well as other , less significant factors. The

applicabilit y of the results to t he  t iel d  conditions dill depend

on the degree to which the application and control of the ambient

stresses and the void ratio, as veil as other parameters,

dupl icate field conditions.

3. DEFINITIONS

a. Resonant Column. — A cylindrica l specimen or column of

soil that has platens attached to eacb end as shown in Figire 1,

A sinusoidal vibration excitation device is attached to t he

active end platen. Ti’e other end is the passive end p l a t e n .  It

may be rigidly fiXed or its lass and rotational i n e r t i a  mu s t  he

known. Tae vibration excitation device may incorporate springs

and dash pots of known characteristics connected to the active end

platen. Vibration excitation may be longitudinal or torsional.

A give n appa ratus may have the capability of one or the oth~r, or

both. The mass and rotational inertia of the active end platen

and portions of the vibration excitation device moving with it

* Drnevich , V.P., Uardin , B.O., and Shippy, fl.J.,”rlodulus and
Damping of Soils by the Resonant Column Method ,” &STM Symposium
on Dynamic Soil and ROCk Testing in the Field and Laboratory for
Seismic Studies, Den ve r, Colorado, June, 1q77.
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must be known. Transducers are used to measure the vibration

amplitudes for both types of motion at the active end and also at

the passive end if it is not rigidly fixed. The frequency of

excitation will be adjusted to produce resonance of the system ,

composed of the specimen and its attached platens and vibration

excitation device.

b. System Resonant Frequency. — The definition of system

resonance depends on both apparatus and specimen characteristics.

V 
(1) Where the passive end platen is fixed , motion at the

active end is used to establish resonance which is defined as the

lowest frequency for which the sinusoidal excitation force (or

moment) is in phase with the velocity of the active end platen.

(2) For the case where platen mass (or passive end platen

rotational inertia ) is greater than 100 times the corres ponding

value of the specimen and is not rigidly fixed , resonance is the

lowest frequency for which the .;inusoidal excitation force (or

moment) is 180 degrees out of p hase with tne velocity of the

active end platen.

(3) Otherwise , motion at the passive end is used to

establ ish resonance w hich is the second lowest frequency for

which the sinusoida l excitation force (or moment) is in phase

with the velocity of the passive end platen. (The lowest

frequency for this condition is not used because it does not

produce significant strains in the specimen.)

(4)  In genera l , the resonant frequency for torsional

excitation will be ditferent from the system resonant freguency

for longitudinal excitation.

3



c. Ambient Stress. — Static confining stresses (whether

isotropic or anisotrop ic~ applied to the specimen during the test

are termed ambient stresses. The ambient stress at the time of

measurement of the system resonant frequency and system Jin’ping

shall be measured and recorded in accordance with Section 7.

d. tioduli and Damp ing Capacities. — (1) Young ’s modulus

(herein called rod modulus) , E, is determined from longitu dinal

vibration ane the shear modulus , G, is determined from torsional

vibration. The rod and shear moduli shall be defined as the

elastic moduli ox a unirorm , linearly viscoelistic specimen of

the same mass density and dimensions as the soil specimen ,

9 necessary to produce a resonant column having the measured system

resonant frequency . The stress—strain relation for a steady—

state vibration in the resonant column is a hysteresis loop.

These moduli will correspond to the slope of a line through the

end points of the hysteresis loop. Section 8 provide s for

computation of shear and rod inoduli from the measured syst.?m

longitudinal and torsional resonant frequencies, respectively.

(2) The energy dissipated by the system is a neasure of the

damp ing capacity of the soil. Damping will be defined by t:te rod

damping ratio , DL, anu the shear damping ratio, 0T’ which are

analogous to the critical viscous dampin~j ratio , c/c
~~
, for a

single degre~ of t reedom system . The damping ratios for rod

compression shall be defined by

D
L 

= 0.5 (r1~/E)

4



where: viscous coefficient for rod compression

s= circular resonant frequency

and by

D = 0.5(~~uJG)

where: ~~ viscous coefficient for shear.

Values ror damping determined in this way will correspond to the

area of the stress—strain hysterisis loop divided by 4,u-times the

elastic strain energy stored in the specimen at maximum str~~ n.

Method s for determining damping ratio ire prescribed in 7 t. In

viscoelastic theory, it is common to use comp lex moduli to

express both modulus and damping. The complex rod modulus is

given by

E (1 + 2iD

where: i = square root of —1 ,

and the complex shear modulus is given by

= G(1 ‘ 2iD )

e. Cyclic Strain. — (1) The sinusoidal vibration excitation

causes sinusoidal vibratory motion having equal positive and

S



nega t ive  m a g n i t u d e s .

(2) For longitudinal excitation, the strain , s , for each

half cycle (positive half or negative half) is the average axial

strain in the entire specimen.

(3) For torsional excitation , the strain , y , for each half

cycle is the average shear strain in the specimen. In the case

of torsion, shear strain in each cross section varies trom zero

along the axis of rotation to a aaxiinum at the perimeter of the

specimen and the average shear strain for each cross section

occurs at a radius equal to 2/3 the radius of the specimen.

f. Apparatus Model and Constants. - (1) The rigidity and mass

distribution of the resonant column shall be as required in

Section 5 in order for the resonant column system to be

accurately ‘represe nted by the model show n in Figure 1.

(2) The apparatus constants are: the mass of the passive

end platen, ti 
~ 

including the ma ss of all attachments rigidly

connected to it; the rotational inertia of the passive end

plat en , Jr,, including the rotational inertia of all attachments

rigidly connected to it; similar mass, N
A , 

and rotationa l

inertia , 3A ’ for the active end platen and all attachments

rigidly connected to it such as portions of the vibration

excitation device; the spring and damping constants for both the

longitudinal and torsional springs and dash pots (KL K~ , A DCL,

ADC T ); the apparatus resonant frequencies for longitudinal

vibration , voL, and torsional vibration , 
~oT 

; the force/current

constant , FCF, relating applied vibratory force to the current

applied to the longitudinal excitation device: the torque/current

6
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constant, TCF, relating vibra tory tor’lue to the current applied

to the torsional excitation device ; and factors (LCFA , RCFA , LCFj,

RCF~ ) relating the transducer outputs to active and passive

end, longitudinal and rotational motion.

4. APPARATUS

a. General. — The complete test apparatus includes: the

platens for holdin g the specimen in the pressure cell, the

vibration excitation device, transducers for measuring the

response, the control and readout instrumentation , and auxiliary

equipment for specimen preparation.

b. Specimen Platens. — (1) Both the active end and pa~.sive

end platens shall be constructed of noncorrosive material having

a modulus at least ten times the modulus of the material to be

tested . Each platen shall have a circular cross section and a

plane surface of contact with the specimen , except that the plane

surface of contact may be roughened to provide for more efficient

coupling with the ends of the specimen. Porous stones or porous

metallic discs of non—cor rosive materials may be used for this

purpose.

(2) Pore water drainage lines may be connected to one or

both pla tens; howev er , it is important that the lines, when

pressurized, do not a f f e ct appara tus resonan t f requen cy and

damping or that their effect be accounted for in calibration. 7

(3) Pore pressure trans ducers may be moun ted directly in

the platen s or may be moun ted in the pore wa ter line( s) • Wh en

drained tests are performed , the transducer (s) measure the

7
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ambien t  back pressures if back pressures are  used. r n  u n d r a i n e d

tests where  pore wa te r  d r a inage  va lves  are closed , the

t r a n s d u c e r ( s )  measure the  a m b ien t  pore p r e s s u r e ( s )  at  t h e

specimen b o u n d a r i e s .  The t ransducer (s) cannot  accura te ly  m e a s u r e

d y n a m i c  pore pressures  unless special p r e c a u t i o n s  a re  t a k e n  in

the  design of the pore pressure measuring system and the por2

pressure equalization time for the specimen is less than 0.01

times the period of the applied vibration (inverse of the system

resonant frequency) . For details of accurate pore pressure

measuremen t see Bishop and Henkel.*

(4) The diameter of the platens shall be equal to or

greater than the diameter of the specimen. The active end platen

may  have  a por t ion  of the exc i ta t ion  device , s p r i n g s , and

dashpots  connected to it. These mus t  be r i g i d l y  connected and

are  to be considered pa r t  of the p l a t en . The passive end p la ten

may have a mass rigidly attached to it  or it may  be r i g id l y

fixed. The construction of the platens shall be such that they

are essentially rigid with respect to the specimen .

c. Vibration Excitation Device. - (1) This shall be an

electromagnetic device capable of applying a sinusoidal

longitudinal vibration and/or torsional vibration to the active

end platen to which it is rigidly coupled.

(2) The frequency of excitat ion shall be adjustable and

controlled to within 0. 1 percent. The rigidity and mass

distribution of the vibration excitation devirn when fastened to

* Bishop, A.ll., and lienkel, D.J.,”The Triaxia l Test,” Edward
Arnold Publishers, London , 1962, 228 pages.

8
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the active end platen shall be such that it can be accurately

represented as a rigid ma ss that may be attached to weightless

spring s and dasbpots as show n in Figure 1. If weightless springs

ar e  used , the excitation device and active end platen (without

the specimen in  place) for m a two degree—of—freedom system (one-

degree—of—freedom system for devices designed for only

longitudinal or only torsional motion) , having undamped natural

frequencies for longitudinal motion , 
~~ 

and torsional motion ,

I • The device shall be constructed such that these modes of
oT

vibration are uncoupled.

(3) The excitation device shall have a means of measuring

the applied current that has at least a 5 percent accuracy. The

voltage drop across a fixed , temperature and frequency stable ,

power resistor in series with the excitation device may be used

for this purpose. The force/current and torque/curren t factors

for the vibration excitation devices must be Linear within S

percent for the entire range of operating frequencies anticipated

when testing soils.

d. Sine Wa ve Generator. — (1) An electric instrument capable

of producing a sinusoidal current with a means of adjusting the

frequency over the entire range of operating frequencies

anticipated. This instrument shall provide sufficient power to

produce the required vibration amplitude , or its output may he

electronically ampiLtied to provide sufficient power. The total

distortion of the signal applied to the excitation dev ice shall

be less that 3 percent . The sensitivity of the treiuency

adjustment shall be less than 0.1 percent.9
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e. Vibration Neasuring Devices and Readout Instruments. — (1)

The vibration measuring devices shall be acceleration , velocity,

or displacement transducers that can accurately mea sure the

motion of the active and passive end pla tens. A transducer is

not needed on the passive end platen if it rigidly fixed.

(2) On each platen, one transducer shall produce a 7

calibrat ed electrical output that is proportional to the

longitudinal acceleration , velocit y,  or disp lacement of that

platen (not required for torsion only apparatus) . The other

transducer shall produce a calibr ated electrical output that is

proportional to the rotational acceleration , velocity or

displacement (not required for longitudina l only apparatus) . The

readout instrument and transducers shall have a sensitivity such

that a displacement of 103—5 in. (2.5 x 104—7 m ) and a rotation

of 1O$—5 radian can be mea sured wit h 10 percent accurac y for the

entire range of frequency anticipated.

(3) It is also necessary to have an x-y-tim e oscilloscope

available for observing signal waveforms and for establishing the

system resonant frequency. This oscilloscope must have at least

one amplifier (vertical or horizontal) with sufficient gain to

observe the motion transducer output over the entire range of

output voltages and frequencies anticipa ted.

