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ABSTRACT 

D D C 

JUL Id 1969 ' 
I 

JubiSEllU \£ 
D 

A summary of research and engineering studies conducted on a long- 

range program of off-road mobility research is presented in Volume I of this 

two volume report. These studies, some of which are only partially completed, 

are directed at providing technical knowledge which is required to match off- 

road vehicles with military mobility requirements. 

A hybrid computer model is described which will permit predicting 

vehicle dynamics performance of simulated vehicles traversing a broad 

spectrum of off-road situations. A critique of existing soil trafficability 

theories is made based on a review of the literature which treats the 

comparison of vehicle performance prediction with experimental results. 

Analytical and experimental studies of the velocity field and soil fabric 

in clay soil exposed to dynamic loads are summarized. A general method is 

discussed for processing mobility related environmental information and for 

mapping vehicle performance by computer methods. A concept is introduced for 

testing vehicles in relation to the total environment in order to define the 

vehicle performance envelope. 

Also a method is introduced for displaying potential vehicle perform- 

ance in selected geographic areas and for producing "testable" .pecift cations 

for off-road vehicles. Engineering studies of an off-road driving simulator 

for synthesizing dynamic visual displays and vehicle motion in the laboratory 

are reviewed. 

Recommendations pertaining to future off-road mobility research and 

engineering studies are presented. 

.olume II contains Appendices that complement the material presented 

in Volume I. 
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Appendix A: VEHICLE DYNAMICS MODEL FORMULATION 

Thi^ ippendix is composed of two major parts. The first part 

contains a listing of symbols and a definition of major coordinate systems 

used in formulating the model. 

The second part includes general six degree of freedom equations for 

a vehicle with a rigid hull and the equations for transforming from an 

earth-fixed coordinate system to a hull-fixed system. Also included are 

the equations delimited to five degrees of freedom for the hull, as they have 

been used in modeling a 4x4 vehicle with two solid axles. Finally, the 

equations are presented which were used in the model to represent the sus- 

pensions, drive system, and wheel-ground interface. 

Definition of Coordinate Systems and Nomenclature 

Figure A-l illustrates the two primary coordinate systems used in 

the VDM. The XYZ system is earth-fixed; the xyz system is hull-fixed, with 

origin at the hull center of gravity. Positive directions for X,Y,Z; x,y,z; 

translational velocity u, v, w; components and rotational velocity components 

p> q> r are indicated by arrowheads in Figure A-l. 
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Figure A-l     VDM COORDINATE SYSTEMS 
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Nomenclature * 

3,8,8 Components of absoulte accelerations in hull-fixed 

axis system. 

a . ., a .., a .     Components of absolute acceleration of the axle 
xij  yij  zij       K 

center parallel to hull-fixed axes. 

a p, a p, a p       Coriponents of absolute acceleration of any point P on 

the vehicle in hull-fixed axis system. 

b. Viscous damping coefficient associated with suspension, 

for small rates. 

b . Viscous damping coefficient associated with suspension 

when compressing at high rates. 

b . Viscous damping coefficient associated with suspension 

when extending at high rates. 

B. Viscous damping force associated with suspension. 

h(X,Y) Terrain elevation at point X,Y (positive downward). 

H . H . , H .       Components of wheel-hub forces in hull-fixed axis 
xi, yi' zi ' 

system. 

1,1,1 Roll, pitch, yaw moments of inertia of hull about 
A  y  t 

hull-fixed axes. 

* NOTE: Subscript i>1,2,3,4 refers to wheel or associated suspension. 
Subscript ij«(l,2); (3,4) refers to axle connecting ith and jth wheels. 
Superscript dot (*) indicates differentiation with respect to time. 
Superscript bar (') indicates a vector; all distances are treated herein 
as vector components. 
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xz 

I .., I .., I 

Hull roll-yaw product of inertia. 

Axle-wheel assembly roll, pitch, yaw moments of 

inertia about axes parallel to the hull-fixed system 

but with origin displaced to axle eg. 

wi Effective spin moment of inertir of wheel (plus half 

an axle). 

Moment of inertia of the engine and transmission 

input shaft. 

i 

ei 

ci 

wi 

yi 

Force associated with suspension spring and bumpstop. 

Constant in drive torque representation. 

Spring constant of suspension spring. 

Spring constant of bumpstop in extension direction. 

Spring constant of bumpstop in compression direction. 

Tire spring constant. 

Coefficient of tire side force. 

Effective mass of axle-wheel assembly and part of 

suspension. 

M Total mass  of hull plus payload. 

M , M , M 
x  y  z 

Components in hull-fixed axes of total moment acting 

on hull. 

A-4 VJ-2330-G-3 



M Total output torque from engine. 

M.. Drive torque exerted by engine on wheel, 

Total gear ratio (transmission and transfer case) 

between engine and wheels. 

n . Rotational velocity of wheel--rpin. 

wi 
Break point in engine torque vs. wheel speed curve. 

N. Force component at wheel-ground contact, normal to 

ground. 

p, q, r Roll, pitch, yaw angular velocities of hull about hull- 

fixed x,y,z axes respectively. 

p.. Component of roll angular velocity of axle about axis 

through axle eg parallel to hull-fixed x axis. 

r Undeflected radius of wheel. 

r. Rolling radius of wheel. 

S . z component of total force transmitted by suspension. 

S .., S .. x and y components of force transmitted to hull from 

axle. 

s. Slip ratio. 

T. Thrust component at wheel-ground contact, tangential 

to ground profile in plane of wheel. 

A-5 VJ-2330-G-3 



Matrix transformation from earth-fixed to hull-fixed 

reference frame. 

r Matrix transformation from axle-fixed to hull-fixed 

reference frame. 

u,  v, w Components of hull  eg absolute velocity in hull-fixed 

axis system. 

V Hull eg velocity. 

W , W , W Components of gross weight of hull in hull-fixed axis 
x  y  z 

system. 

W ... W .., W .      Components of effective weight of axle, wheel, and part xij  yij  zij       r ^        f     .    f 
of associated suspension, in axes parallel to hull-fixed 

axes, with origin displaced to axle center. 

x.., y.., 2..       Coordinates of the axle eg in hull-fixed system. 

x ., y . Coordinates of suspension attachment point of axle and 

hull, in hull-fixed system. 

X, Y. Z Coordinates of hull eg in earth-fixed reference system. 

•     • 
X. , Y. 
i  i 

Ti 

Velocity components in earth-fixed system of effective 

ground contact points. 

Velocity component of effective ground contact point in 

direction of terrain slope. 
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z. 
ij Coordinate in hull-fixed system of axle center when 

springs are unloaded. 

Slope of terrain in plane of wheel. 

Slip angle of wheel. 

'ai 

^ei 

Sei 

Sei 

Sa 

Swi 

Displacement of suspension attachment point at axle, 

measured from reference position z.. along body-fixed 

x  axis. 

Breakpoint of spring rate curve in extension direction. 

Breakpoint of spring rate curve in extension direction. 

Breakpoint of damping force curve in extending direction. 

Breakpoint of damping force curve in compressing direction. 

Deflection of tire at effective contact point. 

Coefficient of rolling friction, often referred to as 

normalized tractive force. 

Yaw«pitch, roll angles of hull (sequence of rotations 

in order of their occurrence). 

'V Roll angle of axle relative to hull, about an axis passing 

through axle eg and parallel to hull-fixed x axis. 

Coefficient of rolling resistance. 
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*i Side force component at ground contact point. 

«4 Rotational velocity of the wheel about its axle. 

A-8 VJ-2330-G-3 



■■■gq 

> 

Vehicle Dynamics Model Equations Formulation 

Physical equations which describe the general structure of the VDM 

are formulated in the following paragraphs. A detailed development of the 

mechanization equations may be found in Reference Al. 

The equations presented here are listed in two different ways. 

Equations incorporated in the model are assigned numerals preceded by letters; 

the letters M,S,A,D, and T indicate in which of the five major modules each 

equation is used: hull, suspension, axle-wheel assembly, drive system, and 

terrain interface respectively. Equations used only in derivations (usually 

more general in form than those mechanized) are designated by numerals alone. 

Transformations Among Coordinate Systems - Transformation equations 

representing relative rotation of coordinate systems are written in terms of 

conventional Luler an^le^. The sequence of rotations is yaw ^ , pitch O    , 

and roll $   . 

TTie matrix w, transforms a vector from the earth-fixed XYZ system to 

the hull-fixed xyz system, e.g.: 

r £' pf 1 

y ■= 11 y 

l~       —i UJ 
(1) 

where M- 

cos $ cos 0 Sth & COS & 

- Slh ft COS # + COS (f   cos (p 

Cos & Stn & cos $      St» 1> St,r> 9 cos 4 

■fStn jp ftn f ■ COS & cos 4 

•sin 6 

cos BStn $ 

cos 0 cosf 

(2) 
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Since the matrix is orthoRonal,  its transpose  tC    equals its inverse, 

so that, U    can be used to transform vectors  from the xyz system into 

the XYZ system: 

(3) 

' X ' X 

Y = VL ¥ 
Z _ z 

Us 

cos ipcos 0 

Set i// cos & 

-Sen & 

cosipsm dsm (f cos f sin 0 cos $ 
-Strr (/> cos <f 4 Sin (f Sir> $ 

Scr> ipSm dscnfi Sen tf Stn & cos# 

+-COSij>COs4 - COS (js Sen 0 

COS  S> Sin $ cos 6 cos fi 

(4) 

The Euler angles are expressed in terms of roll velocity p, pitch 

velocity q, and yaw velocity r: 

^ - sec 9 ((f sen $ + r cos $ ) (5) 

0 ~   f cos 0   - r j-en (p (6) 

Q   - p + ian d [0 sen 0 + r cos <p) (7) 

In the present five degree of freedom model where ?= 0,  [2] reduces to: 

u ■ 

:os 6 

Sen d so 0 

Sen 6 Cos $ 

-Sen0 

COS P COS & Sen $ 

- cos (^ cos 0 COS $ 

(HI) 
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and [4] reduces to the transpose of [HI]: 

U   s 

cos 9       Stn 0 sen $        St,n 9 coS<p 

cos fl -cos $ 

-St,n 0 COS &S6n <P       C0S & COS I 

(H2) 

Also,since    r-O       (6 and 7)  reduce to: 

&   *   4 cos 0 

0  =   *) + y.-tan & Sin 0 

(H3) 

(H4) 

and since  y     is assumed to be very small, monitoring Equation 5  is not 

required. 

In addition to the two major coordinate systems, two others are used, 

one associated with each axle.    These axes  are free to roll through an angle 

A .      with respect to the hull.    The matrix    T        which transforms a vector 

from an axle-fixed axis system into the hull-fixed frame is: 

% - cos d> -Sin A: 

Sin <pLj cos tj J 

(Al) 

and since this is again an orthogonal transformation, vectors may be trans- 

formed from hull-fixed to axle-fixed references by the transpose: 

^     ■   tj (A2) 
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The components of ahsolute acceleration a,     > a.    , az 

hull-fixed axis system for any point P on the vehicle are: 

in the 

a„ "OP i-fur- rv * l{kf}-Cfpr)   - z? ( ?'* r*) ■>■ yp{ py-r) + ^/.(pr*?)**?       (8) 

ir 
=   Tr* ru -pw ■>■ 2(zpr - tp     ) + »ß ipf *r) - fß (f****)* *?lfr-p) + ifp       (9) 

a,Zp  1  *(s'*pV'-pu.±z(ijpp-Z'pf) + tp(pr-cj,)+ijp(<fr + p)~*plp**$*)+*f>     (10) 

Hull Motions  -    Translational motion of the hull is  solved from 

Newton's  equations with vector components expressed in the hull-fixed xyz 

axis  svstem. 

4- 34 
Mi * W + Z St. *£ 

cj . 12 ft 
(HS) 

where 5^   is the force transmitted (z direction only) through the ith suspen- 

sion to the hull and Si-       is the vector sum of the y and z components 

transmitted through the weightless column from the ijth axle (sec Figure A-2) 

The weight com] 

computed from: 

The weight components ^. ^ and Wz    in the hull-fixed axis system are 

\K' r oi 

k r VL 0 

k [_w 1 

(H6) 
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(typical  for 
*u       •" wheels) 

Figure A-2    FREE BODY DIAGRAM (REAR VIEW) 
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The hull rotational motion is solved from Euler's equations with 

vector components again expressed in the hull-fixed system.* 

Ixp  -   MM  <■ TZ2Pf (H7) 

x. ä *  *L + i.     z 
V?  "-   "i + Znif (H8) 

The moments  Mx     and  My      acting on the hull are found from: 

Mx  -   E 5,-^    -   £        5Vljzcj (H9) 

^ ■   -f   Sgl Xa-   -   Z        {Sxij X ■; * ^ fM<-  - M^ stn ^.) (mo) 

where the moments transmitted from the axle to the hull by the weightless 

columns are found from. 

A--    .   -Jy..j (Hll) 

The hull-fixed velocity components of the hull eg are determined by 

integrating the following equations which are the delimited version of [8-10] 

applied to the eg. 

These equations assume symmetry with respect to the-^ planef Jzy ^„^ r^j 
and also that r - 0    .  The more general version from which they were 
derived is not presented here. 

** 
/^   is not computed at the present stage of modeling because yaw 

motion is not included in the five degree of freedom model. 
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tf   «     4,   4- urf (H13) 

v- •    m^   * wp (H14) 

dr '   a.g    +   u,f - tr/o (HIS) 

The u, v, w velocity components are then transformed back into earth 

fixed components X, Y, Z through the U matrix. Then the ground speed | Vj 

of the vehicle is computed from the expression: 

| / |      =     X COS 0   *   ZS(.rt 9 

The    Y  (side velocity)  contribution to  \V\  has been negligible in the non- 

steer problems which have been studied to date. 

Axle Motions -  In the present model the axles are visualized as 

attached to the hull in a manner that permits them three degrees of freedom 

with respect to the hull:   (1) motion in the z-direction by means of sliding 

of the weightless columns, which were discussed in Section 3.2.1.1     (2)  roll 

through an angle   #-      relative to the hull, by means of rotation about the 

pivot point A at the axle center (see Figure A-2) and  (3)  axle-wheel rotation 

about the axle axis.    Thus,  it is assumed that the suspensions are essentially 

rigid, except in the z direction.    The x and y components of the axle-center 

accelerations can therefore be calculated from the following simplified versions 

of the kinematic equations  (8)  and (9): 

*rv   =  ** * *f*i4  " %$   * z^ 9 (A3) 

Äyv " *y '*S*'J * *tjfif '
Z

NP 
(A4) 
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Since the axles have freedom of motion with respect to the hull in the z 

direction, the axle centers' z acceleration components must be computed f-om 

the dynamic equations: 

m      a,,       ^    Wy:     + H,     + Hm;   - 5T,    - S, • 
lj StlJ *tj 2(      2J Tl. *J (AS) 

where the H force components are exerted on the axle by the hubs, the S force 

components are exerted on the axle by the suspensions, and the axle weight 

component M^-■ is found from: 

1 ^" r ^ 1 
^ 

= 

^ 

0 

Uv. l_        J U, J 
(A6) 

The z velocity and displacement component of the axle centers may then be 

computed by integrating the following version of (10): 

'V; " ^zij - *« ***jf **ij^ *$) (A7) 

The relative roll motion of the axles with respect to the hull is 

found from: 

(A8) 

where 0*j  is the side slip force component on the kth wheel. 
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Since the suspensions have been assumed rigid except in the z 

direction: 

fa -- 9 

r*j 
r  = O 

and as seen from Figure A-3. 