(4) For measurement of damping by the tree vibration

method , and for calibration of the apparatus damping, the readout

instrument shall be capable of recording the decay of free

vibration. Either a strip chart recorder with appropriate

response tim e an d char t speed or an oscilloscope an d camera m ay



be used for this purpose.

f .  S u p p o r t  f o r  V i b r a t i o n  Exc i t a t i on  Device .  — Fo r t h e  special

case where the vibration excitation device and active end platen

are placed on top of the specime n, it may be necessary to support

all or a portion of the weight of the platen and excitation

device to prevent excessive axial stress or compressive failure

of the specimen. This support may be provided by a spring,

counter balance weignts or pneumatic cylinder as long as the

supporting system does not prevent axia l moveme nt of the active

end platen anu it does not alter the vibration characteristics of

the excitation dev ice.

g. Temporary Platen Support Device . - This may he any

clamping device tha t can be used to support one or both end

platens during attachment of vibration excitation device to

prevent specimen disturbance during apparatus assembly. This

device is to be removed prior to the application of vibration.

h. Device (s) for Specimen Dimension ~ieasureaent . 
— Vernier

calipers, girth measuring tapes, or dial indicators may h~ used

for measuring the physical dimensions of th€ specimen as long as

they do not disturb the specimen and are of sufficient accuracy

to give the specimen dimension s to within 1 % of the dimensions

being measured .

i. Weighing Device. — The weighing device shall be suitable

for weighing soil specimens. Specimens ot less than 100 g shall

7 
be weighed to the nearest 0.01 g, whereas specimens of 100 q or

larger shall be weighed to the nearest 0.1 g.

j. Specimen Preparation and Triaxial Equi pment. — Appar atus

11

______ -— — ----7 — -_—-7-—-—--—---— --9- —— ---



described in Appendices X or XI may be use l for specimen

preparation and application of ambient stresses. Additiona l

miscellaneous apparatus and tools may be used for these purposes 7

as required.

5. APPARATUS CALIBRAT ION

a. Motion Transducers . — (1) ~otion transducers shall be

calibrated with each other and with an independent method to

insure calibration accuracy within 5 percent.

(2) Linear mot ion transducers whose axes are located fixed

distances from the axis of rotation may be used to measure

rotational motion if the cross—axis sensitivities ot the

transducers are less than 5 pe rcent. For this case the distance

between the axis of rotation and the transducer axes shall he

known to within 5 percent.

(3) The calibration fac tors for longitudina l motion shall

be expressed in terms of peak meters/peak volt. The calibration

factors for rotational motion shall be expressed in terms of peak

radians/peak volt. This means that for velocity and acceleration

transd ucers, the vibration trequency shall be included as a term

in 4-he calibration factor. For velocity transducers, the

calibration factors are given by

Displ. Cal. Fact . = Vel. Cal. Fact.f(2mf)

and for acceleration transducers, the calibration factors are

given by

12
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Displ .  Cal. Fact.  Accel. Cal .  Fac t ./ (2i~- t ) $ 2

Thus, for velocity and acceleration transducers, the calibration

iactors will not be constants but will vary with measured

frequency, f.

(14) Calibrat ion [actors for longitudinal motion are given

by the symbol LCF with a subscript A or P denoting whether the

transducer is associated with the active end platen or passive

end platen. Likevise , the calibration factors for rotational

motion will be ~jiven by the symbol HCF and will have subscri pts A

or P depending on their location.

b. Passive End Platen Mass and Rotational Inertia. — (1) The

mass and rotational inert ia of the passive end platen shall be

determined w ith all, transducers and other rigid attachments

securely in place. The mass, i~ , is caLculated from

N = II /g
P P

where: U,1 = the weig ht of the passive end platen and its

attachments

g = the acceleration of gravity

(2) The rotationa l inertia of the concentric solid

cylindrical components of the passive end platen and its

attachments is given by

13
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C

= -~~~~~ W j  d~ 42

where: U = w e i g h t  or the i—th solid cylindrica l component

diameter of the i—th solid cylindrica l component

n = number of solid cylindrical components

(3) Transd ucers and other masses attached to this platen

can be accounted for by

n

(J~ )2 = ; W~ r1 32

where: = w e i g h t  of the  i - t h  c o m p o n e n t

r1= distance from the platen axis to th~ center of iass

for the i— th component

n = number of com ponents attached to passive end p laten

and not covered in the determination of (Jp)1

(*4) The total rotational inertia for the passive end is

given by

= (J~ ’)
1 ‘

c. Active End Platen Mass and Rotational Inertia. — (1) The

mass , NA, and rotational inertia , 
~A ’ 

of the active end platen

hi

-— 7 -  -
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shall be determined with all transducers and rigid attachments ,

including attached portions of the vibration excitation device,

securely in place.

(2) If all components included above have simple geometry,

then ‘he equations ot 5 b. may be used to obtain the mass and

rotational inertia .

(3) An alternate procedure involves the use of a metal

calibration rod of known torsional and axial stiffness. One end

or the rod shall be rigidly fixed and the other end shall he

rigidly fastened to the active end platen. Since it may be very

difficult to fasten the calibrat ion rod to the platen without

adding mass or rotational inertia , it is recommended that the

calibration rod be permanently fastened by welding, etc., to an

auxiliary platen identical in all respects to the one to ba used

in testing. The axial and torsional stiffness of the calibration

rod should be chosen such that the system resonant frequency with

the calibration rod in place is near the middle of the range of

system resonant frequencies anticipated for soil testing.

Several calibration rods may be necessary to account for

different specimen sizes.

(4) With the calibration rod in place , determine the low

amplitude system resonant frequencies for longitudinal vibration ,

and for torsional vibration , 
~
t rod ~T’ 

-rhe mass of the

active en d pla ten system is ca lculated f r o m

N A - (21P)ê2 ((f rod)L~~
2 

~oL~
21

15
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where: (K rod)L = longitudinal stiffness of calibration rod

( (AE)/L ]
A = calibration rod cross—sectional area

E = Young ’s modulus for calibration rod material

L = length of calibration rod

= apparatus lon gitudinal resonant frequency as

described in 5 1.

The rotational inertia of the active end platen system is

calculated from

= ~~x~qd_~~A (2~-)$2 ~~~rod~T~~
2 —

where :  (K rod)T= torsional stiffness of calibration rod [ (I~ G)/L ]
= polar moment of inertia of the calibration rod

( ( i f  d+*I)/32)

d = calibration rod diameter

G = shear modulus for calibration rod material

1oT = apparatus torsional resonant frequency as

described in S d.

The above equations assume that the mass and rot ational inertia

of the calibration rods are much less than the corresponding

values for the active end platen system .

(5) A secon d alternate procedure is to couple the metal

calibration rod to the platens in place of the specimen and then

use the procedures in Section 8 to backfigure the active end

16
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inertias from the known moduli of the rod.

d. Appara tus Resonant Frequencies and Spring Constants. — (1)

Appa ratus resonant freque ncies and spring constants are J-~fine~1

on ly for those apparatus that have springs attached to the act ive

end platen system (See 7d.) . To determine the resonant

frequencies , set up the apparatus complete with active end

platen and 0—rings but no specimen. Vibrate at low amplitude and

adjust the frequency of vibration until the input torce is in

phase with the velocity of the active end platen system. For

longitudinal vibration , this appa ratus resonant fr equency is

and tor torsional vibration it is

(2) The longitudinal and torsional apparatus spring

co n s t a n t s  (K st, KST), may be calculated from

K SL = 

~~ oL~~~
2 M A

K ST = (21r f 0T) $ 2 J~

where MA and 
~A 

are defined in 5 c.

e. Apparatus Damping Factors. — (1)  To measure the damping

constants for the apparatus, attach the same masses as used for

the d e t e rm in a t i o n  of a p p a r a t u s  resonant  fr eq u e n c i e s .  For

apparatus without springs attached to the active end platen ,

insert the calibration rod described in 5 c. With the apparatus

vibrating at the resonant frequency, cut off the power to the

excitation dev ice and record the decay curve for the vibration of

17 
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the apparatus. From the decay curve, compute the logarithmic

decremen t, 6 , as follows

1 A 1

n

where: A 1 = the amplitude of vibration for the first cycle after

the power is cut off

= the amplitude for the (n+1)th cycle

(2) The apparatus damping coefficient , ADC L ~ from

longitudinal vibration shall be given by

AD C L = 2f L M A6 L

where:  
~L = the  l o n g i t u d i n a l  m o t i o n  r e s o n a n t  f r e q u e n c y  measu red

during apparatus damping determination

MA = active end platen mass from S c.

6 = l o g a r i t h m i c  dec remen t  fo r  l o n g i t u d i n a l  mo t ion

(3) For tors ional  mot ion , the  appa r a t u s da m pi n g

coefficient, ADC T, is given by

ADC T 2f TIA8T

w here: 
~ 

= the torsiona l motion resonant frequency mea sured

during appa ratus damping determination

= active end rotational inertia from 5 c.

18
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6
T = logarithmic decrement for torsional motion

f. Force/Current and Torque/Current. — (1) For apparatus

w i t h out spr ings  a t t a ched  to the  active end platen , insert the

calibration rod as described in 5 c. Determine the resonant

frequency of this single degree —of—freedom system consisting of

the active end platen and apparatus spring or calibration rod by

use of the same procedure as described in 7 d.

(2) Then set the frequency to 0.707 times the resonant

frequency and apply suffic ient current to the vibration

excitation device so that the vibration transducer output to the

readout device has a signa l—to—noise ratio of at least 10. Read

and record the output or both active end vibration transducer and

current measuri ng instrument.

(3) N e x t  set t h e  f r e q u e ncy to 1.414 times the sy~ t~ m

resonant  f r e q u e n c y  a n d  o b t a i n  t h e  v i b r a t i o n  t r a n s d u c e r  and

c u r r e n t  ins t r u m e n t  r e a d i n g s  in a s i m i l a r  f a s h i o n  to those at

0.707 times the resonant frequency.

(14) Calculate C1 and C 2 from

(VTCF) (TOl)
c 

2 (CR1)

(VTCF)
A 

( T 0 2)
C2 = 

CR2

where: (VTCF)A = Active end vibration transducer calibration

factor (LCF A or RCFA ) depending on wheth er

19
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vibrai~ion is longitudinal or torsional.

TOl = Act ive  end t r ansduce r  o u t p u t  at 0 .707  x r e sonan t

frequency

CR1 = Current instrument reading at 0.107 x resonant

f requ ency

T02 = Active end transducer output at 1.414 x resonant

freque ncy

CR2 = Current instrument reading at 1.414 x resonant

frequency

C1 and C 2 should agree within 10 percent.

(5) By use of C1 and C2 from longitudinal vibration , the

Force/Current calibration factor , FCF , is obtained from

FCF = 0.5(C1 4 C2)K SL

wh ere: K~~ = a p p a r a t u s  s p r i n g  c on s t a n t  (or fo r  a p p a r a t u s  w i t h o u t

sp r i n gs , t h e  c a l i b r a t i n g  rod spr ing  c o n s t a n t )  for

l o n g i t u d i n a l  m o t i o n

(6) B y use of C1 and C 2 f r o m  tors ional  v i b r a t i o n , the

Torque/Current calibration factor, TCF, is obtained from

TCF = 0 . 5 ( C 1 + C2)K ST

where : K ST = apparatus spring constant  (or f o r  a p p a r a t u s  w i t h o u t

springs, the calibrating rod spring constant) for

torsional motion .

20 
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6. TEST S P E C I M E N S

a. General. — These methods cover only the special specimen

preparation procedures related to the vibration and resonant

column technique. Since the resonant column test may he

conducted in conlunction with controlled ambient stresses, the

provisions for preparation of specimens in Appendix ~ or Appendix

XI may be applicable or may be used as a guide in connection with

other methods of application and control of ambient stresses.

b. Specimen Size. — (1) Specimens shall be of u n i f o r m

circular cross section with ends perpendicular to the axis of the

specimen.

(2) Specimens shall have a minimu m diameter of 33 m m (1.3

in.) and the largest particle contained within the test specimen

shall be smaller than one—tenth of tac specimen diameter except

that for specimens having a diameter of 70 mm ( 2 . b  i n . )  or

Lar ger , the largest particle size shall be smaller th an one—sixth

of the specimen diameter. If, after completion of a test, it is

found that larger particles than permitted are present, indicate

this information in the report of test data under “Remarks. ”

(3) The length—to—diameter ratio shall be not less than 2

(this may be changed to I for torsional vibration only) nor more

than 7 , except that when an ambient axial stress greater than the

ambien t latera l stress is applied to the specimen , this ratio

shall be between 2 and 3.

( )  Measure the length and diametet of the specimen using a

Vernier caliper or other suitable device. Determine the weight

of the test specimen. For determination of moisture content

21
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(Appendix I) , secure a representative sample of the cuttings from

un disturbed specimens , or of the extra soil for remolded

specimens, placing the sample immediately in a covered container .

c. End Coupling for Torsion . — (1) For torsional motion ,

complete coupling of the ends of the specimen to the specimen cap

and base mus t be assured. Complete coupling for torsion may be

assumed if the mobilized coefficient of friction between the end

platens and the specimen is less than  0 . 2  fo r  all  shear s train

amplitudes. (2) The coefficient of friction is

approximately give n by

Coeff. of Frict. =

where: Y = shear strain amplitude (see Section 8m .)

G = shear modulus (see Section 81.)

a’ = effective axial stressa

When this criterion is not met , other provisions such as the use

of raz or blad e vanes, adhesives, etc. must be made in order to

assure complete coupling.

(3) The effectiveness of the coupling provisions shall be

evaluated by testing two specimens of the same material but of

different lengths. The lengths of these specimens shall differ

by at least a factor of 1.5. The provisions for end coupling nay

be considered satisfactory if the values of the shear modulus for

22
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these two specimens of d i f f e r e n t  l ength  do not differ by more

than 10 percent.

d. Specimen Stiftness. — (1) The upper limit of specimen

s t i f f ne s s  wi l l  depends  on the specific a p p a r a t u s  be ing  used.

Refer  to the  recommenda t ions  of the m a n u f a c t u r e r  or to D r n ev i c h *

for method s of estimating limits of specimen stiffness.

e. Use of Side Drains. — (1)  For tests on s a t u r a t e d  or n e a r l y

saturated soils where the specimen will be consolidated , filter

pa per strips (Whatman No. 54 or similar) may be used around the

perimeter of the specimen to speed up the consolidation and pore

pressure equalizat ion processes. Except for very soft specimens

tested at low effective confining stresses, these strips should

have negligible effects on the test results.

(2) Since the effect of side drains is inversely related

to specimen diameter , the testing of larger diameter specimens

can be used to check on the effects of side drains.

(3) For side drains to be effective, they should extend

over the porous stones or discs at each end of the specimen.

7. PROCEDURE

a. General. — (1) Resonant column testing is quite similar to

triaxial testing except that vibrations at the system resonant

frequ ency ar e a pp lied to the specimen instead of the deviator

stress that causes failure. Consequently, the procedure for

* Drnev ich , V.P.,”Resonant Column Testing - Pro b lems and
Solutions,” Proc. of the ASTM Symposium on Dynamic Soil and Rock
Testing in the Field and Laboratory for Seismic Studies, STP 654,
ASTM . June , 1977.
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preparation of specimens in Section 4. of Appendix K. is

7 
applicable and the data sheet in Plate X— 1 can be used to record

the specimen data. Beca use the application of vibrations is

relatively nondestructive, each sample can be tested at two or

three confining stresses (staged testing) • and thus triplicate

samples are not usually needed .

(2) Once the specimen is placed in the apparatus , a

confining stress is applied. Depending on the insitu conditions

being simulated , the specimen may be dry, partially saturated , or

saturated by means of a back pressure. Prior to the application

of large amplitude vibration , the specimen may be undrained or

consolidated. (Low amplitude vibrations where strain amplitudes

are on the order of 0.001 percen t or less ar e comple tely

nondestr uctive and can be applied at any time.)

(3) After the confining stress has been applied (including

completion of saturation and consolidation* if they are chosen),

sm all amplitude vibrations at the system resonant frequency are

applied and data are taken . Next, the amplitude of vibration is

increased by 30 percent to 50 percen t, the frequency is adjusted

* It has been shown by D. G. Anderson and R. D. Woods
(“Comparison of Field and Laboratory Shear Moduli,” Pro-
ceedings of the Geotechnical Engineering Specialty Con-
ference on Insitu Measurement of Soil Properties, ASCE,
Raleigh , N.e., Vol. I, June 1975, pp 69-92) that for fine
gra ined soils , the amount of time in secondary compression
can significantly affect test results. To obtain a measure
of this effect, it is recommended that low amplitude vibra-
tion be applied , the frequency be adjusted to resonance,
and that sets of data be taken at convenient intervals of
time during the consolidation process and to at least one
log cycle of time into secondary compression. After this,
testing at larger strain amplitudes can commence.

24 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~ -- ----l -~~~~~-—~~~------—- .-7--~~~~~~~



— . 7 7 - -- - , -  - - .  -- —--7- ‘ -7---- -- - 

to resonance and another set of data are taken. This process is

repeated until the desired amplitude is achieved or the vibration

capacity of the apparatus is reached. Then , the amplitude of

vitration is reduced to the level used at the beginning of the

test , the frequency is adjusted to resonance , and another set of

data is taken.

(is) The amount of disturbance to the specimen caused by the

high amplitude vibration can be established by comparing t h e  low

amplitude data obtained before and after high amplitude

vibration. For fine grained soils, even when tested with

drainage allowed , excess pore pressures may be created by the

hi gh amplitude vibration. In this situation , it is adviseable to

allow the excess pore pressures to dissipate (specimen

consolidates or swells). Additional sets of data at low

amplitude vibration may be taken during this process. If it is

apparent from the data that only a small amount of disturbance

was caused b y the high amplitude vibration , another confining

stress may be applied to the same specimen and the process

outlined above can be repeated for the new confining stress.

b. Procedure for Placement of Specimen in Apparatus. — (1)

The exact procedure to be followed during test setup will depend

on the apparatus and electronic equipment used and on the methods

used for application , mea surement, and control of the ambient

stresses. However , the specimen shall be placed in the apparatus

by procedures that will minimize the disturbance of the specimen.

(2) Particular ca re must be exercised when attaching the

end platens to the specimen , when applying filter pape r strips,

25
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me•branes, and 0—rings, and when attaching the vibration

excitation device to the platens. A temporary support device for

the platens as discussed in Section 14f may be needed.

(3) For the sake of good coupling between the specimen and

the pla tens, the use of filter paper discs at the ends of the

specimen is not recommended. The filter paper strips on the

perime ter of the specimen , if used , should extend beyond the ends

of the specime n and over the porous discs attached to the

platens.

(LI ) When it is desired to saturate cohesive soil specimens ,

the saturat ion process is greatly facilited if a very small

diameter flexible tube is inserted between the top p la t e n  a n d  the

me mbrane before the top 0—rings are placed. A seal is formed by

use of a liberal amount of vacuum grease. A vacuum is then

introduced to the space betwee n the specimen ~nd membrane by

means of this tube . Finally, the tube is gently withdrawn and the

top 0—rings applied.

(5) For cases where ambient isotro pic stresses are to be

applied to the membrane enclosed specimen , liquid or air

confining media may be used for dry or partially saturated

specimens. For tests where complete saturation is important , a

liquid confining media such as deaired water or mineral oil

should be used . Where the vibration excitation device is located

within the pressure chamber, an air-liquid interface in the

chamber lust below the device is acceptable as long as the liquid

covers the entire membrane that encloses the specimen.

(6) The system for providing confining stress and back

26 

----- ~~~~~ -~~~~ - -  - — — — -.-- - -—- - - -~~~~~~~~~~ -— ~~~~~~



—---- 7- — -7-- —-—-—-- --—- - ---—- --—-7— -

~~~~

--- 7 - -
-,

pressures to the specimen is identical to that given in Fig. 16

of Appendix K . except that a pressure line must be connected

between valve C on the chamber pressure reservoir and valve B on

the apparatus chamber lid. During the process of filling the

chamber to the desired level with confinin g liquid , valve A is

open. After this, valve A is closed and valves B and C remain

open .

(7) If undisturbed specimens are being tested and

saturation by means of back pressure is desired , it is

recommended that consolidaton be done before back pressuring.

This will provide a less disturbing effective stress history to

the specimen .

C. Electric Equipment Connections. — (1) Connect the

vibration excitation device to the sine wave generator (with

amplifier , if required) . The powe r supplied to the vibration

excitation device should be very low in order not to exceed the

a m p l i t u d e  of v i b r a t i o n  pre scribed in 7a.

(2) Connect  the  v i b r a t i o n  t r ansduce r s  to the  readout

instruments for the type of motion (longitudinal or torsional) to

be applied. Adjust the readout instruments according to the

instruction manuals for these instruments.

d. Measure ment of Resonant Frequency. - (1) The procedure for

measuring system resonant frequency is the same for both

longitudinal and torsional vibration except that the

longitudinal motion transducer is used for longitudinal motion

and the rotational motion transducer is used for torsional

motion .

27
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(2) If the passive end is fixed or if P>100 (See Section Re

for definition ot P) • motion of the active end platen is used to

establish resonance. Otherwise , motion of the passive end platen

is used.

(3) With the power as low as practical , increase the

frequency of excitation from a very low value (e.g. 10 Hz.) until

the resonant frequency is obtained. The phase relationship

describing resonance can be established by observing the

Lissajous figure tormed on an x—y oscilloscope with the voltage

proportional to the driving current applied to the horizonta l

a.plifier and the output from the transducer applied to the

vertical amplitier. if a velocity transducer is used for

vibration measurement , the system resonant frejuency occurs when

the figure formed is a straight , sloping line. If a displacement

or acceleration transducer is used , the frequency should be

adjusted to produce an ellipse with axes vertica l and  horizontal.

(LI ) For the case where the motion of the passive end platen

is being used to establish resona nce, the resonant frequency is

the second lowest frequenc y for which the Lissajous figure either

forms a straight sloping line (velocity transducer being used) or

an ellipse with axes vertical and horizontal (accelerometer or

displacement transducer being used). When a velocity transducer

is used for this case, the slope of the line has the opposite

sign for the second lowest frequency as it does for the lowest

frequency.

(5) It is recommended that the frequency be measured with a

digita l electronic frequenc y meter and be recorded to at least

28
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three significant tigures. The system resonant frequency for

longitudinal mot ion shall be designated 
~L 

and that for torsional

motion shall be designated 
~~~

e. Measurement of Strain Amplitude. — (1) The strain

amplitude measurements shall only be made at the system resonant

frequencies. Thus, for a given current applied to the excitation

device, the vibrator y motion transducer outputs recorded at the

system resonant frequency give sufficient information to

calculate strain amplitude . To increase or decrease strain

amplitude , the current to the vibration excitation device must be

increased or decreased. After making a change in current

applied to the vibration excitation device , the procedure of 7 d

must be followed to establish the corresponding system resonant

frequency before the transducer outputs can be used to establish

the new strain amplitude value .

f. Measurement of System Damping . — (1) Associated with each

strain amplitud e and system resonant frequency is a value of

damping. Two methods are available for measuring system damping:

the steady—state vibratio n met hod and the amplitude decay method.