Figure A-3    AXLE-HULL GEOMETRY 

\ 
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Suspension System - From this point on, the equations are directed 

specifically to a 4x4, two solid axle vehicle. Each of the four suspensions 

consists of a multi-leaf spring, a shock absorber and a hard rubber bump stop 

(Figure A-4).  In the simulation, this system has been approximated by the com- 

bination of a nonlinear frictionless snring* and a nonlinear viscous damper.** 

RUBBER BUMPSTOP 

WHEEL 

Figure A-4 SUSPENSION SYSTEM (REAR VIEW) 

The spring is represented by linear segments as shown in Figure A-S. 

** 
Coulomb friction, if found to be of significant magnitude, will be introduced 

as an additional nonlinear term. 

I 
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The z force components SZi-   transmitted by the suspension are 

therefore computed in two parts: 

where Kc      is the force associated with the ith spring and Bi   with the 

ith damper. 

\ 

In the region of small deflection each spring is for the present 

treated as  linear, with stiffness k., until  compressed to the point where 

the bump stop is contacted (Figure A-5).    At this point the stiffness increases 

abruptly to k  ..     In the extension direction 

abrupt  increase in stiffness  to a value k  .. 
ei 

abruptly to k  ..     In the extension direction,  allowance is made for another 

x-AXlS 

HULL eg 

COMPRESSION 
BUMPSTOP 

EXTENSION 
BUMPSTOP 

^*m. POSITIVE 
^0ai   FOR EXTENSION 

-EXTENSION 

REFERENCE  POSITION 
(ZERO TENSION) 

Figure A-5    SPRING FORCE vs.  DEFLECTION 
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The spring force is thus found from: 

at 

5Ct - S+i  < C (SI) 

where all the S 's are positive downward (for spring extension) 

Spring extensions are computed from: 

At (z    - z    ) + yr   d (S2) 

The shock absorber characteristics as modeled are shown in 

Fig. A-b. The steep slope in the low force region accounts for blow off 

and creep effects. 

Figure A-6 DAMPING FORCE vs. COMPRESSING/EXTENDING RATE 

A-20 VJ-2330-G-3 



Damping for B. is thus computed in the three regions from 

3     =  i  S ■+ h    (S    -6   ) 

- *.<U 

• • 
' *i*ci   "Ks-fL    **   ) 

S.i - C (S3) 

•                        •                         • 
^t   * ^u - '- 

i- < L 

and the rate of extension Sac    is found from: 

^ ■- *ij  ♦ ^i ^o (S4) 

The x and y components of forces transmitted to the hull are 

found from: 

s*cj    = w*iJ  * H*4 + N*4 * mii o-'tj (S5) 

5Wj   •   wrt + ** * % ■ % SN (S6) 

Drive System -The schematic diagram (Figure A-7)  shows how the driver 

inputs interact with the mechanical system to produce the torque at the wheels. 

In the simulation the power output of the engine is treated as a 

constant,  independent of speed, for n^ > ^   .   This is seen from Figure A-8 

to be a reasonable approximation.    As a result of this approximation, it is 

possible to develop a simple relationship for axle drive torque   *£,    .    Since 

horsepower hp    is proportion to the product of drive torque and wheel angular 
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DRIVER 

INPUTS 

 L-J-Jl . 
I      foot pressure  f y fthrottle position' 

gear setting 

_PEpAL-UNKAGE_ 

MASTER  CYLIHDER 

brake Iine pressure 

FRONT WHEEL 
BRAKES 

r 
OUTPUTS 

REAR WHEEL 
BRAKES 

brake 

ENGINE 

CLUTCH 

engine 

engine rotational 
velocity 

torque 

TRANSMI SION 

TRANSFER CASE 

FRONF AXuL 
DIFFERENTIAL 

^Zl 
REAR  AXLE 

DIFFERENTIAL 

■^=i=3 1 
torque 

drive torque 

FRONT 
WHEELS 

TOTAL 
GEAR 

REDUCTION 

REAR 
WHEELS 

r_i 
WHEEL TERRAIN   INTERACTION 

wheel  rotational  velocity 

Figure A-7    BLOCK DIAGRAM OF DRIVE SYSTEM 

A-22 VJ-2330-G-3 



ACTUAL 

Oi—I 
0  nw 200 tOO 

ROTATIONAL SPEED OF DRIVE WHEELS 
nw    rpm 

Figure Ä-8    ENGINE POWER vs.  SPEED 

velocity n    (in RPM): 

hß 
CtJ MA 

and since hp is assumed constant: 

M 
Uj nL. ("u, * "£ ] 

(01) 

(02) 

where the constant k accounts for the conversion of units as well as 

the division of drive torque between the two axles. At very low wheel 

speeds (less than n *) it is assumed that maximum drive torque is 

applied : 

^v 
* Af 

ecJ MA * ("ur*   "£) (D3) 

These approximations are further borne out by Figure A-9, which shows a plot 

of the net torque delivered by the Kaiser-Jeep engine for all forv-- 0-'ars, 

with the transfer case set in low. The broken line envelope shows how the 

model approximates the drive torque at full throttle. The model is thus 

representative of an ideal driver who shifts gears in an optimum manner. 
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6000 r  ^M ■. MAX 
C I J 

^ooo - 

a: o 

8 

2000 - 

1st GEAR 

4th 

0  w 200 400 

rpm 

Figure A-9 ROTATIONAL SPEED OF DRIVE WHEELS 

Drive torque at partial throttle is assumed to be proportional to 

throttle position, i.e.. at a given rpm of the drive wheels, full throttle 

torque is multiplied by the fraction of full throttle opening to obtain 

partial throttle drive torque. The braking torque of the engine occurs only 

at zero throttle and it is represented as a fixed percentage of the full 

throttle driving torque at a given rpm. Since the transfer case has no dif- 

ferential, the rotational speed of the front and rear drive shafts are the 

same.  For the present, the differentials in front and rear axle have been 

neglected, i.e., all wheels rotate at the same speed. 
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The torque equation is: 

M, '- L    [T^ U> +T- n -/>NL r-y nlou (D4) 

where 

M is the total transmitted engine torque, c 

UJ   is the rotational velocity of wheels and axle shafts, 

p  is the rolling resistance coefficient, and 

r is the rolling radius of the ith wheel. 

Engine and transmission inertias have not yet been incorporated into the 

actual mechanization. 

Terrain Interface - The wheel-ground interactions are implemented 

in the present VDM using the wheel-terrain representation shown in Figure 8 

of Section 3.2.1.2. This model has been adequate for treating the profiles of 

rigid, undulating terrain. The more complex model shown in Figure 9 of the 

same section will be introduced when required in future studies of traversing 

sharp, rigid obstacles. Thus, the present simulation of the wheel-ground 

interaction is based on the force components T., cr. and N. as illustrated in 

Figure A-2. 

The force component N. normal to the ground profile, under the i th 

wheel and in the plane of the wheel, is found from: 

Ni   r kmri&»»i *mi   < ö 

■ * ^ >   0 [Tl] 
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where Smt  is tire deflection and k . tire spring rate, and S^- > O   represents 

loss of ground contact. Tire deflection in turn is computed from the following 

geometric relation based on eg vertical coordinate Z and on local terrain 

elevation h. at each wheel. 

i+i,   -  (\ -Z* X^ sen 6 - y4 cos es en <p - *•; cos & cos <p)-r0       [T2 ] 

where ^ is the ground slope under the ith wheel and in the plane of the 

wheel. Derivation of this expression is presented in Reference Al. 

The traction force T. is then computed as the product of the slip 

dependent coefficient of traction^/ajwith the normal force N.: 

ri M*i [T3] 

The coefficient /< , also referred to as normalized tractive force, is 

approximated as shown in Figure A-10. 

1 1.0 EXPERIMENTAL 

MODELED 

Figure  A-10    COEFFICIENT OF FRICTION vs.   SLIP 

A-26 VJ-2330-G-3 



\ 

The slip is computed from 

(T4) 
^UJ 

Hgi    *    NL cos(e-a.t) + T^tr   (0-oct) (T9) 

where /^ is the tangential component in earth-fixed axes of the velocity 

of the effective ground contact point. 

The side force cr   at the tire-ground interface is calculated from 

a simplified linear relationship between slip angle ßc   and elastic force N.. 

*- - ^ A Nt (T5) 

where k  ■    is a coefficient of tire side force. Slip angle ^ is computed 

from 

A " arc ***    T (T6) 

where Xi     and Yi    are the velocity components of the effective ground 

contact point in the earth fixed system. 

Finally, the components in the hull-fixed system H ■    H ■    Hr: 

of the forces transmitted to the wheel hub are found from: 

HXi   *   T- cos (6 -€*;)  - A£ sm (0-ct,) (T7) 

^ - ^ ^T8) 
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Table B-3 

SUMMARY OF FULL SCALE VEHICLE GRADEABILITY FIELD TESTS 

EXERCISE SOIL 

PREDICTION 
THEORY 

USED 
NO.  OF 

VEHICLES 
NO. OF 

TESTS Tto RANGE  fij 
'$*< 

I 
SWAMP 

EXERC 

PANAM 

FOX   1 1 

ISE 

A 

CL/ 

LO AM 
STD WES CONE 
INDEX 

AVERAGE 2 

11  W 

)2T 

1 TESTS 

11 

12 

-O.II5 

-0.38 

-0.W 

0.52 

0.29 

0.42 

-1.87 

-0.92 

-0.08 

+0.31 

0.69 

0.H8 

0.60 

BFKKER/LLL 

SHEARGRAPH 

11  W 7 -0.08 0.13 -0.21 +0.07 0.15 

13 T 13 +0.02 0.17 -0.29 +0.25 0.17 

AVERAGE 2( i   TESTS -0.01 0.15 0.16 

T - TRACKED W - WHEELED 
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Appendix C:     FULL SCALE TEST AND EVALUATION PRACTICE STUDY -  DISCUSSIONS OF 

CONCLUSIONS AND RECOMMENDATIONS 

Conclusions  Drawn From A Literature Survey* 

The  literature pertaining to off-road mobility test and evaluation 

practice which has been surveyed has   led to six specific conclusions.    These 

are  listed and discussed below. 

1. Many recognized authorities  are in agreement that current 

practice in the mobility testing and evaluation of off-road 

vehicles is unsatisfactory.    Opinions vary as  to what 

constitutes "unsatisfactory". 

C.  J.  Nuttall, a recognized authority in off-road mobility, has much 
Cl to say about  the QMR process  in his "Ground-Crawling:   1966", (pp.   133-141). 

He insists  that specifications must be "testable" to be valid and satisfactory. 

He says,  "to be testable, not only must the performance be called out in 

measurable,  engineering terms, but the relevant terrain conditions must also 

be specified,  again in measurable engineering terms.    And most important, 

and difficult,  the specifications must give the minimum performance require- 

ments which will satisfactorily do the job where it must be done." 

Efforts  to "quantify the qualitative" have been going on for the past 

twenty-three years by such agencies  as Waterways Experiment Station  (WES), 

U.S.  Army Test and Evaluation Command  (TECOM), U.S.  Army Tank-Automotive 

Center  (TACOM),   Institute for Defense Analyses   (IDA), WNRE,   Inc.,  commercial 

References  C19-C42 were reviewed during the course of the survey but are 
not cited in the text. 
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automotive companies  as well as universities,  and the Society of Automotive 

Engineers   (SAE).    While progress has been made, we do not  find that the Bekker 

Soil Value System is  accepted as a basis  for testing by all concerned.    Neither 

has  the Waterways  Experiment Station approach been integrated into standard 

test practice nor been resolved with the Bekker approach.    Even though Ordnance 

Proof Manual  60-85,   dated 15 August   1957,  provides  for taking Bekker and WES 

soil measurements during vehicle tests on soil,  this 0PM is not referenced in 

specific test procedures where mobility tests  are specified.    Current conversion 

of OPM's  to Test  and Evaluation Command Procedures   (TECP)   should provide an 

opportunity to rectify this deficiency. 

C2 
A.  W.  Jones,     ' decries his   findings   in checking performance  tests of 

the Ml 13.     He notes  that most tests were conducted on hard surfaces  and that 

where off-road tests were conducted,  vague terms such as "dry snow,  river 

bank, muskeg,  or wet muskeg", were used to describe the environment.    His 
C3 

report  of observations  of field tests  in Thailand        is also quite critical 

of the test methods  and the manner in which  they were performed. 

C4 
R.  A.   Liston,  of TACOM,  concludes  in a 1966 report   '  ,  the "data from 

a limited number of vehicle tests  conducted in snow  indicate that  the drawbar- 

pull to weight ratio is  a relatively insensitive measure of off-the-road 

vehicle performance."    He also points out  the  failure by others  in tests on 

soft  soil  to correlate DP/W with time required to complete a test course in a 

field exercise,   though DP/W has  long been a recognized vehicle evaluation 

parameter.     See also Reference C5 where drawbar pull wasn't  as  important to 

overriding vegetation as were vehicle shape and dimensions. 

Test  facilities  under TECQM at Aberdeen,       Yuma and Ft.   Greely 

are primarily designed to measure performance other than the ability to 

negotiate off-road  terrain,  at   least  in a quantitative sense.     There  are 

either discrete obstacles   (all on  firm terrain),   a mud "hole",  or "cross- 

country courses".     There is no disagreement here with endurance,  reliability, 

maintainability and service testing.    The approach to testing the ability of 
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a vehicle to negotiate off-road terrain, however,  is questioned.    The ability 

of a vehicle to negotiate most fixed obstacles on firm terrain can be 

determined from geometrical and power parameters.    The ability to negotiate 

the same obstacles -- or combinations of obstacles  -- on other than firm 

terrain is the real problem,  and is more representative of actual field 

conditions.    Where this  is  attempted (as on cross-country courses),  the 

environmental descriptors and vehicle performance parameters are usually given 

in qualitative rather than quantitative terms. 