The procedures for both methods are independent of whether

longitudinal or torsional motion is under consideration.

(2) For the steady state method , the active end or the

passive end vibration transducer output (depending on which end

is used to establish resonance) and the current appl ied to the

vibration excitation device must be measured at each resonant

frequency. The calculations are outlined in 8 k.

(3) For the free vibration method , with the system
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vibrating at the system resonant frequency, cut oft the power to

the vibration excitation device and record the transducer output

of the transducer used in establishing resonance as a function of

time. This gives tne deca y curve for free vibration.

g. Explanation of Data Sheet. — (1) Data acquired during the

performance of a test is recorded directly on the data sheet

given in Pla te 1. Columns (2) through (7) of this sheet can

be used to record consolidation and/o r saturation data. Low

amplitude , nondestructive vibration data may also be recorded

during the consolidation and saturation process~s.

(2) Data in column (2) is the elapsed time from the

beginning of the test or fro. the initiation of consolidation.

(3) Data in columns (3) and (LI) are the readings from the

chamber pressure gage and the pore pressure transducer ,

respectively (See Fig. 16, Appendix K) . They may be in

engineering units or they may be readings to which calibration

factors must be applied. For the latter case, the calibration

factors for each should he noted in the “Remarks ” section at the

bottom of the sheet. If a differential pressure transducer (one

side measuring cell pressure and the other pore pressure) is

used, record the cell pressure from the pressure gage in column

(3) and the differential pressure in column ( 4 )  . Relabel column

(II) to note the use of the differential pressure transducer.

(4$) Column (5) is used to record the static ax ial load that

is applied in addition to the ambient confining stress.

(5) Columns (6) and (7) are for specimen length change

measurement readings and pore volume change measurement readings.
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(6) Place an “L” or a “T” in column (8) depending on

whether longitudinal or torsiona l excitation is being applied to

the specimen.

(7) Data in columns (9) through (12) are associated with

the vibration of the specimen. Column (9) is used for the

reading associated with the amount of force or torque applied to

the excitation device as discussed in Sections LIc, Se, and if.

The outputs of the act ive end and passive end vibration

transducers are recorded in columns (10) and (11), respectively.

Finally, the system resonant frequency (See paragraph 1. above)

is recorded in column (12)

(8) If the free vibration method is also used to measure

damp ing, each record of amplitude decay with time must be marked

to associate it with its corresponding line in the data sheet.

8. CALCULATIONS

a. General. — (1) Calculations require the apparatus

calibration factors (Section 5.) ani the physical dimensions and

weight of the specimen. In addition , for each ambient stress,

one data set is required for each vibration strain amplitude. A

data set consists of the information on one line of the data

sheet given in Plate 1. Addit ionally, it may include the

free vibration amplitude decay curve.

(2) The data reduction process requires several steps, the

first of which is to determine the specimen volume , length ,

diameter , and weight for each data set (line on the data sheet).

Record the proper values of these specimen characteristics in
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columns (1) through (5) of the Intermediat e Calculations Sheet

given in Plate 2.

(3) Items in columns (6) through (11) of this sheet are

calculated according to paragraphs ~~. through q. below. Ttem s in

columns (8) through (11) are input paramete rs for the computer

progra m give n in Section 11 .

(4) If the computer program is used, values in columns (12)

and (13) are calculated by the program and the information in

column (14) is not needed. Alternatively, items in columns (12)

throug h (14$) may be determined for most cases from equations and

graphs discussed in paragraphs h. through j.

(5) Informati on for the Final Calculations Sheet (Plate

3) . columns (2) through (5) is available from the Data Sheet

(Plate 1). Column (2) is the mean effective confining stress

(average of the three p r i n c i p a l  effective stresses) • Column (3)

is the ratio of axial effective stress to lateral effective

stress. Column (11 ) is simply carried over from column (5) of the

Data Sheet. Columns (5) through (9) are determined according t’~

procedures given in paragrap hs k. through o. below.

5. Soil Mass Density. — (1) The soil mass density, ~J • is

given by

W
p

Yg

where~ U = total weight of the specimen (Col. (5) , Intermediate

Calcu lations Sheet)

V = volume of the specimen (Col. (2), Intermediate
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Calculations Sheet)

g = acceleration of gravity

Record the soil mass density in column (6) of the Intermediate

Calculations Sheet.

c. Specimen Rotational Inertia . — (1) The specimen rotational

inertia about the axis of rotation is given by

W d 4 2

8g

where: d = d i a m e t e r  of the specimen (Col. (LI )  , I n t e rm e d i a t e

Calcu lations Sheet)

Record the value of specimen rotational inertia in column (7) of

the Intermediate Calculations Sheet.

d. Active End Inertia Factors. — (1) The active eni inertia

factor for longitudinal motion , I~~, is calculated from

TL = ~
1 _

w L ~~~ I
where: M A = mass or the active end platen system as calculated

in 5c.

~oL 
apparatus resonant frequency for l ngitudina l motio n

from Sd. (For apparatus without sprinqs attached to

= the active end platen , this term is zero.)

system resonant frequency for longitudinal motion (Col.
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(12 )  , Data Sheet)

(2) The active end inertia factor for torsional motion , TT,

is given by

TT = ~A 
~~ 

— 

f~~ 42

~ L
where: = rotational inertia of the active end platen system

as ca lculated in Sc.

.1 = s pecime n ro ta t iona l  iner t ia  as ca lcu la ted  in 8c.

= apparatus resonant frequency for torsional motion

from 5d. (For apparatus without springs attached to

the active end platen , this factor is zero.)

= system resonant frequency for torsional motion (Col.

(12), Data Sheet)

Record the values of TL or TT in column (B) of the Intermediate

Calculations Sheet.

e. Passive End Inertia Ratios. — (1) For longitudina l motion ,

the passive end inertia ratio, 
~L 

is given by

~L 7

where: N = mass of the passive end platen system as described

in Sb.
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(2) For torsional motion , the passive end inertia ratio, 
~T

is given by

J
P = P
T

where: J~ = rotational inertia of passive end platen system as

calcu lated in Sb.

For the special case where the passive end of the specimen is

rigidly fixed , 
~L 

and are equal to infinity. For most

situations , the passive end may be assumed to be rigidly fixed if

the value of P is greater tha n 10,000 . Record passive end

inertia ratio in column (9) of Intermediate Calculations Sheet .

f. Apparatus Damping Factors. — (1) For longitudinal motion ,

the apparatus damping factor, &DFL, is calculated from

A DI~ = ADC~/t 21rf~~(W/g) )

where: ADC L= apparatus damping coefficient for longitudinal

motion as descr ibed in 5e.

(2) For torsional motion , the apparatus damping factor, ADF T

, is calculated from

AD? = ADC
T
/[2lrf

T
J)

where: ADC T= apparatus damping coefficient for torsional motion
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as described in Se.

The apparatus damping factors are recorded in column (10) of the

Intermediate Calculations Sheet.

g. Magnification Factors. — (1) These factors are used in

ca lculating damping. For longitudinal motion , the magnification

factor is calculated from

MM F L = [ (LCF) (LTO)/(FCF) (CRL) ](W/g) (2”~ L) 4 2

where: LCF = longitudinal motion transducer calibration factor

for the transducer used in establishing resonance

LTO = longitudinal motion transducer output (Col. (10) or

(11), Data Sheet depending on which end is used to

establish resonance.)

FCF = force/current factor from Sf.

CR
L 

current reading to longitudinal excitation system

(Col. (9) , Data Sheet)

(2) For torsional motion, the magnification factor is

calculated from

NNF T = [ (RCF) (RTO)/(TCF) (CR T) ]3 ~~~~~ 
42

where: RC? = rotational transducer calibration factor for the

transducer used in establishing resonance

RTO = rotational transducer output (Col. (10) or (11),

36
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Data Sheet depending on which end is used to

establish rPsonance.)

TCF torque/current factor from Sf.

CR T = current reading to torsional excitation system (Col..

(9) , Data Sheet)

Record magnification factors in column (11) of Intermediate

Calulations Sheet.

Li. Dimensionless Freq uency Factor. - (1) The dimensionless

frequency factor, F, is used in ca lcula ting modulus. It is a

function of system factors T, P. and AD ? and of specimen damping

ratio, D. Values of F are provided by the computer program in

Section 11.

(2) For cases wher e AD? is zero and specimen damping ratio

is less than 10%, values of F can be obtained from Figure 2.

Figure 2b is similar to Figure 2a except that the range of T is

different. This figure is independant of which end of the

specimen is used to determine resonance.

(3) For the cases where ADF and specimen damping ratio are

small and where T and P are both greater than 10 , dimensionless

f re quency fac tor may be approx ima ted b y

F = ‘jilT ‘i/P

This simple equation is espec ially useful for checking results

obtained from Fig. 2 or from the computer program. Record

dimensionless frequency factors in column (12) of the

37 
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Intermediate Calculations Sheet.

i. Strain Factor. — (1) The strain factor, SF, is calculated

by the prog ra m in Section 11 . or, for cases of AD? = 3 and

specimen damping equal to 10 percent, it may be obtained from

Fig. 3. For other values of specimen damping ratio and ADF ,

va lues of from Fig. 3. are only approximately correct. (Note that

Fig. 3a is for the case where resonance is established by phase

mesasuremeat between input force and motion at the active end and

Fig. 3b is for the case where resonance is established by phase

measurement between input force and motion at the passive end.)

Record strain factors in column (13) of the Intermediate

Calculations Sheet.

). Amplification Coefficient. — (1) When manually reducing

data , the amplifi cation coefficient, A, is needed to calculate

damping . This coefficient may be obtained from Fig. ‘4 for cases

where app ara tus damp in g fac tor, AD? (Col. (10), Intermediate

Calculations Sheet), is zero. For other values of AD ?, the

amplitication coefficient is only approximate.

(2) The following equation may also be used to approximate

the amplification coefficient for the case where resonance is

determined by phase measurement between input force or torque and

motion at the passive end. For this equation , the values of both

T and P must be greater than 10.

A = 2 ( T + P)

Amplificaton coefficient is recorded in column (14) of the

Im termediate Calcu lations Sheet.

k. Number of Vibration Cycles. — (1) The approximate number of

38



vibration cycles, N, applied for each data set may be determined

by

N = 60(tj — t i_i)f

where: t = elapsed time in minutes for data set “i”

ti_i = elapsed time in minutes for data set “i—i ”

f = system resonant frequency (Col. (12) , Data Sheet)

Both t~ and t~_1 are from column (2) of the Data Sheet. Number of

vibration cyc les is recorded in column (5) of the Final

Calculations Sheet.

1. Noduli. - (1) The rod modulus is calculated from

F = P(277L)42 (fL /FL)42

where : ~ = specimen mass density (Col. (6) • Intermediate

Calculations Sheet)

= system resonant frequency for longitudinal motion

(Col. (12) , Data Sheet)

= dimensionless frequency factor (Co 1. (12) ,

Intermediate Calculations Sheet)

(2) The shea r modulus is calculated from

G = b~ (2111)42 (f /F )42
T T

39
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where: = system resonant frequency for torsional motion (Col.

(12), Data Sheet)

FT = dimensionless frequency factor (Col. (12),

Intermediate Calculations Sheet )

Record moduli in column (6) of Final Calculations Sheet.

m . Strain Amplitude. - (1) The avera ge rod strain

amplitude , ~ , for longitudinal mot ion shall be calculated from

S = (LCF) (LTO) (SF/L) 100%

where: LCF = longitudinal motion transducer calibration factor

for the transducer used in es~.ablishing resonance

LTO = longitudinal tra nsducer output (Col. (10)  or ( 11) ,

Data Sheet depending on transducer used in

establishing resonance)

SF = st rain factor (Col. (13), Intermediate Calculations

Sheet)

L = specimen length (Col. (3) • Intermediate Calculations

Sheet)

(2) For torsional motion , the average shear strain

amplitude , Y, shall be calculated from

Y = (BC ?) (SF)[d/ (3L) ] 100%

where: BC? = rot at ional motion transducer calibration factor for

‘sO
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the t rans ducer used in esta blish ing resonance

RTO = rotational transducer output (Col. (10) or (11),

Data Sheet depending on transducer used in

establishing resonance)

SF = strain factor (Col. (13), Intermediate Calculations

Sheet)

d = specimen diameter (Col. (‘4) , Intermediate

Calculations Sheet)

Strain amplitudes are recorded in column (7) of Final

Calculations Sheet.

n. Damping Ratio from Steady State Vibration. — (1) If the

computer program in Section 11 is used, the damping ratio of the

specimen is established as part of the output .

(2) Manual calculation of damping ratio may be done for

cases where the apparatus dampin g factor , AD?, is zero or may be

assumed to be zero (See Bf. for definition of ADF).

The damping ratio, D, is calculated from

D = 100%/[ A (MM?) )

where: A = Amplification Coefficient (Col. (14), Intermediate

Calcu lations Sheet)

M N ?  = magnification factor (Col. (11), Intermediate

Calculations Sheet)

41
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o. Damp ing Ratio from Free Vibration. — (1) This procedure is

t heore t i ca l ly  exact f o r  appa ra tu s  where  the passive end can be

assumed to be rigidly fixed. For cases where the passive end is

not rigidly fixed , irrespective of which end of the specimen is

used in establ ishing resonance, this method is approximate. The

same transducer that is used to determine resonance must be used

to obtain the amplitude decay curve.

(2) For the case where resona nce is established by use of

the passive end transducer, values of T and P should both be

grea ter than ten when amplitude decay is used.

(3) For apparatus where the active end platen is restrained

by a spring, a system energy ratio must be calculated. For other

appa ratus, this factor is zero.

(‘I) For longitudina l motion , the system energy ratio is

calcula ted f r om

S
L 

= ( M ~~g/W ) (f Ø~~F~~/f ~~) $ 2

where: = dimensionless freq uency factor for longitudinal

motion (Col. (12) , Intermediate Calculations Sheet)