2.        Specific programs that have been proposed at the conclusion 

of extensive projects have either not been acted upon  (to our 

knowledge)  or are slow in being implemented and reported upon. 

In a Project MERS report,  "Research Plan for Development of a 
C8 Quantitative Cross-Country Mobility Prediction System",        it is indicated 

that a comprehensive and well-planned effort was  initiated, but never com- 

pleted.     Provision was made to deal with the major environmental obstacles 

encountered and to obtain quantitative data for the first time.    Preliminary 

tests  on  firm ground were encouraging, but the project was terminated before 

all  the obstacles and soft soil conditions could be investigated. 

Cl Nuttall's excellent review        contains many suggestions and recom- 

mendations which--to our know ledge--have neither been acted upon,  followed up, 

nor expanded upon. 

C9    CIO Vicksburg Mobility Exercise A      ' represents another important 

project.    This project is distinguished by the fact  that the list of those 

involved in it is a "Who's Who" of off-road mobility.    This is quite 

encouraging since it indicates  a physical convergence of recognized authori- 

ties which can potentially lead to a resolution of divergent philosophies and 

opinions. 
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However,  even in this  latest project one wonders  if the stated general 

purpose of the exercise will be terminated once the principal specific purpose 

is achieved.     "The general purpose of the exercise was to consider quantitatively 

the various elements of the entire mobility problem and to suggest an approach 

to achieve a substantial degree of solution...the principal specific purpose 

was  to design a number of vehicle test bed concepts that would be capable of 

operating in remote areas of the world where extremely soft-soil conditions 

predominate,  and to develop a test program for these vehicles,"    The test 

program alluded to is  in two parts.    The first part is quite modest,  aimed 

only at Go/No-Go,  maneuver tests,  speed tests,  and drawbar-pull tests.    Soil 

classification,  strength, moisture,  density,  and profile will be "collected" 

and "measured",  though control of these factors is not mentioned.    The 

second part of the testing program which,  it is stated,  "if implemented, would 

be a major step toward developing ultimate means of assessing the apparent 

mobility of vehicles  in more complex terrains", bears  a remarkable resemblance 

to the tests proposed in Project MF.RS three years before and never carried out. 

3. A communications  gap exists between the theorists and/or 

experimenters and the volume testers and/or users. 

This  situation is not peculiar to off-road mobility, but is  found-- 

and probably always will be in varying degrees--in all  lines  of endeavor.     In 

the off-road mobility area this  gap appears  to be a chicken and egg proposition. 

In the absence of a general unifying  theory,  the theorists  are divided within 

their own ranks  in regard to which theory to follow or how to resolve the 

differences   in the theories extant.     Field tests conducted thus   far still result 

in  large differences between predicted and observed results.*    Furthermore, 

many more extensive projects that  the  theorists and experimenters have proposed 

have not been  carried out to their final conclusion.     Consequently,   they feel 

helpless  to advise the volume  testers   and users how they should proceed to 
„u   •     „     „■       Cl,  C2,  C4,   C5,   C8 improve their testing '       '       '       . 

* 
This  topic has been treated in some detail  in the section  3.2.2. 
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The volume testers and/or users, on the other hand, are continually 

presented with vehicles  that must be tested and used.    Since they receive 

what they consider little credible guidance from the theorists, they have no 

alternative but to design and conduct their own tests in a manner which is 

"practical" and which will handle the volume of vehicles to be tested expedi- 

tiously, but fails to generate data of the type and precision which might be 

of help to the theorists       ' 

4.        Testing by the "experimenters" suffers  from diversification 

of effort,  "special case" testing, and too little concrete 

data upon which to confirm results. 

Diversification of effort can take several  forms.    One is the human 

desire to prove that the theory one espouses is correct and to direct work 

only in this direction.    Consequently,  there are as many potential directions 

of effort as there are theories.    Another form results from directives  from 

higher luthority.    The military situation is dynamic and under pressure. 

The visit of a very important person to a test site can result in a sudden 

diversion of priority that can delay,  if not reorient,  the direction of a 

formerly controlled course of action.    Yet another form is the desire to 

evaluate a new component or field expedient which doesn't advance the state- 

of-the-art, but may provide something "a little better". 

Since the experimenter must keep within the funding allowed for his 

project, he must  frequently run fewer tests than are statistically required 

to validate his hypotheses.    In this  area in particular,  "error variances" 

are known to be high,  and significant differences  can be detected under these 

conditions only by increasing the number of tests.    Hence,  many reports  are 

terminated by "indications" rather than firm conclusions.    Also,   field data 

are frequently useless because there are either gaps  in the data or the 

environmental conditions under which the tests were conducted were not measured. 

Even where experimenters are present during field mobility exercises,  they 

are  frequently not given enough time to make the measurements they require for 
,   ,       ■   „        C3,  Cll, C12, C13 a complete picture . 
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5.        Testing by "volume testers" suffers  from poor definition 

of the environmental profile for whicb  the vehicle is 

intended. 

Part of this situation is  due to the lack of "testable specifications" 

which have been discussed under the first conclusion.     Except  for "fixed 

obstacles" as  at Aberdeen,  environmental descriptors  and vehicular performance 

are generally expressed in qualitative rather than quantitative terms.    We 

quote,   foi  example,  from Reference CU:  "This study is based on the results 

of three years of field tests in Thailand.    No attempt has been made to equate 

the results with theoretical mobility formulas."    This  report covers  13 

vehicles,  took  three years to perform, was conducted in the field, yet 

contributed  little to the state-of-the-art knowledge in the sense of resolving 

theory with practice. 

Another aspec. of this problem is  typified in Reference C14.    The 

purpose ct  this program was to conduct a series of tests  in paddy fields 

and on roads.    The results  are couched in terms of the types of obstacles 

which were surmounted, either not  at all,  or with "most",  "increasing" and 

"least" difficulty.    Quantitative data reported were ambient temperature, 

relative humidity, barometric pressure,  time of day,  times  to traverse three 

of the six courses, and average speed.    Cone index data were also given,  and 

three replications of the courses were made.    This report is  characterized 

by some  irrelevant data and some good data and test practice.    However, 

judgements by which  the  final  conclusions  and recommendations were arrived at 

were qualitative rather than quantitative.    Other test  programs on specific 

vehicles  or groups of vehicles  in specialized environments have shown 
C3    Cl1    C12    C13    CIS various  degrees  of achievement,   in terms of useful  results       ' ' ' ' . 

C-6 VJ-2330-G-3 



Recommendations for Improvement of Test Practices 

Studies of methods by which test practices might be improved have 

resulted in six recommendations which are discussed below. 

1.   Standardize Current Test Methods and Practices 

The only comprehensive body of published test procedures that 

was found in the literature search was Ordnance Proof Manual, Vol. II, 
C16 

Automotive Testing   . Since the U.S. Army Test and Evaluation Command 

assumed the function upon its organization in 1962, it has been republishing 

these "OPM's" under the new name of TECP 700-700 series. Under this 

terminology they are called "U.S. Army Test and Evaluation Command Materiel 

Test Procedures".  It is our understanding that MTP's are being prepared 

at 14 different TECOM facilities. They are then forwarded for review and 

editing to the Test Analysis and Operations Office at TECOM Headquarters. 

It is recommended that during this revision process those tests 

relevant to mobility be sub-grouped under a "Mobility" heading to emphasize 

this aspect of testing as opposed to engineering and endurance tests, even 

though both may be'conducted simultaneously. 

It is also recommended that other agencies conducting "mobility" 

tests be directed to do so in accordance with the appropriate TECP or that 

any new test requirement follow the TECP format and be coordinated with 

TECOM.  In this manner TECOM would be the central repository for all vehicle 

test methods, would be aware of all new developments, and could maximize 

control of standard tests. 

Finally, test requirements in Army Regulations and in vehicle MIL-C 

and MIL-T specifications should reference TECP methods or be consistent with 

them. 
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A word about SAE J939, "Recommended Practice on Off-Road Vehicle 
C17 

Mobility Evaluation"    is in order here. The chief value of SAE J939 is 

that it officially presents to civilian industry under the sponsorship of a 

civilian engineering society a limited number of individual test procedures 

that have been standard procedures in the military for a long time. Practically 

all seven vehicle performance tests and all seven soil tests in SAE J939 can be 

found in OPM's dating back as much as ten years.  It is stated that, "the 

tests and test procedures described attempt to indicate the major elements 

comprising an evaluation of off-road performance". The careful wording 

certainly leaves room .^r the inclusion of further "major elements" such as 

standard obstacles, center of gravity determination, braking, steering, 

gradeability and side slope performance, fording, etc. which have also been 

in OPM's for a long time. 

2. Specify Environmental Profile for Vehicles 

QMR's should specify in as much quantitative detail as possible the 

environmental parameters and their limits which the vehicle is to be designed 

to meet as well as the level of performance expected, since these will be the 

basis for future test methods.  Perhaps a "check list" of environmental 

descriptors should be furnished those who prepare QMR's to help them in 

selecting appropriate descriptors, to insure that applicable ones are not 

inadvertently left out, and to standardize the method and terminology of 

presenting them in QMR's. 

3. Generate Reliable Environmental Data During Testing 

The results of a vehicle test are the vehicle responses that result 

from the interaction between vehicle characteristics and environmental para- 

meters, as modified by driver influence.  Generally speaking, many of the 

vehicle characteristics are known prior to a test.  Driver influence, if 

not well known in a specific case, is potentially controllable through 

selection and rotation of drivers. Environmental parameters, howeve-1', are 

generally the least known and the paucity of reliable environmental data in 

conjunction with vehicle testing is the chief despair of the "experimenters" 

and a major roadblock to progress in the field of off-road mobility.  Much 
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money is  invested in testing,  and the small additional cost entailed in 

obtaining sufficient reliable data would more than justify the entire test 

since it can be used in many more ways  long after the specific test has been 

completed. 

Reliability of data involves several facets.    Required instruments 

must be available, calibrated, and in good condition.    Personnel must be 

instructed in their correct use.    The location,  time,  and number of observa- 

tions must be specified and provided for in the test procedure.    The nunber 

of ob   .-rvations required of a given characteristic is related to the error 

variance of the repeated readings,  the difference in the value one wants to 

be sure of detecting, and the confidence level with which one wants to detect 

it.    Statistical assistance should be sought in planning for data reliability. 

4.        Reduce the subjectiveness of Mobility Reporting 

Following is a quote from a typical off-road mobility report:    "The 

vehicle operates well off roads,  except in heavy, sticky mud.    The latter 

condition hinders mobility due to mud buildup in and above the tracks.    Other- 

wise,  its  agility, maneuverability,  and ease of steering and braking are 

very good.    The ride is bouncy, which is due to the small size of the vehicle. 

Size again  causes it to be stopped by large holes which  larger tracked 

vehicles can traverse.    Sixty percent  longitudinal and 40% side dry dirt 

slopes were negotiated without difficulty.    Maneuverability in close woods 
, ,. C18 is very good. 

Such  a report may be informative from a driver's viewpoint, but yields 

little quantitative information either in regard to the particular path taken 

at the time,  or to other areas which may contain "holes, woods, or dirt 

slopes" that are not dry.    Even without soil property measuring instruments, 

one could improve such a report by giving approximate dimensions of holes 

that could and could not be traversed;  tree diameters and spacing estimates; 
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how  long it took to traverse,  say,  100  ft.  of these woods; at what speed the 

slopes were nerotiated,  etc.     The point  is,  that even where idealized 

measurements  canuot be taken,   reports can be presented in quantitative terms 

which  are more meaningful  and useful. 

5. Plan  Field Mobility Exercises  to Provide Meaningful 

Measurements 

Many exercises studied in the literature  indicate that once a test 

program is  underway,   few environmental measurements  are obtained.     In 
C12 Swamp-Fox  I ,  for example,  only 2-1/2 miles  per day were covered,  yet 

it was  stated that  there was  insufficient  time to take cone penetrometer 

readings.     Firm but slippery slopes were encountered which slowed down the 

vehicles,  yet no readings were taken of the soil  and moisture conditions  on 

these slopes.     The recommendation here is  that  test plans allow sufficient 

time  for test personnel  to make significant environmental measurements. 

Such  data will  aid materially in bringing  theory  and practice closer 

together. 

6. Establish  Stream Crossing Test  Facilities 

Tins  recommendation may be premature  in  light of the state-of-the- 

art  of knowledge on the subject.     However,   stream crossing and exiting 

appear to be a major problem in the field and we  find no evidence that 

suitable standard test   facilities exist  for vehicle evaluation,  especially 

in regard to the problem of exiting onto stream banks.     It is, therefore, 

recommended that work be initiated to develop such  a test  facility.     Perhaps 

an   initial effort on a modest scale would consist merely of determining 

Go/No-Go or of timing exits  from streams onto natural  ramps of various per- 

cent slopes  and a few soil types. 
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Appendix D:  WATER BALANCE IN S.E. ASIA 

Contained in Cornell Aeronautical Laboratory's second semi-annual 

technical report on off-road mobility research is a map which delineates 

the world-wide regions which exhibit relatively distinct seasonal soil 

moisture levels which influence the movement of off-road vehicles.   A 

similar map of wet season soil strength ranges has been prepared by 
D2 

Waterways Experiment Station.   These maps are of use in strategic 

planning. They delineate regions within which vehicles with soft soil 

capabilities are needed for some season(s) of the year. When we desire 

to ascertain more specifically those months of the year in which soft soil 

conditions have a high probability, more detailed analysis is needed. 

Presented I »re is a method by which monthly rainfall in excess 

of potential evapotranspiration can be estimated from climatic records 

for individual months of the year. The method is demonstrated for 

Southeast Asia, although data is available for application to many countries 

of the woilJ.  It can be assumed that where there is an appreciable excess 

of precipitation over evapotranspiration, the soils in flat and moderately 

sloping topographic positions will present soft soil problems. 

Thomthwaite Method 

In 1958 a report was published jointly by the Laboratory of 

Climatology and the Air Force's Geophysics Research Directorate   which 

described and demonstrated a method for converting temperature and precipi- 

tation data into "tractionability" information. 

The senior author, C.W. Thomthwaite, had previously done considerable 

research in the problem of climatic water balance. He developed a simple 

) 
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empirical method for estimating the amount of moisture in soil.    Independent 

variables used are temperature, precipitation,   latitude,  time of year, 

and water-holding capacity of the soil.    The method had wide application in 

many parts of the world. 

A book of instructions  for applying the method,  together with tables, 

has been published which makes  it possible for anyone to apply the Thomthwaite 
U4 method      .    Either monthly or daily data can be used.     Recently the National 

Science Foundation financed a month-by-month tabulation of water balance for 

the entire world      .    Virtually all available and suitable weather records 

were used.    These tables could provide a valuable input to the study of off- 

road mobility. 