and tor torsional motion from

S
T 

= 
~~~~~ 

“roT 
F
T/c 

)-4 2

where: FT = dimensionless frequency factor for torsional motion

(Col. (12), Intermediate Calculations Sheet)
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Record the system energy ratios in column (7) of the Amplitude

Decay Data Sheet .

(5) Compute the system logarithmic decrement from the free

vibration (obtained in if.) from

6 = (1/n) log (A i/A~ +1)

where: A1 = amplitude of vibration for first cycle after power

is cut off (Col. (3) , Amplitude Decay Data Sheet)

= amplitude of vibration for (n+1)th cycle of free

vibration (Col. (4), A m p l i t u d e  Decay Data  Sheet)

n = number of free vibration cycles which must be 10 or

less. (Cal. (5), Amplitude Decay Data Sheet)

(6) Finally, calculate the damping ratio from

D [ 
~~
(lsS) _Sô]1O0%/(21r)

where: 0 = D L or DT , in percent , depending on whether

vibration is longitudinal or torsional

= 6
sL or 6sT depending on whether vibration is

longitudinal or torsional

S = or ST depending on whether vibration is

longitudinal or torsional

= 6L or 6T • the apparatus logarithmic decrement from

Se.

‘ 4 3  
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Record values of damping ratio in both column (8) of the

Amplitud e Decay Data Sheet and in column (9) of the Final

Calculat ions Sheet.

p. Accuracy of Calculations. — (1) The items listed on the

Fina l Ca lculations Sheet are those which will be used in analysis

or design and consequently, it is important that they be

accurate.

(2) In the foregoing sections, no units are specified. Any

system of units, whether English , metric , or SI, will wor k as

long as units are used in a consistent fashion.

(3) All numer ical i t ems  in the Data Sheet (Plate 1)

should be recorded to at least three significant figures. In

cases where apparatus have springs attached to the active end

platen , and wher e the system resonant frequencies are within 20

percent of the apparatus resonant frequency, the system resonant

frequency should be recorded to at least four significant

figures. A digital frequency meter is generally required for

this accuracy and when the system resonant fr e q u e n c i e s  a r e  less

than 100 Hz, it m a y  be easier and  more  a ccu ra t e  to m e a s u r e  the

resonant perio d and invert it to get the resonant frequency.

(4)  I t ems  in c o l u m n s  (2)  t h r o u g h  (7) in the  I n t e r m e d i a t e

Calcula t ions  Sheet (P la te  2) should be ca lcula ted  and

recorded with three significant figures. Any constants or units

conversions f o r  these i tems should also be to at least three

significant figures. Items in columns (8) througn (12) are all

n o n — d i m e n s i o n a l .  It is imper a ta t ive  t h a t  t h e  p a r a m e t e r s  used in

calculating these items be in consistent units. Special

Is ’s
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precaut ion should be t a k e n  when d e t e r m i n i n g  the  ac t ive  end

ine r t i a  r a t i o , T , in column (8) and subsequent parameters which

a re  f u n c t i o n s  of th is  i n e r t i a  rat io , when the system resonant

frequency is within 20 percen t of the  apparatus frequency. For

t h i s  case, it is also adv iseable to use the  compute r  p rogram to

d e t e r m i n e  the d imensionless  f r equency  f ac to r , F , the strain

factor , SF, and the damp ing ratio, U.

(5) If all of the above guidelines are observed , the data

on the Final Calculations Sheet (Plate 3) should be reported

to th ree  sig n i f i c a n t  f igures .  The absolute accuracy of these

data  w i l l  t h e n  be d i r ec t ly  related to the  abso lu te  accuracy of

the ca l ibra t ions .

9. REPORT

a. Genera l .  — The report  sha l l  inc lude  characteristics of t he

appa ratus, specimen , ambient test con d i t ion s, and t h e  results for

each da ta  set.

b. A p p a r a t u s  Charac te r i s t i c s. - The f o l l o w i n g a p p ara t us

character is tics shal l  be included:  a p p a r a t u s  n a m e , model number

and serial n u m b e r ;  ac t ive  end and passive end masses and

rotational inertias (N A , M~ , 3A • J r) ;  l o n g i t u d i n al  and torsiona l

apparatus resonant frequencies (1OL ‘ ~oT~ 
l o n g i t u d i n a l  and

torsional apparatus logarithmic decrements 
~ 6L • ) ; the

force/current and torque/current constants (?CF , TCF): and the

applicable motion transducer calibration factors (LCFA , LCF~~ RCF A

• RCF~ ). (Note tha t if the passive end is fixed , inertias and

transd ucers are not needed for the passive end. Likewise, if

los
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only one type of motion , long i tud ina l  or to rs iona l , is used , the n

only factors and inertias for that type need be given.)

C. Specimen Characterist ics. - A visual description and

origin of the soil shall be given including: name , group symbol ,

and whether undisturbed or remolded. This may be reported on the

Specimen Data Sheet (Plate X— 1)

d. Ambient Stress History . — This is to include a description

of the sequence of loading , consolidating, and saturating the

specimen and the application of axial loads. For staged testing

where behavior is measured at more than one effective confining

stress, the  detai ls  of this  s t ag ing  should be described. Plots

of specime n volume change and/or specimen length change versus

log time or square—root—of—time during consolidation should also

be given .

e. Vibration Test Results. — This is to include all of the

applicable informa tion on the data and calculation sheets

(Plates 1 through -4) for each data set including those associated

with consolidation and saturation . For each stage of testing,

plots of mod ulus and damping (arithmetic scales) versus vibratory

strain amplitude (either arithmetic or logarithmic scale) should

also be given.

10. POSSIBLE ERRORS

a. Specimen Preparation. — (1) Since specimen preparation is

identical to that for triaxial testing, the same sources of error

discussed in Appendix I., especially in Section 9 b. are

applicable here.

‘$6



b. Apparatus Assembly. — (1) The most common source of error

associated with apparatus assembly is disturbing the specimen

when placing the end platens ~nd when attaching the vibration

excitat ion device to the platen.  A t e m p o r a r y  p la ten support

device as described in Section ‘4 g. and a t empora ry  suppor t  for

the  vibrat ion exc i tat ion device as described in Section Is f.

should be used to avoid disturbance.

(2) Complete contact  betwee n t he  ends fo the specimen is

essential for  coup l ing  in torsion and for  accura te  rod modu lus

and  rod s t ra in values.  Careful use of the mitre box in trimming

the specimen ends will circumvent the problem for cohesive soils

and careful  smooth ing  and level ing of the specimen top will

circ umvent this problem for cohesionless soils.

(3) When stiff to very stiff soils are tested and when

razor blade vanes are protruding from the end platens , there is a

possibility that the blades will not fully penetrate the

specimen. This can be averted in most cases by shortening the

distance the blades protrude fro. the porous discs and by keep ing

the blades razor sharp. For extremely stiff soils, the blades

should not be used. Capping adhesives serve to provide the proper

contact for these soils.

(4) Most apparatus rely on a coil—permanent magnet system

for vibration exci tation. For cases where the active end platen

does not have springs attached to it, the coils may touch the

magnets, especially as the specimen swells or consolidates.

Usua l ly  there are prov isions for  adjusting t he clearance between

the coil(s) and magnet (s) without having to remove the confining

‘47
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stresses or o therwise  d i s tu rb  the  specimen. A d j u s t m e n t s  should

be made as needed.

(5) Associated wi th  the v i b r a t i o n  exc i t a t ion  device , the

transducers, and the pore water control are various cables and

tubes. It is important that these be arranged such that they do

not affect the vibratory characteristics of the system.

C. Test Procedure. — (1) The definition of resonance is

different for different appara tus boundary conditions.

Particularly where the motion at the passive end is u~~ d to

measure resonance, the wrong resonant frequency may be recorded

as the system resonant frequency. Also , the apparatus may have

some minor spurious resonances near the system resonant

frequency. These should be known beforehand by use of the

ca l ib ra t ing  rod and should not be mistaken for the system

resonant  f requency .

(2) Another  source of error in t he  appa ra tu s  w h e r e  the

pass ive end platen is not rigidly fixed, is the use of the wrong

transducer to establish resonance. This problem can be averted

by clearly labeling all leads from the apparatus.

(3) At all amplitudes of vibration , but particularly at

higher strain amplitudes, the system resonant frequency changes

with  t ime due to changes occuring within the specimen f rom

vibra t ion  and/or consolidation.  If the  voltage readings f r o m  the

transducers are not taken while the system is at resonance,

significant errors in strain amplitude and damping ratio will

occur.

d. Data Reduction . — (1) Other than  the  common errors of

‘$8
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- 7 calculation and graph interpretation , errors due to units

conversion and use of inconsistent units are relatively frequent.

It is preferred that one system of units be used throughout.

(2) Finally, it is impo rtant that all results be checked

for  reasonableness. A p p r o x i m a t e  values fo r  test results  may  be

obtained by use of the equa t ions  and curves by H ard in  and

Drnevich.* Gross deviations from expected values or inconsistent

results for a give n test should be cause for rechecking data and

calculations and possibly redoing the test.

11. COMPUTER PROGRAM FOR DATA REDUCTION

a. General . — (1) All resonant column data associated with

describing the system , the amplitude of vibration , and resonant

frequency can be represented by five nondimensional terms that

are indepen dent of apparatus type and whether the vibratory

motion is longitudinal or torsional. Four of the terms (T, P,

ADF , and MNF) are given in columns (8) through (11) of the

Intermediate Calculations Sheet. The remaining term , JPA ,

describes which end (active or passive) is used in establishing

resonance.

(2) The FORTRAN program adapted from Drnevich et al.**
calculates three nondimensional parameters. The first is the

di men sion less f r e quency fac tor , F, which is used along the system

* Hardin , 8.0., and Drnevich , V.P.,”Shear Modulus and Damp ing in
Soils: Design Equations and Curves,” Journal of the Soil
Mechanics and Foundations Division, ASCE, Vol. 98, No. SM7, July,
1972, pp. 667—692.
**Dreflvj~~~, Haxrlin, and Sh.i~çy, op. cit.

(49
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resonant frequency and specimen characteristics to calculate

modulus. The second is the strain factor, SF, which is used

along with vibration amplitude and specimen dimensions to

calculate the average vibratory strain amplitude. The last

parameter is the damping ratio of the specimen , in percent , which

is calcula ted directly by the program.

(3) The prog ram utilizes a Gaussian elimination procedure *

to solve four simultaneous equations. A double iteration

procedure (one tor dimensionless frequency factor and one for

damping ratio) is achieved by using two Mueller ’s iteration

subroutines**. Each iteration subroutine requires an error

criterion (EPSD is used for damping ratio and EPSF is used for

d imens ion l e s s  freq uency t a c t o r ) .  Both m a y  be prescribed ny the

user or default values built into the program maj be used.

( 44 )  In addition to the output described above , the progra m

outputs a calculated phase angle and a calculated magnification

factor that may be used for the purpose of checking the accuracy

of the iterative processes. The phase angle should be equal to

zero and the calculated magnification factor should equal the

input magnification factor , MN F , which is based on measurements

and calibration factors. It the differences between the measured

and calculated values of till? are more than two percent a decrease

in EPSD should be made until the difference is within two

percent. Similarly, if the phase is greater than 0.001 radian , a

* System/360 Scientific Subroutine Package. Version III, Fifth
Edition , IBM , 1970.

** ibid.
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decrease in EPSP should be made. Very low values of EPSD and

EPSF should be avoided because they cause excessive iteration

cycles and compu ter time.

• b. Input Data Format. — (1) The first card sets the

dimensionless frequency factor error criterion , EPSF, the maximum

number of iterations for dime nsionless frequency factor , ITERF ,

the damping error criterion , EPSD, and the maximum number of

iterations for damping ratio , ITERD. The format for these data

are 2(F1O.0,7X ,13). The default values of EPS? = 0.01, ITERF =

40, EPSD = 0.0001, and ITERD = 40. To use the default values ,

put a blank card in for the first card.

(2) Next , there is one card for each data set (line on

Intermediate Calculations Sheet) . The data required : T, P, ADF ,

MM?, and JPA comes from columns (8) through (11) of the

Intermediate Calcu lations Sheet for the first four and the value

of JPA equals 0 when the active end is used for establishing

resonance and equals 1 when the passive end is used. The tormat

for these data sets is ‘SF1O.0 ,9X ,l1. Any number of data sets may

be used as long is the last card in the data deck is a blank

card.

Sample Input Data Set for Program

1 2 3 4 5
123k 7890123 789O1734S6789o12 4’~67p9o17’~4ct’,789o Data Card Col. Nos.

0.C.1 050 0.0001 050 First Card
98.15 4.69 .1053 .6729 1
97.98 4.69 .1070 .5466 1
96.30 4.69 .1108 .3985 1 

Data Set Cards
94.3” ‘.69 .1150 .3009 1

Last Card is Blank

THIS PAGE IS BEST 
QUALITY IRACIICA~~~
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F i L E :  RE SCOL. PR OG A CONVER SATIONAL MONITOR SYSTFM

C. COMPUTER PROGRAM FOR RESONANT COLLft4N DATA REDUCTION RCP 0001
C RCP 0002
C RCP 0003

~ ——————————OEF ZNIT ION S OF INPUT—O UTPUT VA R I A B L E S  —RCP 0004
C RCP 0005
C A1* APPARA TUS DAMP ING FACTOR lAD E > 0.) RCP 0006

~~ U SPECIMEN DAM PING RATIO (0.01~ < 0 < 35~~) RCP 0007
C EPSD ERROR CRITER ION FOR 0 (DEFAULT VALUE : 0.0001) RCP 0008
C EPSF ERROR CRITERION FOR F (DE FAULT VAL UE: 0.01) RCP 0009
C (- FREQUENCY FACTOR RCP 0010
C ITERD 

• 
MAXIMU M E& JMB ER OF ITERAT IONS ALLOWED FOR 0 (DEFAU L T RCP 0011

C V ALUE: 40) RCP 0012
C h ER E • 

M A X I M U M  PAJMBER OF ITERATIONS A LLOWED FOR F (DEFAUL T RC~ 0013
C VA L U E :  40) RCP 0014
C JPA IND ICATOR OF END WHERE MEASUREM ENTS WERE TAKEN : RCP ooic
C JPA 0 FOR MEASUREME NTS AT THE ACTIV E END; RCP 0016
C JPA = 1 FOR M EASUREM E NTS AT THE PASSIVE END. RCP 0017
C MM F MODIFIED MAGNIFICATION FACTOR (MM F ) 0.) RCP 0018
C P PASS IVE—END INERTIA RATI O (P > 0.; YE JPA = 0, THEN RCP 0010
C P > 100. AND P > 1 ) . RCP 0020
C SF STRAIN FACTOR RCP 0021
C I ACTIVE —END INERTIA FACTOR IT ) —10 .) RCP 0022
C RCP OO23 

—————————-————————— ————————————RCP 0024
C 

- 
RCP 0025

C GI V E N  VALUES OF 1, P, AOF . MM I- , A~’ID JPA , THIS PROGRAM CALCU— RCP 0026
C tA lES VALUES OF F, 0, AND SF AND W I L L  PRINT VALUE S OF ALL THESE RCP 0027
C PARAMET E RS. ICR 0028
C RC P 0029
C————— —DATA INPUT INSTRUCTIONS————— — — ———ICe (‘030
C - RCP O0~~1
C VALUES UF EPSF, I TEIF , E PS O , AND h ERD MAY BE SPECIFIED ON THE RCP 0032
C FIRST DATA CARD ACCORDING TO THE FORMAT ?(F10.0,7X ,13 ). THESE RCP 0033
C ~A R A M E T L R S  A R E ~EQUIREO IN THE iTE RA T I V E  SOLUTION PROCEDURE TO CON— RCP 0034
C TROL ACCU RA CY AND LIMIT THE NUMBER OF ITERATIONS. THIS DATA CARD RCP 0035
C MAY BE LEFT BLANK 1F TNt USER CHOOSES TO USE THE DE FAULT VALUFS ICR 0036
C SPECIFIED BY THE PROGRAM. (SE E THE LIST OF DEFINITIONS OF INPUT— RCP 0037
C UUTPUT VAR I A B L E S . )  THE DE FAUL T VAL t’E S WILL  GIVF GOOD RFSULTS IN MOSTRCD 0038
C CASES IN V O L V I N G  SM ALL A P P A R A T U S  DAMPING. FOR LARGE A P P A R A T U S  DAMP INGRCP 0039
C Uk TO CHECK RE SUITS OBTAINED WITH ThE DEFAUL T VALUES, SMALL E R VALUES RCP 0040
C UF T1ER F AND h Ell) SHOULD BE USED. (HOWEVER , TN SOME CASE S OF LARGE RCP 0041
C APPARATUS DAM P ING, ACCURATE CALCULA TI ON OF 0 IS IMPOSSIBL E . ) ICR 0042
C RC P OO43
C EACH SUBSEQUENT DATA CARD SHOUL D CONTAIN A VA L UE OF EA CH OF THE RCP 0044
C P A R A M t T F R S  P , T, ADF , M MF , AND JPA ACCORDING TO THE FORMAT 4F10.O. ICR 0045
C 9X ,It. THUS , EACH OF THESE CARDS COQR F SPOM IS TO ONE SET OF EX PER I— RCP 0046
C MIN TAL TEST DATA. SEE THE LIST OF DEFINITION S OF INPUT—OUTPU T ICR 0047
C V A R I A B L E S  FOR THE RANGES OF THESE V A R I A B L E S  ALLOWED BY THE PROGRAM. ICR 0048
C THE DATA CAR DS SHOULD BE TERMINATE D WIT H A BLANK CARD. RCP 0040
C ICR 0050 

——— ———— — ———— —— ———— 
C RC D 0052
C ICR 0053

DIMENSION C ( 4 ) , U P ( 1 1 )  lCD 0054
REAL MMF ,MM FCAL ICR 0055

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ _
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INTEGER 00 ICR 0056
COMMON /VAL S/P ,T ,AD F ,MMF, JPA,AMP ,O,F /DLIM/0L ,OR 1CR 0057
COMMON /ALARM /KALARM /EPSIT/EPSF,ITERF ,EPSD.T TERD RCP 0058
COMMON /PAR/PL, QL,C ICR 0059
COMMON /CIIT/MMFCAL ,PHASE ICR 0060
EXTERNAL DELAMP ICR 0061

1000 EORMAT (4F10.O,9X,Ij) ICR 0062
1005 FORMA I(2 ( Fj O .O ,7X, I 3 ) )  lCD 0083
1110 FOPMAT (4 9 N * * * * * W A R N I N C * * * * * POSSIBLY,  RCP 0064

1 • 23H NOT ENOUGH ITERATION S ) ICR 0065
1115 FO RMAT ISON TO OBTAIN SPECIFIED ACCURACY FOR D WITH THE ABOVE , RCP 0066

1 IBM PARAMETER VALUES. )  ICR 0067
1111 FO RMAT (30H TRY A LARGER VA LUE OF ITE P D . P  1CR 0069
1120 FDRM A T (4#~H a * * * * F I R 0 R a a * a a THE VALUE , RCP 0069

- 
1 19(1 OF 0 FOR THE ABOVE ) ICR 0070

1125 FORMAT (46H PARAMETERS LIES W TSIDE THE ALLOWABL E RANGE , , ICP 0071
I I4HO .OO1 TO 0.35.) 1CR 0072

1140 FORMA T(31H THE ERROR CRITERION FOR F IS,E12 .2/) ICR 0073
1150 FORMA T(52N THE M A X I M U M  NUMBER OF ITERATIONS ALLOWED FOR F IS, RC° 0074

I 14/ P - ICR 0075
1160 FORMA T(3~ H THE ERROR CRITERION FOR 0 IS,E12.2/ ) RCP 0076
1110 FORM A T (5?H THE MAXIMUM NUMBER OF ITERATIONS ALLOWED FOR 0 iS, ICR 0077

1 14//I) 1CR 0078
1210 FORMA T (5X ,IHT ,QX ,AHP ,8X ,3HA DF,6X ,3HMM F ,4Y ,3HJPA,3X .IHF , RX , 2H0~~, 1CR 0079

1 8x;21ISF ,6x ,QHMMF (CALc),3x ,5HPHA SE ,) RCP 0091

- 
1220 FDRM AT (3 (1X ,F9.4),1X ,F9.5.1X,I1 .2 (1X, F 9.6),1X.1PE9.3, lCD 0081

1 2 1 1X , O P F9 . 5 ) )  RCP 0082
1230 FORMAT (53H a a a * * F R R 0 R * a a * * P MU ST BE •GE.0.) ICR 0083
1240 FORMA T (50H * a * * S F R 1 0 1 a * * a $ IF (JPA.EQ.0) , ICR 0084

1 19H P MUST BE .GE.100.) ICR 0085
1250 FORMAT(50H a * a * * E R R 0 1 * * * * $ IFIJPA .EQ.O) • ICR 0086

1 17H P MU ST BE .GF . 1) RCP 0087
1260 FO R M A T ( 5 5 H  * * $ * S F I 1 0 1 * a * a * i- MUST BE .GE.—10.)RCP 0088
1270 FO RMA1 (SSH $ a * a * E I R 0 1 * a * a * ADF MUST BE .GE .0.)RCP 0089
1280 FORMA T (54W a * * * S F K R 0 R * * S * * NF MUST BE .61.0.1 RC~ 0090
1310 FORMAT (4 9H a a a a a W A R N I N C * a a a a POSSIBLY, RCP 0091

1 
• 
23H NOT ENOUGH ITERATION S ) RCP 0092

1315 FDRNA I(5 0H TO OBTAIN SPECIFIED ACCURACY FOR F WITH THE ABOVE, ICR 0093
I I’M PARA ME T E R S . )  ICR 0094

l.17 FORMA T(30H TRY A LARGE R VALUE OF h ERE .) ICR 0095
1320 FO R MA T ( 4 H H S * S • * F R 1 0 R * * * * S THERE IS NO, RC~ 0006

I 1014 RESONANCE ) 
• • 

1CR 0097
1330 FURM AT (51H (DISPLACEMENT ONE—QUARTER CYCLE OUT OF PHASE WITH , RCP 0098

1 1’~H FORCING FUNCTION ) ) 1CR 0009
1340 FORMAT (25H FOR THE ABOVE PARAME TERS) RCP 0100
1350 FORM AT( 5 1H S a S $ S W A R N I N C • S S * a BECAUSE OF, ICR 010 1

1 1614 LARC -E APPARAT US ) ICR 0102
1360 FORMAT (49H DAMPING, THE CALCULATED AMPLITUD E IS RE LATIVELY, RCP 0103

1 1 5W IN SENSITIVE TO) ICR 0104
1365 FORMAT (49H SPECIMEN DAMPING. CONSEQUENTLY, THE CALCULATED, ICR 0105

1 17W SPE CIMEN DAM PING ) ICR 0106
1367 EURMAT (37 ’ l  RATIO ABOVE MAY 8E VERY INACC URATE. )  lCD 0107

C SET iNPUT AND OUTPUT DEVICE CODE S RC~ 0108
It) ~ S ICR 0109
UD 6 ICR 0110

53
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— - 
READ (iD ,IOuS) EP$F,ITERF,EPSD,j Tilt) RCØ Oil!
IF (EPSD .EQ.0. ) EPSD = 1.E— 4 ICR 0112
IFUTERD.E Q.O) ITERD 40 ICR 0113
IF ( E RS F . EQ .0 . )  EPSF = 1.E—2 ICR 0114
IF (ITERF .EQ .0) ITERE = 40 ICR 0115
WRITE(UD,1140 ) EPSF lCD 0116

— 
WR1TFf(T1 1i5O~~~IT ERF lCD 0117
W IITE (OD,1160 ) EPSO ICR 0118
WRITFIOD ,1170 ) ITERD RCP 0119
WR ITE (OD,1210 ) RCP 0120

10 READ(ID,1000 ) T ,P,ADF ,MMF,JPA ICR 0121
IF (MMF .EQ.O.) GO TO 190 ICP 0122
MAL = 0 ICR 0123
IF (P.GE.O .) GO TO 20 RCP 0124
MAt. MAL . 1 RCP 0125
IF (MAL. EQ .I) WR ITE (OD ,1?20 ) D ,T,ADF ,NM F ,J DA ICR 0126

- 
WR ITE(DD ,1?30 )  1CR 0127

20 IF (JPA.EQ .1.OR .P.GE.100 ..) GO TO 30 ICR 0128
— - MAL ~~~~~~ 

-  ICR 0129
IF(M A L . L Q . 1 ) W RITE(OO, 1220 ) P , T ,A D F ,MM F,JRA ICR 0130 

- W RIT E1OD, 1240 ) ICR 0131
30 IF(J PA .FQ.1.O R.T.L E.P)  GO 10 40 ICR 0132

- MAL = MA L • 1 ICR 0133
1F (MA L .EQ.1) WR ITE(OD,1220 ) P ,T , A D F ,MM F ,JPA RCP 0134

- 

~~~ W RZTE (O0,1 2 S0 ) -  ICR 0135
40 IF(T.GE .—1O .) GO TO 50 RCP 0136

MAL = MAL • I RCP 0137
IF IMAL. E Q.1) WRITE (O0 ,122O ) P ,T,ADF ,MMF,JPA ICR 0138
WRITE(O D , 1260 ) 

- —  RCP 0139
50 IF (ADF.GF .O.) GO TO 60 ICP 0140

MAL ~~ MA 1 4- T ” — 
RCP 0141

IF (NAL.EQ.L ) WRITE (OD ,1220 ) P ,l,ADF ,MMF ,J °A RCP 0142
WR ITE (0D,1270) 

-  ICR 0 143
60 IF(MMF.GT .O .) GO TO 70 ICR 0144

MA). = MAL + ) ICR 0145
IF IMAL .EQ .1 ) WR IIE (OD,1220 ) P ,1,AOF ,MMF ,J PA RCP 0146
W RI TE (OD,1280 )  ICR 0147

70 IF (MAL.NE .O) GO TO 10 ICR 0148
KAL A R M  = 0 ICR 0149
DL = 0.0001 ICP 0150
DR = .~~5  ICR 0151
CALL R TM I  2(D,AMP OEL ,DELAMP ,DL ,DR ,EPSO,ITERO ,TFR ) ICR 0152

- 
IF (KALA RM .Nt.1) GO TO 80 ICR 0153
MAL = MAL • 1 ICR 0154
IF (MAL .E~~.1 ) WRITE (OD,1220 ) P,T ,AOF ,M MF ,JRA ICR 0155
W RI TE (OD, 1320) RCP 0156
W RI TF (DD,1330) ICR 0157
WRIT E (UD,1340 ) 1CR 0138
GO TO 10 1CR 0159

80 IF (IFR .NE.2) GO TO 00 ICR 0160
MAL = MAt.  a I ICR 0161
IF (MA L .EQ.1) WRITE(DD, 1220 ) P,T,A0 F,MM F,JPA 1CR 0162
WR ITE(OD ,t120 ) ICR 0163
WR ITE (OD,1125) ICR 0164

- 
GO TO 10  ICR 0165

~~IS PACE IS BEST QUALITY PRLC?ICAB~~
E~ OM OOiPY 1’I.~~ ISkIED 10 DDC ~~~~ —
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90 CONTINUE  1CR 0166
DO 180 1=1,11 RCP 0167
XI = ( 1— 1 )/b . ICR 0168
QLX = QL*XR ICR 0169
PLX = PL SXR ICR 0170

— -- - CC = cnS’4(QLX~~~çpS (RLX ) _ ICR 0171
SC = SINH (QLX )*COS (PLX ) ICR 0172
55 = SINH(QLX) *SIN (PLX ) 1CR 0173
CS = COSH(QLX)*SIN (PLX) ICR 0174
UP (I) = C (1)* (—RL SCS+QL*SC) + C (?)$ (—PL *SS+OL*CC) + ICR 0175
1 C13 )S(PL$SC+QLSCS) + C14)* (PL*CC+QL*SS) ICR 0176

180 CONTINUE -  ICR 0177
GAM (UP(1)+UP (11)+4 .*(UP (2)+UR (4)+UP(6)+UP (8)+UR (l0)) 1CR 0178
1 .2.*(UP(3)+UP(S)+UP (7),UP (9)))/30. 1CR 0179

SF Z ABS (GA M* F**2/MM F) ICR 0180
__ D z D*lO0. ICR 0181
WRITE(OD ,1220 ) T,P,ADF,MMF,JPA ,F,D,SF ,MM FCAL, PHASE RCP 0182
IFIIER.NE.1 ) GO TO 110 ICR 0183
WR 1TE (OD,111O) ICR 0184
W RIT E(OD, 1115 )  ICR 0185
WR ITE (OD ,1117 ) ICR 0186

110 IF (KALARM. NE .2P GO TO 120 ICR 0187
- 

WR ITEIOD ,1350 ) RCP 0188
WRI TE (0O,1360 ) 

- _____ 
1CR 0189

WR ITE (OD,1165 ) ICR 0190
WR ITE (OD,1367 )  — 

ICR 0191
120 IF (KALARM .NE.4) GO 10 140 ICR 0192

WR ITE (00,1310 ) 
.__________ 

1CR 0193
W IITE (OD,1315 ) ICR 0194
WR1TI (OD,1317 ) 1CR 0195

- 
140 CONTINUE ICR 0106

GO TO 10  -  
ICR 0197

190 STOP 
- .  

ICR 0198
END - ICR 0199

Ct**$S$**S** aS***a**a**a ICR 0200
FUNCTION DELAMP ID ) ___________ 

ICR 0201

C**asS*****a*****a$*a*** 
- -. ICR 0202

COMMON /VALS/P,T,ADf ,MMF ,JPA,A$P,00,F /DLIM/DL ,DR 
-  

ICR 0203
cx,MMON 7AtARp I1KALARM /ERSIT/ERSF ,ITEI~~,ERSD,ITERD 1CR 0204
EXTERNAL VFCN ICP 0205
INTEGER OD ICR 0206
REAL MMF -~~~   RCP 0207
0 0 6  ICP O2O8
D 0 0    ICR 0209

- IF(T .LT . 0 . )  G0 TO 30 ICR 0210
AA = —48S TSR — 7*(T.P ) — 1 1CR 021 1
Bb = 48aT*P 4 ?0*(T.P) + 5 

- -  1CR 02 12
CC = —4a (T+P) — 4 ICR 0213
BD2A = BB / ( 2*AA )  ICR 0214
F = SQRT(12*(—802A—SQII(BD2AS*2—CC/AA))) 1CR 0215
FL .5*F 

- - - ICR 0216
FR = 1.2* F 1CR 0217
GO TO 60   

-  
RCP 0218

-- - 
30 IF (T .LT. .i) GO TO 40 - - -   

ICR 0219
FL • 1.4 ICR 0220

TKIS PACE IS BEST QUALITY FRACTICARL~7ROi~ ~~Py 1UR2usjj~~ I’O DD,U _____
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- ‘ FR = t . ”*FL
’ 

ICR 0221
GO TO 60 ICR 0222- 

40 FL. = 1.75 ICR 0223
FR = 1.5*FL. ICR 0224- - 

60 CONTINUE lCD 0225
— 

CALL RTMI (F,V,VFCN, FL ,FR ,EPSF ,ITIRF ,IFR)  ICR 0726
IF (IER.NE.? ) G O b  70 ICR 0227
FL = •99* FR ICR 0228
FR = 1.5* FR -  