Data on water-holding capacity of soils  is even  less available  than 

climatic data.    When the Thomthwaite method is used in a small area such as 

an irrigation district,  the water-holding capacities of the different soils 

can be measured.    Such capacities vary considerably.    The set of tables used 

for applying the method makes provision for capacities ranging from 25 to 400 mm 

field capacity for the  first  four feet of soil.     In applying the method to 

large areas,  a field capacity is chosen for the whole area.     In the case of 

Asia,  it is assumed that the field capacity of the soil is  300 mm.    No 

assumptions are made in this discussion with regard to soil water-holding 

capacity.    The soft-soil prol lern is as much one of climate as of soil and 

topographic position. 

When there is a surplus of water during any particular month, the 

soil  is wetted from the top down.    When there is deficit,  the top layers 

become dry first except under a forest cover where drying out occurs more 

nearly evenly in the entire root  zone. 
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Application of Thomthwaite Method to S»E. Asia 

To demonstrate the applicability of the Thomthwaite nethod to 

monthly assessment of soft-soil conditions, a study was made of data from 

Southeast Asia. The area included in the study extends from the equator 

to 2S0 north latitude and from 93 to 111 east longitude. Use is made of 
D6 

a base map from a previous study of Southeast Asian Climatology  . Countries 

treated are all of Singapore, Malaya, Thailand, Cambodia, Laos, North Vietnam, 

South Vietnam, and part of Burma. 

The maps shown in Figure D-l are made from tabulated water-balance 

data of 106 weather stations. Monthly precipitation-evapotranspiraticn »ata 

were recorded on a transparent base superimposed on a map showing station 

locations. This transparent overlay was then superimposed on a map showing 

elevations, and isolines were drawn with reference to both the plotted data 

and the elevations. This resulted in more accurate maps than if strict linear 

interpolation had been assumed between stations, but little cm be known for 

certain about the climate of places not close to and about the same elevation 

as a weather station. The difficulties of assessing the affects of elevation 

on evapotranspiration are quite complex.  Temperatures decrease in a predict- 

able manner with altitude and therefore potential evapotranspiration does 

also. Air mass characteristics and wind direction act to complicate the 

distribution of rainfall. Windward slopes are rainier than leeward. Upper 

parts of leeward slopes may bt nearly as wet as windward ones if the onset 

of precipitation produces an unstable condition in the air mass which leads 

to convection. Usually, though, in Southeast Asia rainfall increases with 

elevation up to near the crests of relatively low mountains and then tapers 

c ff quite rapidly on the lee side. The northeast monsoon which blows on 

the east-facing coasts of Vietnam in winter is wet and unstable in its lower 

layers only, and, after producing rain along the coast, loses almost all of 

its remaining moisture on the first seaward-facing slope. It is believed 

that the maps of evapotranspiration are reasonably accurate, in view of the 

small amount of data available. Large areas of highland with no weather 

stations are probably wetter than indicated. Although such land could be 
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Figure D-l(c)     PRECIPITATION MINUS POTENTIAL EVAPOTRANSPIRATION 
IN MILLIMETERS - JUNE 
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Figure D-l(f)    PRECIPITATION MINUS POTENTIAL EVAPCTRANSPI RATION 
IN MILLIMETERS -  SEPTEMBER 
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Figure D-I(g)    PRECIPITATION MINUS POTENTIAL EVAPOTRANSPI RATION 
IN MILLIMETERS -  OCTOBER 
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Figure D-l{i)    PRECIPITATION MINUS POTENTIAL EVAPOTRANSPI RATION 
IN MILLIMETERS - DECEMBER 
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Figure D-l(j)    PRECIPITATION MINUS POTENTIAL EVAPOTRANSPIRATION 
IN MILLIMETERS - JANUARY 
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Figure D-l(l)    PRECIPITATION MINUS POTENTIAL EVAPOTRANSPIRATION 
IN MILLIMETERS - MARCH 
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expected to have shorter dry seasons and longer wet seasons  than aearby 

lowlands,   the wet and dry seasons would be expected to occur at the same 

general      me of the year in both types of locations. 

Sandoway,  Burma at   18    25,N,  94    28*1: receives  an average of 1,686 

mn  (66.4  in.)  of rainfall  in July,  and several stations  in Burma and Thailand 

receive  2 rim or  less  during January and February.     The station with the highest 

ave-age potential evapotranspiration is Monywa,   Burma at  21    55'N, 95    ll'E 

with   197 nm   (nearly 8 in.)   in Mav.     By contrast  Long Son,   North Vietnam at 
o 0 

21     SO'N,   106    46,E  in January has  only 26 mm   (about   1  in.). 

Isolines  chosen  for representing monthly nrecinitation minus monthly 

evapotranspiration expressed in millimeters of excess  or deficit are  1500, 

1000,   500,   100, 0,  -50,  -100,  and -150.    Symbols  similar to "less  than" 

signs  are drawn on the  isolines with  the points  toward the drier side.    The 

zero  line  is  drawn through places where rainfall  is equal  to potential 

evapotranspiration.    Soils  in a high topographic position are expected to 

have a water content at or near field capacity during most of the month  if 

the previous  month has been wet.     How deeply into the ground this  condition 

persists will  depend on the water balance history  for the months  immediately 

preceding the month  for which the man is drawn.     Soil  in a  low topographic 

position could be expected to have a water content between  field capacity 

and complete saturation.     Not much water,   if any,   is  added to local streams. 

The  -50  isoline  indicates  sub-humid conditions.    Only  immediately 

after rains  would the top  layers of upland soils have moisture up to field 

capacity.     In the same upland sites  sub-soil would become progressively 

drier during  the month.    Continuously wet  soils would be confined to poorly 

drained spots.    Streams flowing through a large area of water deficiency would 

lose water both  through evaporation and seepage.     Hie -100 and -150  isolines 

represent  arid conditions   arid seldom,if ever,occur unless  the previous month 

or months had been dry ?lso.     Stream channels would usually be empty unless 
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supplied from wetter areas up stream, and soft soils would be difficult to 

find except in the lowest parts of alluvial areas near such streams. 

The 100-isoline condition produces generally wet soil conditions 

on all types of sites. Immediately after rains, upland soils could be 

expected to have moisture in excess of field capacity. Time between rains 

would be short enough to prevent the top layers from drying much below 

field capacity. Soils in low topographic positions would contain more 

water than field capacity. Streams would gain water in passing through an 

area of 100 im isoline conditions. In an area with a surplus of 500 mm  of water, 

all soils would have water contents of more than field capacity,almost, 

if not all the time. Stream run-off during the entire month would be at 

levels experienced only rarely during whole months in middle latitudes. 

The highlights of the monthly patterns of excesses or deficiencies 

of moisture are briefly summarized: 

April -- evaporation is high and the 100 nm isoline of excess rain 

occurs only in Malaya. Parts of the Vietnams and Laos Highlands have an 

excess of less than 100 nm. 

May -- the entire west coast from Singapore to East Pakistan, as 

well as similarly located parts of Thailand, Cambodia and South Vietnam 

facing the Gulf of TJiai land have an excess of moisture. The 100 mm isoline 

of excess moisture makes it;, appearance in the highlands of the Vietnams and 

Burma. Part of interior Burma and Thailand remain dry. Most of the east- 

facing coastal lowlands of Vietnam remain dry also. 

June -- the 500 and 1000 mm isolines make their first appearance 

along the West Coast of Burma. Malaya is dryer than in the previous months. 

The eastward facing coasts of Thailand are in a rain shadow. North Vietnam, 

north of 20 north, is all noticeably wetter and the highlands all of the way 

from the border with China to the south China Sea have a water excess of well 
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over 100 im.     Much of this water flows through the drv coastal lowlands of 

Vietnam producing the somewhat unusual situation of flooded river valleys in 

an area where bordering terrain has a deficit of moisture. 

July -- the 1500 nm isoline of excess moisture occurs only during 

this month on the coast of the Bay of Bengal.  For the first time a small 

portion of the lowland has a water deficit of over 100 mm.  Interior 

Thailand and adjoining areas havea greater excess of water overall.  Coastal 

Vietnam between 19 and 11 north remains in a rain shadow. The highlands 

back from the coast are having their wettest season and as the water runs off, 

it increases flooding in the streams which flow east through dry Vietnam. 

August -- the Southwest monsoon has diminished only slightly and 

there is very little difference from July. 

September -- areas on the west coast of Malaya have .in excess of 

500 nm of water and small areas of penninsular Thailand exnerience moisture 

deficiency.  There is no water deficiency in interior Thailand and adjoining 

areas.  Most of Vietnam has an excess of moisture, most of it well over 

100 nm. 

October -- the northeastern part of North Vietnam has a small 

moisture deficiency.  The remainder of the country has an excess as does 

South Vietnam.  A zone of moisture deficiency reappears in Laos and Thailand 

and a similar zone is enlarged in Central Burma.  Most of the remainder of 

the area has a moderate excess of water. 

November -- the northeast monsoon is established and the flow is 

strong enough to produce an excess of over 500 mm on parts of the east coast 

of Malaya as far south as S north latitude.  The excess of rainfall between 

11  and 19 north in Vietnam is due to the same cause.  The wet zone along 

the coast in Vietnam is narrowed down considerably and the interior of the 
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area centered jn Thailand becomes dry with much of it having a deficit of 

more than 50 mm. 

December    -- the northeast monsoon is in full  force.    Virtually 

every weather station receives  less  rain than in the previous month.    Fxcept 

for part of coastal Vietnam,  the east coast of   peninsular   Thailand, and 

Malaya,  drought prevails.    The -100 mm isoline of water deficiency reappears. 

January --  drought  intensifies  and the areas of moderate water surplus 

in Vietnam,  Malaya,   and Thailand all become smaller. 

February --  a few places  in Vietnam have excess  precipitation and 

only a small  part of the east coast of Malaya has over 100 nri water surplus. 

March    -- most of Southeast Asia is dry except  for parts of Malaya 

which experience more excess  rainfall  than in the previous month. 

Factor Analysis of Vietnam Moisture Data 

A portion of the precipitation minus potential evapotranspiration 

data,   more specifically the data for the 30 weather stations   in Vietnam, was 

factor analysed on the month-by-month variance-covariance matrix. 

Tlie  reasons  for doing factor analyses  are to deduce the dimensionality 

of the data,  and to try to discover underlying basic patterns  in the initial 

data.    One would expect  that some basic patterns exist  in P-PE data.    For 

example,   one would expect  a pattern that showed the effects of high rainfall 

during the wet months,  and a pattern indicating the high potential evapo- 

transpiration during the hot months,  among others. 

The reason  for using factor analysis  to obtain such patterns rather 

than just naming them via common knowledge,  is that  factor analysis 

determines patterns  that are orthogonal to each other.    The advantage of 
t  ■ 
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orthogonal patterns is that they are non-interactinr or completely independent 

of each other. 

The original data was arranged in a 30 x 12 matrix which was 

premultiplied by its transpose and solved for eigenvectors and eigenvalues. 

The methods of computing eigenvectors and eigenvalues will not be discussed 

here but the general procedures are given in Reference 1)7.  It was found 

that about 97% of the variance of the original data should be explained by 

the three eigenvectors with the largest eigenvalues.  The eigenvectors and 

eigenvalues, along with the cumulative variance explained are shown in 

Table D-l and Figure Ü-2. 

Since only three eigenvectors were retained, three coefficients 

b , b_, and b were determined for each station.  These values were plotted 

at the proper map locations and approximate isolines drawn.  The results are 

contained in Figure L)-3.  Using the eigenvectors and reading the proper 

coefficients from Figure Ü-3, excess or deficiency of moisture (P-PF.) can 

be calculated for any location in Vietnam for a desired month by using the 

formula 

P-PH - bjE, - b2 F2 ♦ bj E3 

A check on the accuracy of the method was done by comparing observed 

and calculated values for each of the 30 stations and for each month.  The 

root mean square difference between observed and calculated P-PE was about 

33 mm of water and when the variance of the calculated and observed values 

are compared, about 97% of the variance is explained by the calculations. 

The values of P-PE obtained by interpolating values of b., b_, and 

b_ and using the three eigenvectors seem to be as accurate as those obtained 

by interpolating on one of the mont.ilv P-PE maps. The accuracy would be 

increased if the density of stations were higher. The advantage of this 
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type of analysis is not increased accuracy (there may be none] but that the 

resulting eigenvector^ can be examined to discover causes of the pattern 

in the original data.* 

Table D-l 

EIGENVECTORS - EIGENVALUES FOR VIETNAM WATER BALANCE DATA 

MONTHS 
tlflEKVALUE 

X 

VARIANCE 

ACCOUNTED F0I 

(CUMULATIVE %] 
J»H FEI MAR «PR MAY JUN JUL AU6 SEP 0CT NOV DEC 

ae o 
t- u 
Ui 

* 
UJ 
o 

■ 

0.01 -0.05 •o.os •0.09 0.05 0.11 0.2H 0.2« 0.53 0.59 0.44 0.17 4.0 «   I0( «1 

h 0.10 0.03 0.00 -o.os -0.26 -0.36 -0.55 -0.45 -0.1 4 0.25 0.39 0.22 3.3 «  lO6 90 

E3 
0.35 0.1(0 0.51 0.4» 0.13 0.0V 0.08 CIS -0.11 -0.10 0.22 0.32 4.9 «  10s 97 

This technique is clearly applicable to other than P-PE data (e.g., surface 
temperature, soil strength, etc.) 
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Figure D-3(a)    COEFFICIENTS  (b))   FOR  E,  EIGENVECTOR 
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Figure D-3(b) COEFFICIENTS (b2)   FOR Eg EIGENVECTOR 
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Figure D-3{c) COEFFICIENTS (bg) FOR E3 EIGENVECTOR 
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Appendix E:  STATISTICAL DISTRIBUTION OF SOIL MOISTURE 

In the course of collecting trafficability data on soil in humid 

temperate and tropical climates, the staff of the Waterways Experiment 

Station made many measurements of soil moisture content.  These data can be 

used to describe the statistical occurrence of moisture levels in various 

soil types and topographic positions. The resultant statistics can be used 

as guidelines for deciding upon moisture levels to be used in vehicle 

testing programs, and also can be of value in prediction of moisture content 

in remote terrains. 

The data which has been treated thus far was collected in the United 
El E2 

States   and in Costa Rica .  The manner in which the data were presented 

dictated somewhat different analyses. The summary tables of the U.S. report 

give the average wet season moisture contents of the 6-to 12-inch soil 

layers for a large number of soils throughout humid regions of the U.S.  In 

contrast, the data from Costa Rica were from only five sites, but daily 

measurements of soil moisture are given. No attempts were made to record 

rainfall at the U.S. sites, whereas daily rainfall measurements were 

recorded at the sites in Costa Rica. 

In both instances, the moisture contents are reported as percent 

of the dry soil weight. As part of their analyses, they also reported 

moisture contents at 0.06 atmospheres tension, which can be considered 

as field capacity. At field capacity, soils are just able to retain 

moisture against the force of gravitation.  Soils differ widely in their 

capacity to retain moisture; thus a typical sandy loam may contain 15% 

moisture and be at 100% field capacity, whereas a silt loam with 15% 

moisture would be at approximately 50% field capacity. 

To take into account the variable moisture-holding capacity of 

the soils, the moisture contents in the WES data were recalculated by 

computing the ratio of average wet-seaon moisture content, percent dry 
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weight,   to the moisture  content  at  field capacity   (0.06 atmospheres) 

and expressing this  ratio as  a percent.     As an example,   for a soil which 

has  an  average wet season moisture content of 25'«. and a  field capacity of 

20%,   the  ratio would be: 

Average moisture content,  wet  season    =25.      =     1-25    =    12S% 
Moisture content  at   field capacity 20 

Analysis   of U.S.   iata 

The sr^.es upon which the measurements were made wore categorized by 

WLS according  to many criteria.     Ihe criteria of interest  in the present 

analysis wer»   soil  type,   slope gradient,  and topography class.    The soils 

were  grouped according to the Unified Soil Classification System  (DSCS) 

classes.     An important distinction to be made is whether the site is  in 

a  low or high  topographic position.    A high topographic position is one 

in which  the water table  is  not within 4  feet  of the ground surface any 

time of the year;  a  low topographic site will have a water table within 

4  feet  of the surface at some  time of the year. 

Frequency distributions  of moisture content  as percent of field 

capacity were determined for various soil,  soil-slope and soil-slope- 

topographic class  combinations.     Surprisingly,  the frequency distributions 

were quite  similar for the different  toils except the sandy ones   (SM, 

SC,  SM-SC)   and the organics   (Oll,  OL).     Although  there were data on few 

slopes   greater than  19%,  the  figures  reflected a marked decrease in 

average wet-season moisture content on slopes  greater than about  19?6. 

Topographic class   (high or  low)  did result in noticeably different 

distributions. 

As a result of the preliminary frequency distributions,  all the 

soils  except sandy were considered as one group.    The grouping then 

included Mil, ML,  CL,  CM and ML-CL soils.    Any of these soils occuring 

on slopes  up to 19% were included.    The soils were segregated on the 
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basis of their occurrence in either high or low topographic positions. 

The resultant frequency distributions of the data are shown in 

Figures  E-l  and E-2.    The data were grouped into five-percent intervals 

and the midpoints plotted.    The groups ihow a fairly normal distribution. 

The means  and standard deviations  for low and high topography sites are as 

follows: 

Mean M.C. Stan^   -d 
Topographic Class as % field capacity Deviation 

High 90.3% 10.8% 

Low 99.4 13.3% 

This  analysis suggests the spectrum of moisture content in the 

six-to-twelve  inch soil  layers which realistically represent average wet 

season conditions  for regions with humid temperate climates.    Thus  tests 

conducted on other than sandy or organic soils with moisture contents up 

to 140% of field capacity in the six-to twelve-inch  layers should cover 

over 99?o of the average wet season conditions to be encountered in low 

topography on 0-19% slopes  (average  low topography plus three standard 

deviations  = 99.4% + 3  (13.3)   =  139.3%). 

Analysis of Costa Rica Data 

Because daily rainfall measurements  as well as moisture measurements 

were made on Costa Rica sites,   it was possible to look at the distribution 

of moisture contents relative to the amount of rainfall.    The data from two 

sites with USCS soil types OH  (CR-3,  CR-5)   and two sites with soil type 

Mil  (CR-1,  CR-2)  were analyzed. 

Frequency distributions of moisture contents as percent of field 

capacity were quite similar for both MH sites, and therefore the data from 

both sites were combined.    Separate frequency distributions were then 

prepared for    all months having between 3-4.9, 5-6.9,  7-8.9,  9-10.9,  and 
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11-13 inches of rainfall. The percentage cumulative frequencies were 

plotted as cumulative probability graphs and gave good indication of normal 

distributions. The graphs revealed differentiation only between wide 

increments of rainfall. The resultant plots, means and standard deviations 

are shown in Figure E-3. 

The data for the OH soil types (CR-3 and CR-5) were treated in a 

similar manner and the results are shown in Figures E-4 and £-5. As with 

the Mil soils, moisture contents increased very little in proportion to the 

increased rainfalls and standard deviations remained rather constant. 

Unlike the MH sites, the Oil sites displayed distinctly different 

distributions and separate means and standard deviations resulted. As one 

would expect, the highly organic Oil soils, which are often associated with 

wet sites, had hiqher moisture contents. The differentiation between the 

two Oil sites can be explained by the position of the water table, which was 

within 12 inches of the surface 100% of the time in the wetter site (CR-3). 

The overwhelming influence of the permanent water table is demonstrated in 

Figure E-4, which shows essentially the same cumulative probability 

distributions for 3-7 inch and 7-13 inch rainfall increments. 

The analysis of Costa Rica data suggests that perhaps probability 

levels for particular moisture levels being met or exceeded can be established 

for various groups of soils, rainfall increments, and topographic positions. 

Many different soils tend to exhibit similar statistical distributions when 

moisture content is expressed as percent of field capacity. 

Certainly much more data from many more locations needs to be 

analyzed to test and develop this hypothesis. WES has collected data from 

other countries such as Panama, Puerto Rico, Columbia, and Thailand which 

can be used in such analysis. We intend to do further statistical studies 

of available data to further develop a predictive method and provide 

guidelines for test programs. 
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Appendix F:    GEOMETRIC AND SOIL CHARACTERISTICS OF STREAMS 

Streams have characteristic streambed and bank properties which are 

reasonably consistent and definable within given  landscapes.    Streams can 

be categorized as destructional,  constructional,  or fan.     Destructional 

streams are narrow and steep-sided and occur in the headwaters of drainage 

basins.    They are eroding in local  soil or bedrock and do not have alluvial 

flood plains.    Constructional streams  are wider with greater average water 

depths  and will have flood plains of fine to medium textured alluvium. 

Constructional streams can be further categorized into upstream and 

deltaic.     In upstream constructional  streams,  the mean water level  is 

significantly below the bank top, whereas  in deltaic streams  the mean water 

level  is often near the bank top.    Deltaic type streams are relatively rare 

since they must occur on coastal shelves and are actually  large rivers, 

Examples would be in the Mississippi  or Mekong Deltas.    Streams producing 

alluvial  fans  are confined to semiarid regions where coarse textured materials 

are deposited at the base of mountain ranges. 

Figure F-l  illustrates  idealized cross-sectional  shapes of the 

stream types  discussed previously. 

] 
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STREAM 

CUT-OFF 

SLOPE 

CONSTRUCTIONAL 
STREAM 

SLIP-OFF 

SLOPE 

ALLUVIAL FAN 

STREAM 

Figure F-l TYPICAL STREAM CROSS SECTIONS 
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Tables  F-l and F-2 summarize some bed and bank characteristics which 

can be expected to normally occur in these streams. 

Since destructional streams do not have alluvial  flood plains,  their 

bank  and bed compositions will vary erratically depending on the nature of 

the   local soil and bedrock.     Cross-sectional  channel  shapes will be symmetric 

and bank slopes will be nearly vertical.    Destructional  streams have not 

developed a meandering pattern. 

Constructional  streams do meander across   their alluvial  flood plain:, 

and except   for relatively  infrequent straight reaches,  assume typical 

assymetric cross-sections  as  shown in Figure F-l.     The cut banks occuring on 

the outside of meanders  are normally steeply sloping since thty are being 

undercut by high velocity  flow during high water periods,  and are cohesive. 

The suggested slope range  for cut banks  is  70% to vertical.    The slip- 

off banks  are  less  sloping since water velocity  is   less on the inside of 

meanders,  and coarse textured,   low-cohesion materials  are deposited there. 

The suggested range  for slip-off banks  is  from  1006 to 30%.    Upland constructional 

streams will often require vehicle swimming in contrast  to destructional 

streams,  which  rarely  if ever will have sufficient water depth to require 

swimming.     Deltaic streams will  almost   always  require vehicle swimming. 

From Table  F-l  it  is  seen that deltaic streams differ from other 

constructional  streams  principally  in the composition of the slip-off 

slop^j.     This  results because the bulk of coarse materials have been 

deposited on shoals much  further upstream. 

Streams on alluvial  fans  are confined to arid or semiarid landscapes 

occurring at  the base of mountain ranges.    Their beds  and banks are 

predominantly coarse textured.     In addition, bank heights rarely exceed 

three  feet.     These streams  therefore are minor deterrents  to off-road 

movement. 
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Table F-l 

BANK AND BED CHARACTERISTICS OF CONSTRUCTIONAL STREAMS 

CUTOFF (1) 

BANK COMPOSITION 

CUTOFF 

BANK SLOPES 

 —1 
SL;P-OFF (i) 

BANK COMPOSITION 

SLIP-OFF 

BANK SLOPES 

BED 

MATERIAL 

UPSTREAM CH.CL 
MH.ML 

70% - VERTICAL GW, GP, SW 
SP, GM, SM 

10-30% GW.GP 
SW.SP 

DELTAIC CH.CL 
MH.ML 

70% - VERTICAL CH, CL, SM 
MH,ML 

10-30% SW.SP 
SM 

(1)  UNIFIED  SOIL CLASSIFICATION NOMENCLATURE 

TABLE  F-2 

BANK AND  BED CHARACTERISTICS OF 

DESTRUCTIONAL AND ALLUVIAL FAN STREAMS 

BANK COMPOSITION (1) BANK SLOPES BED MATERIAL 

DESTRUCTIONAL VARIABLE (2) 
NEARLY 

VERTICAL 
VARIABLE (2) 

ALLUVIAL FAN 
GW.GP 
SW.SP 

NOT 
APPLICABLE (3) 

GW.GP 
SW.SP 

(1) UNIFIED SOIL CLASSIFICATION NOMENCLATURE 

(2) DETERMINED BY NATURE OF LOCAL SOIL AND BEDROCK 

(3) BANK HEIGHTS RARELY EXCEED THREE FEET 
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Tables  F-l and F-3 can be used to delimit what soil and geometric 

conditions  can generally be exnccted for those landscapes containing either 

destructional,  constructional or alluvial  fan streams.     It must be remembered 

that  destructional  and constructional  stream segments occur in the same water- 

shed as  illustrated in Figure F-2. 

DESTRUCTIONAL STREAM SEGMENTS 

CONSTRUCTIONAL STREAM SEGMENTS 

Figure F-2    CONSTRUCTIONAL AND DESTRUCTIONAL STREAM SEGMENTS 

Mathematical Model of Stream Bank Heights 

The geometric relationships of streams to their drainage areas 

depend upon a spectrum of rainfall and runoff flows which  in turn are 

related to the vegetation and soil  cover of the bedrock. 

An idealized cross-sectional  configuration which most alluvial streams 

approach is shown in Figure F-3.    The following discussion will be referenced 

to this  figure. 

ALLUVIAL POINT 

BAR 

BANK  FULL WATER   LEVEL 

CUT-OFF  BANK HEIGHT (Y) 

Figure  F-3    TYPICAL CROSS-SECTION OF ALLUVIAL STREAM 
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The slope which the alluvial point bar makes with the horizontal 

for many naturally occurrinR streams  is  15% and therefore will be assumed in 
Fl this model. The cross-sectional  area of Figure F-3 therefore is 

4 Z    Off l*J 

The hydraulic radius of a stream is defined as A/P where P is the 
F2 wetted perimeter of the channel      .     In the above figure   r sr O.SY 

The classic and well-established formula for relating the erosive 

properties  of a stream to its geometry and bank materials  is Manning's 

formula 

v.l*lr*>S* (2) 

where: 

1/ = erosive velocity in feet per second (fps) 

n = channel roughness factor 

r = hydraulic radius 

J - water surface slope —  channel slope 

The value for n in snail streams *  0.07 and this value will be assumed 

here.  Substituting 0.07 for n and 0.5 Y for r in F.quation 2: 

V^ 0.02 v**s'Vv (4) 

Therefore bank height Y can be expressed in terms of erosive velocity 

V and channel slope S. The empirical data of Ref. Fl shown in previous 
F3 F4 

ORMR reports   '  are in general agreement with Equation 4.  Analysis 
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of existing data as shown in FiRure F-4 shows that V varies from 2.5 ft/second 

for sand to some 13 ft/second for the most resistant hasalts. Objectives of 

future work would be to more precisely establish values for V, especially in 

soil materials, to correlate values of S with local relief, and test the 

models by checking predictions from the model with the actual geometries of 

natural streams. 
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Appendix G:     INSTRUMENTATION FOR MEASUREMENTS WITHIN SOILS 

We report below on  (1)  our effort toward improvement in the 

X-ray method for measuring marker displacement,   (2)  the applicability of 

microwave techniques  for this  and other purposes,   (3)  the feasibility of 

measuring pore water pressure by small  gages  imbedded in the soil and 

(4)  the feasibility of remotely measuring the output of imbedded sensors. 

X-ray Measurement of Marker Displacement 

One of the major difficulties in interpreting the flash X-ray data 

from the rigid wheel experiments performed for CAL at McGill University has 

been that  the flow field was recorded on several  8x10 in.  X-ray films with 

consequent considerable uncertainty as to marker position at junction points 

Therefore, we examined the capabilities of more powerful  improved flash 

X-ray equipment presently being marketed.     It was  found that the new 

equipment will permit,  in addition to one-shot recording of the entire 

flow field,  penetration through wider soil bins,  at higher contrast and 

with increased pulse repetition rate.    The latter is desirabl'-  for observa- 

tion of transient phenomena. 

The present McGill equipment is a 300-kv unit and the new,  a 

600-kv unit; both made by the same manufacturer*.    X-ray beam attenuation 

varies with  X-ray wavelength and follows  an exponential   law: 

T- I0e 
%(fL^^ 

where    T   =    X-ray intensity at distance x 

Jo   =    X-ray intensity at source 

Field Emission Corporation, McMinnville, Oregon. 

) 
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E fjf]   it/t       is  the mass  absorption coefficient of the compound at 

the wavelength A 

/fc is   the density of the compound 

X is  the amount  of material which must be traversed. 

If the X-ray beam must   traverse two or more different materials, 

then the  total   attenuation is  computed by multiplying by  the attenuation of 

each of those materials      Our calculation was based on traversing a bin 8" 

wide,   contained by  1" thick  Plexiglas walls.     Compound density and mass 

absorption coefficient were taken  for kaolin and 60°o  (by weight)   of water. 