ICR 0229
IF (FL .LE. R .) GO TO 60 1CR 0230
KAL A R M = 1  ICR 0231
CO TO 120 

___________ ICR 0232- 
10 IF (IFR.EQ.I) ((ALARM = 4 ICR 0233
90 CONTINUE 1CR 0234

V = VFCN (F ) 
~~ lCD 0235

A AMP RCP 0236
AM = MMF/F*~~~~ 

-

~~~~~~~~~ ICR 0237
DELAMP = A — AM ICR 0238-— - 
IFID .EO .DL) DELL = DELA MP ICR 0239
IF( D.EQ.DL)  AML A RCP 0240
IF(D.NE.OR ) CO TO 120 ICR 0241

= OFLAMP 1CR 0242
A MR = A 1CR 0243
DIF AMI — A MR

________ 1CR 0244- - -- R E L D I F  D’IF1AML - -   

ICP 0245
IF (IELOIF .LE .O.20) ((ALARM 2 1CR 0246

120 CONTINUE   ICR 0247
RE TURN ICR 0248
END ICR 0249

C**a***S*****aS*S*s *a** ICR 0250
FIJNCYION VFCN(F —  

RCP 0251
Caa**SS*aS*** *aa*aa .* *  RCP 0252

DIMENSIO N A (4,4),C(4) RCP 0253
REAL MMFCA L ICR 0254
COMMON /VALY T~~~~

F’ MN F,J PA,AMP ,D, Ff — 
ICR 0255

COMMON /PAR/PL ,QL ,C 
_________ 

ICR 0256
COMMON ICRIYIMMFCAL,RHA SE  ICR 0257
BETA = SQR T( l . .12. *O)*s2)  ICR 0758- RI = E$SQ RY (f l~ 1T~t .)/2 .) / BETA ICR 0259
01. = F* S Q RT ( ( B ETA— L .) I 2 . ) /B ETA  ICR 0260
SNHQ • SINH IOL1  ICR 0261
CSHQ = COSH (QL) ICR 0262-- 5IN(PL~~~~~ 1CR 0263
CSP COS IRL )  ICR 0264
CS C SHQ.SNP  ICR 0265
SC = SNHQ*CSP ICR 0266- SS • SNMQ*SNR  ICR 0267
CC • CSHQSC SR ICR 0268
CSSC ~~~~ CS~ .~~ I.eSC 1CR 0269
SSCC —RL * SS + 015CC 1CR 0270
SCCS = RL*SC • QL*CS 8CR 027 1
CCSS = PL*C C * QL SSS 1CR 0272
RE? • PSF**2  ICR 0273
*11,1) • T$F**2 ICR 0274• - - A11, 7~ • ‘

~t~~~~*b.~C —- — — - —  
1CR 0275

pAGE 15 BEST QUALITY 
F’BAC~1~~~~~

OOiPY ytU~USli~
D TO D1)Q _._—
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*11 ,3 ) = — A DF* F**2 RCP 0276
Afl,4) = DL + 2*OSQL ICR 0277
A l ’ ,l )  = — 6(1 ,3 ) ICR 0278
A (2,2) = — A l l , ’.) ICR 0279
A (2,3) = AU,1) ICR 0280

- 
A t ? , ’.) 6(1 , 2) 

- -  
ICR 0281

6(3,1) = CSSC — 2.*0*SCCS — PF2*CC 1CR 0282
A (3,2) = 55CC — 2 .*D *CCSS — PF2*SC RCR 0283
4 ( 3 , 3 )  = SCCS + 2.*D*CSSC — PF2* SS lCD 0284
* 13 , 4) CC S S + 2 . *D*SSCC — P12*CS ICR 0285
A ( 4 , i )  = —A (3,3 ) 1CR 0286
A l A ,? )  = — A ( 3 ,4)  RCP 0287
A (4, 3) = A (3 ,I) RCP 0288
A (4,4) = A (3,2) RCP 0289
C U)  = 0 1CR 0290
C l? )  = —1. ICR 0291
C 13) 0 RCD O2Q2
Cl ’ . ) r o RCP 0293
E RS = l .E— 5 ICR 0294
NN = 4 ICR O29~
CALL GELG IC,A ,NN ,1,EPS,IER, NN*~t4,NN ) ICR 0296

- 
UO = C l i ) - -  1CR 0297
VO = C (3) ICR 0208

— —  
AMPLO SQRT (LJOS S? • VO* $2)  ICR 0299
PHASED = ATAN2 (VO, U0 ) ICR 0300
IFIPHASEO .LT.O. ) PHASFO = PHASEO a 6.783185 1CR 0301
UI • C ( 1 ) * C C  • C (2)*SC + C ( 3 ) * S S  + C(4)aCS ICR 030 2
VI = C (3)*CC • C (4)*SC — C (i)SSS — C (fl$CS 1CR 0303
AM PLL SQRT (ULS*2 + VL *$2 ) ICR 0304
PHASEL = AT AN2 IVL .IL )  ICP 0305
IFlJPA .E(.~.O ) V~~~N = PHASFO — 3.141593 ICR 0306
IF (JPA .Nt..0I VFCN RHASE L ICR 0307
IF (JPA.EQ.O ) AMP = ANDLO 1CR 0308
h)- IJPA .NE .O ) AMP = AMP LL ICR 0300
MMFCAL = AMP SFS*2 1CR 0310
PHASE = V FCN 

_____ 
ICR 0311

RETURN ICR 0312
END ICR 0313-~~~ -  

ICR 0314
SUBR OUTINE RTM I2(X ,F ,FCT,XL I, XR I,ER S ,1EN0,IER )  ICR 0315

C*SS*SS***$**S*S***********SS.***a***$******S******a  
— ICR 0~ 16

COMMON /ALAR MI KA LA RM ICR 0317
IER O 

- - — — ICR 0318
XL XL I ICR 0319
XR=X R I  1CR 0320
X X L  ICR 0321
TOL X 

— 
1CR 0322

- 
FrFC T(TOL ) 

______ 
ICR 0323

IF( I(ALAR M .~ Q . 1 )  RETURN  1CR 0324
IF IF) 1 ,16,1  ICR 0325

1 FL=F 
- - — 1CR 0326

X X I  ICR 0327
TOL X  ICR 0328
F FCTI TOL P — — —  - - -  

RCR 0329
IF (KALA1M .EQ Tr IETUIN 1CR 0330

THIS PAG~ IS BEST QUALITy PRACTIC~~~~F1~~ ~ 1k’~ IU iu.~HEL, 10 
~DC
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PROC A CONV ERS A TIONAL MONITOR SYSTEM

IF( F) 2,16,2 ICR 033 1
2 FR=F ICR 0332

TF (SIGN(1 .,cL)+SI~,N(1.,ER))25,3 ,25 1CR 0333
3 1=0 RCP 0334

T OLF=1OO . a~ PS 1CR 0335
4 1=1+1 ICR 0336 

- -  
ICR 0337

X .5$ IXL +XR ) ICR 0338-- TOt.=~ ICR 0339
F=FCT (TOL) ICR (P340

- - -  

IF IKA LARM .EQ.1) RETURN 1CR 0341
IF IF)5 , 16,5

_____ 
ICR 0342

31rrszGNrr~~F)+sT Tr~,FR) )7,6,7  1CR 0343
6 TOL XL ICR 0344 

XL =XR - -  ICR 0345
X R T OL ICR 0346
TOL=FL — ICR 034 1
FL =FR ICR 0348 

ICR 0349
7 TOL = F—FL ICR 0350
- A= FSTO L ICR 0351

A A+A ICR 0352
1 F U — F R$ ( E R — E L ) ) 8 ,9 , 9   ICR 03S3

6 IFII—IF ND )1 7,17,9 ICR 0354
- - 

~ Xl=’X 
-________  

1CR 0355
F R F  ICR 03 56
TO L =F PS -  RCP 0357
A = A B S ( X R )  ICR 0358
IF IA — 1 . ) L 1 , l I , 10   ICR 0359

10 TO Lz IOL$A 1CR 0360
it I F t A ~~ ( x R — x L ) — ToL ) r2 , 12,t3 RCP 0361
12 IF ( A B S ( F -R — F L ) —TO L F) 14 ,14 ,13 ICR 0362
13 CONTINUE ICR 0363

IER 1 ICR 0364
14 IF I A B S I F R ) — A B $ ( F L ) ) 1 6 , 1 6 , 1 5  ICP 0365
15 X X L  ICR 0366

E’FL - - —  ICR 0367
lb RETURN 1CR 0368
Li # FR—f 1CR 0360

DX=( X— X L )*FL *l1. .F*(A—TOL)/ (A *(FR—FL) ))/TOL ICR 0370
XM =X ICR 0371
F M F  ICR 0372
X=XL—D X ICR 0373
TOL=X ICR 0374

- F FCT ITOL ) ICR 0375
IF (K ALAR M .EQ .1) RETURN ICR 0*76
IF l F)18 ,16, 18 ICR 0377

IA TOL EPS 1CR 0378
A =A B S (X)   ICR 0370
IF IA — 1 . ) 2 0 , 2 0 , 1Q  ICR 0380

19 TOL TOL *A 1CR 0381
20 I F ( A B S ( O X ) — T O L ) 2 1 , 2 1 , 2 2  ICR 038?
21 I F (A A 5 ( F )— T 0 L F ) 1 6 , 1 6 ,2 2  ICR 0383
22 IF IS1GNII., F).S IGN( 1., F I) )24 ,23, 24 ICR 0384

- 
23 X1=X ICR 0385

ThIS PAGE IS BEST QUALITY PR.ACTICLM4
7~OM QOIPY TIJRIbI&IED 10 DD.C
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FR =F ICR 0386

GO TO 4 
ICR 0387

24 X L X  
ICR 0388

F L E  ICR 0389
XR=XM ICP 0390
FR FM ICR 039 1
GO T O ’ .  

- -  ICR 0392

25 IE1 2 
ICR 0393

RETURN 
ICR 0304

END 
RCP 0395

THIS PAGE IS BEST
~~~~
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F!LF: G~~iGRTM1 SUART A CONVcRSAT IONAL MONITOR SYSTEM

~CP 0396
St5~ROCJT[NE GELG (R ,A ,M ,~i,EPS ,IEP ,MM ,MN1 RrP 0347

Rr p 0398
DI ~~N~ ION A l MM) , R (MN RCP 0399
TC (M)23,23.i RCP 0400

— - 1 IE°=O - ICR 0401
PIV =0. RCP 0402

_ _ _ _ _ _ _ _  ~~~~~~~~~~~~~~~~~~ _ _ _ _  0409- 
Q( P  )6~4_ _D~~~~~ =11MM - RCP 0405

T5=AB S (A (L )) ~C D 0406
IF(T8—DIV )3,3,2 RCP 0407

2 P1V = T8 RCP 0408
1= 1 __________ _____ RCP 04_OQ

3 CON TIN U E ~CD 0410
TOL=F.PS*PIV 

_____ - -  RCP 0411
LST= I R~ P 0612

— , -- _~l 17 K 1,N
!F (P1V123 ,23 ,4 PCP 0414

4 !F (IEQ )7 ,5,7  RC P 0415
5 IF(PIV—TOLI6,6,7 RCP 0416

— 6 t CR=K_ 1 ______ 
°CO 0417

7 PIV~~= I f ~~(~~ )  RCP 0418

_________________________________________ PCP O4ZQ
I= T — J ~~M— K ~ CP 0420

________ 
Q r D  042 1

DO Q I=K,NM,M 9CR 0422
11=1 +! RCP 0423
T~~= P1V 1* R (LI( PCP 0424

— _ QIIL )=R(L ( °CP 0625
A R I 1 ) = ’3 Rt p  0426

— - — 
t F ( k — M ) 9 ,18, 1P ~ C° 0427

9 LEND=LST+M—K ICR 0428
IC (J )l2,12, IO  PC~~ 042°to T I = J ~~M ~   PCP 0431

~ _~ p,~~ li 1=LST ,LFNr) 9CR 0431
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