In  the  calculation of the mass  absorption coefficient  the simplifying 

assumption was  made  that all   the X-ray energy  is  of the wavelength  corres- 

ponding to 40?6 of the peak voltage. 

Figure f.-l  shows  the geometry on which  the calculations  are 

based. 

X-RAY bOURCE 

X-RAY  FILX 

•       LEAD MARKER 

= = = KAOLIN 

^      PLEXIGLAS  SIDES 

SFO    SOURCE-TO-FILM DISTANCE 
S      OBJECT DIAMETER 

F       IMAGE  DIAMETER 

Figure G-)     GEOMETRY  FOR MEASUREMENT OF MARKER  DISPLACEMENT 
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The system parameters for both X-ray units under consideration are  listed 

below: 

Source Size 

X-ray beam cone angle 

Resol'-.tion of marker 

S.F.D. (maximum) 

S  (object diameter) 

F  (Image diameter) 

Repetition Rate   (pulses/sec) 

Summary of System Parameters 

300 kv Unit 600 kv Unit 

S  mm 5 mn 

30° 60° 

1 mm 1 run 

21" 31" 

8.24" 29.6" 

10.5" 36" 

2 5 

The cone angle  for both units is based on the minimum energy required at 

the film which  is 0.2 milliroentgen for Royal  Blue X-ray film backed by a 

pair of calcium tungstate intensifying screens. 

The 600-kv unit  is available with a repetition rate of 5 pulses/sec 

and the contrast  is expected to be improved over the 300-kv unit because 

twice as much energy is available at the edge of its 60    field than at the 

edge of the 30    field of the older unit. 

Microwave Techniques 

There are only two regions of the electromagnetic spectrum where 

soils have significant transparency.    These are the X-ray or hard X-ray 

region, which was  discussed in the preceding section,  and the microwave 

region at wavelengths of 3 cm or more. 
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Microwaves offer an additional degree of freedom to the experiment 

designer in that they are reflected from suitable targets; therefore, he 

is not limited to measurement of transmitted energy as in X-ray work. A 

possible advantage of the method would be the acquisition of information 

on displacements in the interior of a soil volume in a continuous rather 

than an intermittent mode.  On the other hand, their reflection properties 

also limit their usefulness by scattering from many materials, including 

sensors, and the wheel.  Tl.eir most severe limitation - one which has not 

been examined quantitatively - may be heating and consequent water move- 

ment in the soil.  Since practically no data on microwave penetration in 

soil were available, a few simple experiments were conducted.  Kvaluation 

of these experiments was reported to be in progress at the time of publica- 

tion of Keference G-l and significant results are reported below. 

Attenuation in sands of different water content was measured at 

a wavelength of 10.53 cm (S-band). On  the basis of measurement of input, 

reflected and transmitted power, skin depth (the depth of sand at which 

power has been attenuated to l/m  of its magnitude at the surface) was 

calculated.  Working depth in sand ^t this frequency compared favorably 

with that of X-rays.  At water contents of 0, 4, and 16%,  skin depths of 

700, 50 and 20 cm, respectively, were found.  Total marker displacement 

measurements were made with the interferometer setup shown in Figure n-2. 

Target , sand box and stub tuner male  up the test arm and the line 

stretcher, attenuator and phase shifter the reference arm.  When the 

standing wave patterns in each arm annul ear' other at the coaxial hybrid, 

the crystal detector indicates the null by having a zero output. 

With this set-up, displacements were computed from phase shift 

measurements; their accuracy was found to be strongly dependent on the 

distance of the horn from the sandbox.  A distance of several wavelengths 

appeared to be preferable to distances below one wavelength.  In view of 
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TARGET DISC 

LINE STRETCHER 

ATTENUATOR 

PHASE SHIFTER 

HYBRID 

SCOPE 

CRYSTAL DETECTOR 

Figure G-2    INTERFEROMETER FOR MEASURING MARKER DISPLACEMENT AT S-BAND 

the fact  that due to its shorter wavelength, the X-ray method is inherently 

more accurate. It was concluded that development  of a microwave method to 

replace the X-ray technique as currently used is not warranted. 

.'ore Pressure Measurement 

The response time,  t,  of a pore pressure measuring setup is  given 
C2 

by Bishop  and Menkel '    as 

4-   C^C/ \Dl   [up ) 

) 

where      C, coefficient of consolidation 

Cc        =      coefficient of compressibility 

gage diameter 
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specimen diameter (e.g., diameter of triaxial test cell) 

At displacement  at  tube diameter 

^ =      pressure change associated with   4^ 

The test  geometry for which the formula applies  is shown in 

Figure  G-3 

P,   =  PISTON  PRESSURE 

P2 =  PRESSURE ON  CYLINDER WALLS 

TRIAXIAL TEST CYLINDER 

MERCURY 

Figure G-3    PORE PRESSURE MEASUREMENT 
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This test geometry is used in the triaxial test. Here pore 

pressure is measured for the entire volume under test, this volume is 

large and the gage response time is long. 

It is seen that the response given in the equation is a function 

of soil material properties, test geometry and gage characteristics. Actual 

pore pressure changes, whether observable or not, depend only on c and C . 

Generally gage response, i.e., the pressure change actually measured and the 

response time, will depend on the soil volume observed and on the displacement 

required to obtain a measurement.  If both are made small, then the gage will 

be sensitive and will have a short response time.  Such a gage will measure 

local pore pressure changes that may occur even though no change occurs in a 

large surrounding volume. 

Some progress toward the development of small sensitive and fast 
G3 

pore pressure gages was reported by MIT   in 1963.  Our review of that work 

and recognition of improvements in sensor material since that time encourage 

us to recommend development of a small pore pressure gage. 

The MIT report indicates that several fast response gages appeared 

technologically feasible, e.g., based on electrical resistance change in a 

semiconductor, change in resistance in a transistor, change in electrostatic 

charge of a piezoelectric crystal, and a proprietary pressure-sensitive 

resin compound. Only the last of these appears to have been built - with 

poor results due to material failure. 

Of these schemes, the pressure sensitive transistor was investigated 

independently at the same time at CAL *.  In principle, transistors having a 

* 
"Stressed-Transistor Pressure Transducer", Internal Memo, 26 July 1963. 

G-7 VJ-2330-G-3 



very thin n-layer and transition  laver (1-2 micions)  diffused on a p- 

type  crystal  appear to exhibit  ambient pressure sensitivity.     Best results 

in terms of sensitivity and siRnal-to-noiie ratio  , were obtained when 

such  a transistor was  operated in  the diode mode.     However,   the device 

was   also  found to be highly  tempeiature sensitive and was not  further 

developed at CAL. 

The device which is  recommended for further development has  the 

jjeometry shown in Figure 0-4. 

WIRE  RODS 

'^BRASsT'.SF.       *"   HIC,(EL BELI-0WS 

POROUS BRONZE CAP 

WATER 

SEMICONDUCTOR  COLUMN 

(FROM REFERENCE Q3) 

Figuro G-l    SEMICONDUCTOR  COLUMN  PORE PRESSURE DEVICE 

The sensitive element  is  a semiconductor column which has one end in contact 

with  metal  bellows which  is   in  turn exposed to water within a hemispherical 

porous  sheil.    The shell   is  acted upon by the pore water pressure of the soil 

medium  in which  the entire  Raqe  is  embedded. 

The semiconductor column changes  resistance with pressure.    A power 

source  and a bndpe  circuit  are required to sense this  change in resistance. 
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According- to the cited MIT report the semiconductor column will 

have a    Ax     of only 4.10   ' inches at a rated load of 100 psi.    The optimum 

stiffness of the transducer and its response time have yet to be determined. 

Response time of such a gage  (say in water),  should be well below one 

millisecond.     The supplier of the semiconductor material* has been contacted 

and has expressed interest in development of the device. 

Remote Sensing 

The pore pressure gage described in the previous section  is 

powered  from outside the soil and is  connected to the power source by two 

wires.     Disturbance of the soil  medium,   particularly if many such   local 

measurements  are to be made, would be much  less if this external   connection 

were not needed.     The  feasibility of three devices;  a completely passive,  a 

self-powered,   and a pulsed device,  for wireless,  or remote,  sensing was 

explored.     Such  "endoradiosondes" have been used to transmit physiological 

information  from within the human or animal body.    The devices examined in 

our brief survey were all developed for such purposes.    As a consequence, 

they have been built  for power pressures  and for shorter source-to-sensor 

distances  than would be suitable for soil  measurements, but in principle 

they appear highly applicable.     The development of a passive,   i.e., battery- 

less,   ievice designed to transmit pressure information from within the eye 

has recently been reported      .    It comprises two Hat spiral  coils that are 

electrically equivalent to a parallel resonant  circuit and whose resonant 

frequency is  a  function of the spacing between the coils.    As the surrounding 

pressure  forces   the coils closer together,   the resonant  frequency  is  changed 

find a remote  frequency-swept transmitter that  is coupled to the circuit 

provides  an   indication  at the frequency at which the energy absorbed by the 

parallel  resonant circuit  is a maximum. 

For implantation into the eye,  the coils are packaged into a 

cylindrical  capsule and capsules have been built 2,4 and 6 mn in diameter 

and  1 to 2 mn thick.     The  largest of the capsules  resonates near 120 MHz;  the 

resonant  frequency changes approximately  10 MHz per mn change in coil 

_ _.. -        -       -.     - - ' ' 
Bytrex.  Inc. 
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Separation. The pressure sensitivity is, of course, a function of the 

stiffness of the capsule faces that transmit the pressure to the enclosed 

coils. 

The main difficulty in implementing this scheme for the application 

at hand will be to achieve a close enough coupling between the transmitter 

outside and the passive resonant circuit within the soil bin - the circuit 

must absorb a sufficient nortion of the transmitted energy for it to be 

detected by the transmitter.  The author indicates that a practical limit to 

the distance between the transmitter and the radiosonde is approximately 25 

times the radius of the coils.  However, with antennas or lenses that focus 

the energy onto the capsule, it should be possible to extend the range 

considerably.  At 120 MHz, such a focusing system would probably be a very 

large device; at higher frequencies the energy absorption of the soil will 

become a problem. 

An active radiosonde with a self-contained battery was described 

by Mackay and Jacobson '" '   in 1957.  The device was a capsule 2.8 cm 

long and 0.9 cm in diameter, transmitting both temperature and pressure 

information at a frequency of approximately 500 KJIz.  The circuit was 

basically a transistorized Hartley oscillator; the pressure was sensed bv 

the movement of a diaphragm that moved an iron slug in the oscillator coil, 

thus controlling the oscillator frequency.  The unit was capable of opei^ting 

for about two weeks . 

An improved version of the active radisonde described above was 

reported by Mackay   in 1959. Also operating in the broadest band 

(about 500 KHz), this unit was enclosed in a capsule 0,8 cm in diameter and 

2.7 cm long, and the transmitter signal was picked up with a 2 1/2 inch 

diameter coil and fed into a standard broadcast receiver.  One mercury cell 

would power the unit for about 3 days.  For indefinite operation, a rectifier 

diode could be added to the circuit and the mercury cell replaced with a 

G-10 VJ-2330-G-3 

. 



G8 
rechargeable nickel-iron-cadmium cell      .    The battery could be recharged 

from the external oscillator inductively coupled to the rectifier in the 
G9 

radiosonde.     A similar endoradiosonde is  described by  England et  al. 
■ 

Externally generated pulses  charge up a storage capacitor in the 

Hartley oscillator, of another device,  and the time interval between the 

trailing edge of the externally generated pulse and the beginning of 

oscillation  is  a measure of the magnitude of a blocking capacitance in the 

circuit. In the reported device temperature and pH control the magnitude 

of the capacitance, but pressure control appears just as possible.    The 

operating frequency of the charging circuit was 700 KHz.    The capsules 

measured 8 inn in diameter and 2S mm in  length. 

It  is  evident  that none of the devices  surveyed is  immediately 

applicable to  laboratory or field experiments  in soil.    Adaptation to the 

pressure range of interest would inherently also make them more rugged. 

Extension of their transmitting range may be a bigger problem.     As  an 

immediate step we recommend consideration of a pore pressure probe as 

described earlier, with built-in battery.     Battery  life should be  less of 

a problem than in human inplants. 

We should also note the potential  of such  gages   for measurements of 

variables  other than pore pressure,  e.g.,   uniaxial  solid pressure,  temperature 

or position. 

If,   as noted earlier,  many such  gages  are to be used in array,  then a 

variation of the method appears  attractive in which  a high power transmitted 

pulse excites   a passive device  into oscillation.    One exciter could be used 

for a number of pressure transducers  set to different quiescent   frequencies 

and,  by using a time gated transmitter-receiver switch,   very high sensitivity 

receivers  adequate to detect  the transducer signals  could be used without 

incurring damage  from high power transmitted pulses.     Locations  of the pressure 

transducers   in the soil could be determined between runs by ultrasonic or 

X-ray means. 
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Appendix H:  INTERPARTICLE FORCE CALCULATION FOR CLAY 

) 

Clay particles have a surface charge density which depends  on the 

type  of clay and the exchangeable cations on the clay.     Figure H-l shows  the 

crystal structure of mcntmorillonite      ,  indicating that the clay surface 

can only be negatively charged. 

S f 

( 9.5Ä 

=-=*® 
SILICA 

Q OXYGEN   ION nH20 EXPANDING  LATTICE 

(OH) HYDROXYL  ION 

O   SILICON  ION 

(g) ALUMINUM  IONS (FROH R.E.  GRIM«) 

Figure H-l     CRYSTAL  STRUCTURE OF MONTMORILLONITE 

Montmorillonite consists of alternate  layers  of tetrahedral  silica units  and 

octrahedral hydrous  aluminum oxide   (gibbsite)  units.     This  alternate  layered 

structure of silica and gibbsite  is  shown schematically  in  Figure H-2.     The 

negatively charged silica surfaces  attract water which  occupies the space 

between  the silica layers.     The spacing between  the elemental silica-gibbsite- 

silica sheets depends upon the  amount of water available to occupy the space. 

The expandable  lattice of montmorillonite is seen to be due to this  inter- 

layered water. 
_ --.._-       —__   - —    -- ,. ■ ■   ~    ~— 

Grim, R.b., "Applied Clay Minerology", McGraw-Hill   Book Company,  Inc., 
New York 1962. 

H-l VJ-2330-G-3 



Figure H-2 MONTMORILLONITE SHOWN SCHEMATICALLY 

Under water-saturated conditions, the montmorillonite platelets can be 

separated into elemental silica-gibbsite-silica sheets having a thickness of 

approximately 10° (see Figure H-l).  It will be shown for 0.1 N solution of 
-4      2 

NaOH and constant surface charge of 3.0 x 10  esu/cm" that a zero pressure 

between the platelets predicts each flat surface will attract a viscous 

water layer of 40A.  Under these zero pressure conditions, the platelets are 

separated by 100Ä.  In general, montmorillonite occurs in sheet form 

having lateral dimensions of 1000 - 500o8 and a thickness of 10-5o8. The 

water absorbed on a clay platelet consists of the bound water and the viscous 

water.  Figure H-3 depicts the states of water about a clay particle. 

BOUND 
WATER pa p .; .,,,, w, ..i^... i•>> i,.:; •-"■— ^r-A I ii >   I  

-10ATHICK<C       CLAY PARTICLE 

im: ^»■«■«»»■iitil.lilil I*I«  i 

•VISCOUS WATER 

ZW A  THICK 

■*< Ii 

Figure H-3    STATE OF WATER ABOUT A CLAY  PARTICLE 
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Since a clay particle is  charged,  it interacts with the electrolyte 

and drags the viscous water around with it as the clay particles move in 

solution.    The interaction of two charged plates  in an electrolyte has been 

calculated by Van Olphen        for one plate separation and the extension to 

other separations will be presented below.    The interaction comes  about 

because the clay particles have an electrostatic field about them,  due to 

their charged surface, which  interacts with the ions  in the electrolyte. 

This phenomenon is described by the electric double  layer theory.    Under 

equilibrium conditions,   a charged platelet  in an electrolyte will have a 

local  concentration of ions at a distance X from the platelet's surface 

which  can be related to the potential  at that point.    Using Boltzmann's 

theorem, we can express  the  local  ion concentration  at some point within 

the electrolyte as a function of the potential at that point.    The appropriate 

equations* are: 

ft,   ' ft*   exp (ir.  ep/kT) ,jx 

/V   -  /?*    ez/B(-ir+   et/kr) (2) 

where n. , n+ local  ion concentrations of negative and positive  ions 

trii 2r+ valence of negative and positive ions 

0 potential  at point  in question 

n*y n* ion concentrations of negative and positive ions  far 

away from the surface 

* M2 Much of this work   follows  the outline given by Van Olphen    "" in his 
Appendix III. 

H-3 VJ-2330-G-3 



p charge density at  the point 

e electron cliarpe 

k Boltzmann  constant 

T Absolute temnerature 

If we  consider the case  for which    i^ -  v_  - if   or equivalenced ions,  then 

n  *  =   n* - n •     Using the  above equations with  this  simplification in 

the  Poisson  equation we  pet 

^V /4ir\ örrnve / irefi 
k T 

where   e   is  the dielectric constant  of the medium. 

,c Ve-'P , ^        kT 
If —^<<l then 4« — 

K / ire 

At  room temp <p < if m v 

Tlicn liquation 4 can be written  as 

so 

of the plate. 

(4) 

d**       a-rrnve/ve, , (r)1 

dXz e \ kT 

t        8 mnis-'e* ft.} 
where K    -    v0' 

ekT 

<t>    •-  <t>0e" where $    is  the expotential (7) 
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Equation 7 describes the decay of potential   <P0     with distance from the 

platelet.     The quantity   ///c     represents the thickness of the double  layer 

and is called the Debye  length. 

i  - X. ekT 
8rrr}v*e' (8) 

The double  layer charge is given by 

cr- - J  yOciX (9) 

or     the surface charge 

yo     volume charge density 

Using Poisson's equation we get 

cr - - 
e ' dt 

1* = o 
(10) 

Evaluating expression  (10) we have 

a- - 
ZemkT        ,   I t^e^e, 

stnh ' 
TT 2kT (11) 

We can now use this expression to determine the potential of the surface for a 

plate of constant  charge density.    Table  III  of Reference H2 gives  the 
2 results  for a plate of constant surface charge of 11.7 ^C/cm    at various 

electrolyte concentrations and charges. 
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Table III OF REF. H2 . 
SURFACE POTENTIAL (Pu  FOR CONSTANT CHARGED SURFACE OF 11.7 MICROCOULOUMBS/cn/ 

NORMALITY. 
C 

1-1   VALENT 2-2  VALENT 

1//C io i/c #. 

10"5  N )0"5  cm 355 mV 0.5  x   I0"5 cm 178 mV 

10"3  N 10"6  cm 2W mV 0.5 x   10'6  cm 120 mV 

10-'   N I0"7  cm 130 mV 0.5  x   10"7  cm 65 mV 

I-quation (4) can now he evaluated with apnrorn-i ate boundary conditions to 

give the potential between intoractinr, flat douhlc lavers of the Gouy type. 

Hxplicit use is made of the fact that we are dealing with a constant surface 

charge, not with a constant surface potential. 

Figure H-4 helow shows the potential hetween interacting parallel 

nlates in one dimension. 

*o- 

K     i     /j 
K 

QA ^d 

>-    DISTANCE 
0 d 2d 

Figure H-4    POTENTIAL BETWEEN   INTERACTING PARALLEL PLATES 
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The boundary conditions are at ä * d ,   —-   - 0.   <P'<i>d;x-0,<p^^o 

integrating 

gives 

ä 4>        6 v n zre. 
dK2        ~e 

41 

sen *m 
^,2 

dX 
  cash 

kT  j. 

so dt    m   f8irnkr\i 
ux \    e )■ 

,  vet      .,        ,   ve&l 
2 cosh —^   - * cosh       _g I 

kr kT    j 
(12) 

The gradient of the potential in Equation (12)  is used in 

Equation (10) to relate the hypothesis of constant charge to a calculation 

of the midway potential, f.    .    The equation which results is 

[ 2cosh 
\ kr 

2 coih 
2ir 

tnkT 
-   Const. 

Given the electrolyte concentration, plate separation and charge density 

on the platelets, Van Olphen calculates sets of values for «u, where 

u - vetd 
kT 

and -Z, where  z ^ 
■ve.f> 
kT 

and defines -u. and -Z as the 

midway and surface potential respectively. This information can now be used 
H3 

to calculate the pressure between two flat double layers.  Langmuir 

derived the expression given in Equation (13). This expression gives the 

total repulsive pressure acting on two flat charged planes in an electrolyte 

as a sum of osmotic pressure terms.  The total pressure is constant across the 

space between the planes and is evaluated midway between the plates. This 

equation strictly applies for an equilibrium ion solution. 

P - 
,   t-tt/*r .vttp/kT\ 

kT 

-■   ZnkT {cosh   "' 
kr 

(13) 

The pressure between two flat charged plates can now be evaluated.  Initially 

we specify: 

(1)  Charge layers are of the Gouy type 
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-4 2 
(2) Constant surface charge - take 3 x 10      esot/cm   * fi.y^tC/cm2 

(3) Plate separation = 2 d;  take 2   "    =    100 8 

(4) Electrolyte and normality -  take NaCL,  O.LM 

7-1 o Using this  information wt   find K which  is given as  10    cm      =  10 Ä in 
j du \        cr(S r t fO'r 

Table III of Reference M2.  We calculate f-77 -  7== = 5:6 and Kd; 
I as 'o TAT 

where y= vet/kr      antl f ' Km %    Using these values we look up the value 

of  u. - ve^/kr  in Reference H2.  For the example chosen P  • o oeJatm. 

Figure H-5 shows the magnitude of repulsive pressure versus various 

plate separations; as shown qualitatively in text books (e.g. , Scott).  For 

the case shown, there is no electric double layer intciaction between the 

plates when the plate separation is approximately 100 A or greater. 

114 
The attractive Van dor Waals prcr.surc   between the neutral atoms 

on the platelets can be calculated from 

where 

P - 
hrrS* 

is  the llamaker constant 

(14) 

the separation of two thick plates 

The material properties of the plates come into the calculation of A since 

A = rr'o* f~ a3h }> j, a*is  the number of atoms per cm of the plate material 

and cc   is the polarizability of an atom and h*1    is its ionization energy. 

This expression applies for the case of additive London-Van der Waals forces 

For most elements the llamaker constant is experimentally found to 
-12     »13 -13 be of the order of 10  - to 10   erg. Using A = 10   erg we calculated 

the attractive pressure using Equation (14).  These results are plotted in 
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Figure H-5 for direct comparison with the repulsive pressure.  Figure H-5 

indicates that the parallel plate separation of 10A is not physically 

meaningful, since this would require the ions to penetrate the bound layers 

of water.  Also, i. is physically impossible for the electrolyte concentration 

to reach the potential calculated at this point. 

Figure H-5 represents the results of interparticle pressure 

calculation for an idealized two particle system.  Similar calculations 

could be made for other electrc yte concentrations and surface charge. 

In a system of many finite size particles having a particle separation 

of 100 A or more, we can assume that the particles do not interact. The 

possibility of a new interaction, such as that produced by the edge of the 

platelets which carried a different sign charge density requires further 

consideration.  If the particle separation is 100 A, the particle thickness 

25 A, the particle density 2.6 gm/cm , and all voids are filled with water, 

the sytem would contain 155% water by weight. Such a system would have 

very li'.tle shear strength.  If the separation between particles is reduced 

and the plate thickness increased, water contents in the vicinity of the 

plastic limit result. 
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Appendix I:  SOIL FABRIC STUDIES 

1-1 VJ-2330-G-3 
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An earlier report        pointed out that the spatial configuration of 

the soil particles,  called "fabric"  (as distinct  from "structure" which 

also includes consideration of interparticle forces)  is an indicator of soil 

state.    Fabric is defined by the spacing between particles,  their angular 

orientation and their size.    Extremes  are random fabric,  in which the particles 

are not in contact  and are randomly oriented;  flocculated fabric,  in which 

the particles  are randomly oriented but make contact along their edges;  and 

fully oriented fabric,  in which the particles are closely spaced with their 

pla^e faces  generally parallel to one another.    These fabrics are the result 

of interparticle  forces   (e.g.   those related to the pH of the liquid medium) 

and of applied  loads.     Consolidation pressures,  say during soil bed 

preparation,   tend to produce fully oriented fabric.    Particles near shear 

planes have been reported to be more closely spaced than those away f om 

these planes.    Fabric is an indicator of the internal and external  forces 

that have acted on a soil  lonp enough to be propagated.    Hence,  changes  in 

fabric are indication of energy dissipated in the soil. 

Our efforts  toward development of quantitative measures of clay 

fabric were based on three methods of fabric observation:   (1)  polarizing 

microscopy,   (2)   X-ray diffraction and   (3)  electron microscopy. 

Specimen Preparation 

Common to these methods is the problem of extracting and preserving 

an undisturbed soil specimen in a form suitable for observation. The method 

usually adopted is to replace the soil water by a solid material. A series 

of water soluble polythylcne glycol waves have been used for this purpose. 
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These waxes vary in specific gravity from 1.0 to 1.2 and in melting 

point from 35 to 70 C with corresponding variation in hardness.  The choice 

of wax within this range was found to be controlled by two conflicting 

requirements: The desire to make the wax as hard as possible so that it can 

be cut and polished readily, and the need to prevent alteration of the clay 

fabric during the impregnation process.  Prior information on overall 

dimensional distortion was somewhat contradictory. Quigley and Thompson 

reported linear shrinkage of from 7.2 to R.8%  with a wax having a melting 

point of (i5 C.  Rosenquist   found a linear shrinkage of IS%  with a wax 

of unspecified melting point, whereas Leitch and Yong   reported a linear 

shrinkage of 1-2% for an equal-volume mixture of two waxes having individual 

melting points of 45 and 42 C,  Experience at NeGill University during 

experiments performed for CAL under ORMR " indicated the desirability of 

going i~ the lower melting point waxes, because additional problems, typically 

large wax-crystal formation unon drying, appeared to be associated with wax 

mixtures and with the high melting point waxes.  The effort at CAL was more 

concerned with the ability to cut and polish impregnated specimens without 

distorting the fabric or without smearing the wax.  These tests clearly 

indicated the superiority of the higher melting point waxes. 

A double substitution procedure, in which a first impregnation with 

low temperature wax was followed by immersion in a high melting point wax 

appeared to give the best results at CAL. No data are available on other 

aspects of wax choice, e.g. the completeness of the substitution process. 

The latter might be important in preparation of the impregnated specimens 

for electron microscopy, as will he explained later. 

Polarizing Microscopy 

Fabric observation by polarizing microscopy yields information on 

the angular orientation of crystalline soil particles. When a single 

birefringent crystal is viewed in plane polarized light under crossed Nicols 

prisms, it will transmit no light when the direction of the optical axis 

I 
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coincides with the polarizing direction of the incident beam and a maximum 

will be transmitted at 45° to that direction.  If the crystal axis is 

inclined with respect to the angle of polarization, then the angle through 

which it must be rotated to obtain maximum (or minimum) light transmission 

is a measure of the orientation of the crystal. Similar behavior is exhibited 

by an aggregate of birefringent crystals; maximum (or minimum) light 

transmission will no longer differ so much and the angle of rotation necessary 

to obtain the maximum (or minimum) is now a measure of the average orientation 

of the aggregate. This principle is used to measure the orientation of clay 

particles in fabric specimens. The optical rotation introduced by the 

inclined crystallites is also proportional to their thickness in the direction 

of the optical axis.  In order to obtain observable maxima and minima a 

section thickness of 25/^ has commonly been employed, necessitating the use 

of a microtome to obtain uniform sections.  A field several millimeters in 

diameter is customarily viewed in the microscope. A typical kaolin plate - 

which is an aggregate of several tightly bonded platelets - is estimated 

to be 100A thi:k and about 1/x    in diameter.  It is apparent then that the 

method gives some average of the orientation and thickness of many particles. 

Morgenstern and Tchalenko  have shown that the method works for various 
14 

models of the distribution of spatial particle orientation.  Leitrh and Yong 

showed qualitatively that measure? of orientation can be developed based on 

measurement of angular retardation. 

Under subcontract to CAL, Prof. Yong   made orientation determinations 

on the kaolin used in the rigid-wheel tests. One of the difficulties associated 

with the method stems from the need to use thin sections. A hand drawn 

microtome knife, used at first, produced a saw-tooth-like layered section 

and uneven drying of the higher melting point waxes also caused non- 

uniformities. With the cutting technique developed under the subcontract, 

involving a mechanized microtome and a softer wax, improved specimen 

uniformity was obtained. Briefly, it was found that black and white 

photography of retardation maxima (or minima) of clay specimens taken from 
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the hin befr-re and after passage of a load did not produce significant 

information.    Subsequent exploratory effort at CAL indicated that a 

graphic record of intensity of transmitted  li^ht vs microscope stage angle 

would probably produce useahle orientation data.    The route successfully 

chosen at McGill University was to transpose the light retardation by means 

of a "Gypsum Red Plate"  further into the visible region and to record the 

resulting patterns  on color film.    The McGill Report        contains  a number 

of color prints  from clay specimens;  these were orginally prepared as an 

acidic slurry  (flocculated fabric)  and as a basic slurry  (oriented fabric) 

and were subsequently equilibrated at a number of suction pressures  approxi- 

mating various degrees of consolidation.    The colors recorded range from 

red ♦    which  is  characteristic for light transmitted perpendicular to the 

plate  faces of oreinted clay - to green and brown - which correspond to 

45 and  135    edge orientations,  respectively.    /* practical method for 

quantitative interpretation of these colors  in terms of the orientations 

they represent  should not be difficult  to develop.     Whether the method 

has  advantages over the X-ray diffraction method, which  is discussed next, 

has yet  to be determined. 

X-Rav Diffraction 

Determination of clay orientation by  X-ray diffraction is based on 

identifying the Bragg angles of the plate and edge facrs of the clay 

crystallites  under consideration and comparing the intensities of radiation 

reflected at these angles. 

A rigorous method for measuring platelet orientation by this 

principle has been established by Martin      .    For kaolinite the intensities 

of the    <002>    and the     <n20> reflections  are measured with the aid of a  pole 

figure device.    The mean ratio of these intensities  is the measure of 

orientation and the standard deviation in the ratio is a measure of fabric 

inhomogeneity. 
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At CAL a simpler X-ray diffraction technique has been rried and found 

promising.    Fabric is determined on the basis of diffraction fro« the plane 

face of a clay block;  intensity is recorded as a function of Bragg angle by 

the diffractometer.    The area illuminated in the diffractometer used  (GE 

Model  XRD-5)  is  1/4 x 1/2  inch and the X-rays penetrate to a depth of 25 /^    . 

Hence,  the orientation of many crystallites is averaged.    A lough check on 

the presence of texture effects   (which - if strong - would necessitate the 

use of a pole figure device) was made by determining the   <002>    and   <020> 

intensities of a block,  first while stationary and then while spinning about 

an axis perpendicular to the face under examination.     No significant change 

in the intensities was noted.    As a further check on the significance of 

texture,  a section about  125>^    thick, microtome-cut from a clay block 

previously measured in the diffractometer, was examined by transmission 

Laue photography.    The degree of texture found was deemed too small to 

invalidate the simple diffractometer method.    However, more specimens must 

be measured before an error analysis can be made. 

Some initial difficulties  in the use of the method were related to 

smearing of wax during microtomy.    This presents  a more serious problem to 

X-ray diffraction than to polarizing microscopy,  because in the former case 

the layers that are closest to the surface - and most  likely to Ye smeared - 

are the strongest contributors of reflected X-ray energy, whereas in the 

latter all layers of the specimen contribute equally to light retardation 

regardless of their proximity to the surface. 

Other difficulties were associated with non-uniformity and looseness 

of specimens removed from the soil prepared for the wheel tests.    In order 

to get better acquainted with the capabilities of the X-ray method these 

difficulties were circumvented by examining a specially consolidated 

specimen of the same kaolin that was used in the wheel tests.    It was 

expected that the specimen surface perpendicular to the direction of 

consolidation would have stronger reflection from the plate face  ( <r002> 

direction) and that a face parallel to the consolidation direction would 

reflect more strongly from the clay edges <020> directions) as indicated 

schematically below: ^ VJ-2330-G.3 



DIRECTION OF  CONSOLIDATION 
iOO?^ 

<020> 

Actually the <Of)2> peaks were liip.her than the <020> peaks for both surfaces 

However, the ratio of these peaks had the expected trend, having a maRnitude 

of 140  for the  face perpendicular to the consolidation direction and 6  for 

the parallel  face.     In  the table I elow we  list  our values  for the peak 
<002> ratio   LTpn-vJ   .ilonp with  those  found by other observers, 

<002W12ni     Peak  Ratios   for  Kaolin 

Surface Surface Specimen Preparation 
Perpendicular Parallel 
to Consol. to Consol. 
Direction Direction 

17 
Martin 200 Dispersed kaolin dried on 

a pjass slide 

Nowatzki 33 Parallel oriented, 
consolidation condition 
not known 

3.3 2.1 Consolidated at 500 psi 
and subjected to shear 
stress 

CAL 140 6 Consolidated 

Comparison of these values  indicates  agreement  only in trends.    A question 

still  to be answered  is what   these ratios  should be  for extreme cases  of 
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preferred orientation.     In particular we want to know whether the magnitude 

of the   <002> / <020>   peak ratio can ever be less  than one. 

Electron Microscopy 

Electron microscopy is  attractive as a tool  for fabric assessment 

because it  can provide information on all three descriptors of fabric; 

particle size,  orientation and spacing.    It is also the least developed of 

the three methods of fabric observation whose development as quantitative 

tools  is  under investigation. 

Soil specimens are viewed in direct transmission,  if ultra-thin 

sections   ( -~oipL    thick)  are prepared or thin-film replicas of the 

specimen are viewed in transmission.    The most recent method is scanning 

electron microscopy which is suitable for bulk specimens.    The former two 

methods have been used by many investigators to study clay particle shape 
19 and size      .     In many cases dry clay particles are examined;  if direct 

transmission electron microscopy of undisturbed fabric is  desired the soil 

water must be replaced by a solid which will not melt  in the electron beam, 

as  attempted by Smart        ' .    He made an extensive comparative study of 

methods of specimen preparation and electron microscopy.    His best visual 

results were obtained by scanning electron microscopy which produces images 

of considerable depth; however,  these images are difficult to assess 

quantitatively. 

The method selected for study at CAL is replication.    This decision 
112 was  largely ba~ed on schematics published by Sloane and Nowatzki 

indicating that quantitative fabric information may be deduced from such 

electron micrographs. 

I 
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Ideally,  the thin film replica is a faithful and reproducible 

negative of the specimen surface, which must have been undisturbed by the 

preparation method.    The replica must be free of artifacts and of such 

detail that  the outline of each clay particle can be clearly recognized. 

Although many variations in preparation procedure have been explored 

such replicas have not yet been obtained reproducibly.    Figure  1-1 is 

representative of early results obtained;  the clay particles are well 

defined but,  since the replica was taken from a face parallel to the 

direction of consolidation,  absence of any particles on edge must be taken 

as evidence of fabric distortion.    Some success was attained with a variation 

in preparation,  further described below,  in which clay particles  are  left 

attached to the replica.    The table below  lists  the variables of preparation 

procedure in seven categories.     It should be noted that not  all  combinations 

of variables were explored and the tabular arrangement does not  indicate any 

correspondence along horizontal  lines. 

PROCESS VARIABLES  IN ELECTRON MICROSCOPY OF CLAY 

WAX 
MELTINQ 

POINT 
STORAGE 

SURFACE PREPARATION 

REPLICATION SHADOWING RELEASE MECHANICAL CHEMICAL 

37-iW "C 

53-56 "C 

60-63 0C 

REFRIGERATOR 

DESICCATOR 

  

FRACTURE 

MICROTOMY 

ULTRA-MICROTOMY 

600* Si 0  POLISH 

V DIAMOND POLISH 

FREEZE POLISH 

ETCH WAX 

"FEW"  DROPS 
DICHLORETHYLENE 

100 DROPS 
DICHLORETHYLENE 

ETCH  CLAY 

HF-SOLUTION 

HF-VAPOR 

PARL0DI0N 

CARBON 

  

ROTARY 

CARBON 

GERMANIUM 

UNDIRECTIONAL 

STILL VATER 

ULTRASONICALLY    ! 
AGITATED WATER 

HF-SOLUTION 

CARBON 

GERMANIUM 
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Figure 1-1     ELECTRON MICROGRAPH OF DISTURBED SURFACE 
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With  the exception of a consolidated and sheared specimen from 

Cornell University  (impregnated at CAL)  and an unimpregnated,  dried and 

vory dense specimen from the University of Arizona,  all clay specimens 

were received wax-impregnated at CAL.     Re-impregnation of the lower melting 

point waxes with a higher melting point and harder wax proved beneficial 

in two respects:     (a)  cutting and polishing of the harder wax without 

obvious  fabric disturbance was easier,(b)  uncontrolled surface changes 

due to water absorption and consequent wax dissolution were  less obvious. 

Storage of the clay at household refrigerator temperature in order to 

harden the wax appears to be a common practice - one which unfortunately 

brings  about moisture condensation upon exposure to room temperature and 

humidity.     It  should be noted again that such changes  at  the surface are 

much more important when surfaces  are examined,  as in electron microscopy, 

than in polarizing microscopy even though the specimen thickness  there is 

also only 25 /A.    .     At CAL, vacuum desiccation of the impregnated specimen 

blocks proved beneficial in that upon removal  from the desiccator the 

specimen blocks had a less "waxv"  foel  and the moisture condensation problem 

was reduced. 

The surface of an impregnated clay block must be further prepared 

for electron microscopy or for any of the other examination methods discussed 

here,  because  it  is wax-rich and the fabric was disturbed during rout^h cutting 

before impregnation.    The purpose of all  the mechanical  surface preparation 

methods   listed  in the table is  to produce a surface that  is  representative of 

an undisturbed plane in the interior of the soil under examination.    Being 

composed of many plans, a facture surface does not meet  this criterion. 

Nevertheless,  one  fracture surface was replicated and examined in the micro- 

scope, because it did not require any other surface preparation.    The other 

mechanical preparation methods  listed were all explored but will not be 

discussed here,  because at this  stage of the investigation no significant 

advantage can be claimed for any one method. 
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Chemical surface preparation is necessary in order to obtain relief. 

If the clay surface (or any other surface to be examined) would be perfectly 

smooth, then a surface replica would also be perfectly smooth and thus would 

not contain any information on the particles making up the surface. In the 

case of our replicas one has then a choice of creating relief by etching 

the clay or by removing the wax. In either case, the objective is to obtain 

an outline on the replica of both the clay particles and the wax matrix as 

they existed on the surface before etching.    A method for removing a thin 
112 layer of wax by a dichlorethylene "etch" was used by Sloane and Nowatzki 

and a visit was made to Professor Sloane at the University of Arizona to 

become familiar with the method.    On the basis of numerous experiments 

following this consultation we have come to the conclusion that his msthod, 

designated as  "  '" 100 drops" in the table,   is  unsuitable for specimens 

containing much wax  (i.e.   a large void ratio before impregnation);  apparently 

too many clay particles of such specimens become  loose and change position 

or are covered with partially dissolved wax.    Attempts to modify the procedure 

by using only a few drops of the wax-etchants produced erratic results. 

Attempts to etch the clay particles with hydrofluoric acid  (HF)  also were 

doomed to failure, because even when HF vapor was employed,   loss of wax in 

subsequent rinse was unavoidable. 

The variations  in the replication and shadowing procedure in the 

Table are only  listed to indicate the large number of tests that may be 

required to fully explore the potential of the procedure.    Briefly, they 

indicate whether the primary replica was either a plastic one or one where 

the carbon was applied to the clay specimen directly.    To obtain contrast, 

germanium was usually applied following carbon coating using one of the two 

shadowing procedures   indicated. 

The last column in the Table indicates  the procedures used for 

removing clay or wax particles adhering to the replica prior to its  insertion 

into the electron microscope.    Actually,  some of the best qualitative indication 
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of the orientation and spacing of clay particles was  obtained when the wash 

in HF was omitted so that clay particles adhered to the replica, as shown in 

Figures  I-2a and l-2b.    These electron micrographs are  from adjacent regions 

of one side of a consolidated specimen.    The flocculated areas could be seen 

with the unaided eye throughout  the specimen and are shown at  low magnification 

in Figure  1-3.    However, we deem this procedure not suitable for quantitative 

work because  loss of some clay particles that wash away with the wax cannot 

be controlled or,  in some instances,  too many clay particles  adhere so that 

the replica becomes opaque to tlie electron beam. 

Our problem is  to obtain a characterization from a two-dimensional 

image which  is valid for a three-dimensional body.    The approach planned is 

to draw  a number of diameters  across representative image areas and to 

measure particle size,  spacing,  and orientation along these diameters. 

Alternatively the number of particle-narticle contacts  along such a diameter 

might serve as  a relative measure of spacing.    One of the main checks on the 

method,  in  fact one that can be applied to all three methods,  is to view three 

sections  of the specimens that  form a cube.    The observations,  and the 

measures eventually established must be mutually compatible and must 

satisfy volume relationships. 

Summary of Fabric Studies 

Since knowledge of chemical  composition and water content  do not 

permit predicting soil strength nropcrties,  its  state must be described by 

additional measures.    Such measures can be developed from fabric observation. 

Techniques  for preparing specimens  for such observation by replacing the 

liquid phase with a hard wax have been applied.    Observations of orientation, 

spacing and size of particles by polarizing microscopy,   X-ray diffraction 

and electron microscopy have been made. 

We  found that the techniques,  as described in the  literature, produced 

fabvic changes  during the preparation process  and considerable techniques 
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(a) AREA BETWEEN "FLOCCS" (b) FLOCCULATED AREA 

Figure 1-2 ELECTRON MICROGRAPHS OF CONSOLIDATED SPECIMEN 

h •1cm 

Figure 1-3    PHOTOGRAPH OF CONSOLIDATED SPECIMEN OF FIGURE 1-2 
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development effort has been required.    While our examination of the wax 

impregnation method has  only been exploratory, we conclude that problems 

encountered with prepaiation of specimens  for electron microscopy make it 

advisable to explore alternate methods of water-substitution. 
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Appendix J:     VISIBILITY STUDY--PLANS FOR FIELD TESTING 

Test plans have been developed for the initial phases of a field 

study dealing with the effects of light level and obscuration on the driving 

of an off-road vehicle.    This investigation is designed to obtain quantitative 

field data concerning system performance under various test driving conditions 

and to provide a basis on which to design simulator experiments.    The field 

data are intended to serve as checkpoints against which simulator data can be 

compared and evaluated and this would be used to validate simulator data. 

Only grossly different conditions are included in the field study plan.    The 

simulator can be utilized to obtain a more precise and comprehensive examina- 

tion of the various driving conditions of interest.    As a body of simulator 

data accumulates and the validity and reliability of the simulator is deter- 

mined,  it is expected that the design of future field studies would be 

oriented more and more toward the verification aspects of the role of the 

driver in off-road mobility and the simulator would become the basic research 

tool. 

In the plan for the first field study,  the task of the subjects is to 

drive a vehicle along a pre-selected, winding path over relatively smooth 

terrain.    The goal of this study is to determine the effects on system 

performance of driver visual degradation that occurs  (1) under various 

nighttime driving conditions and (2) under conditions in which trees, brush 

and other objects obscure the driver's view of the forward field of travel. 

This initial study would be conducted in five phases.    These are 

described below. 

PHASE I -  Installation and checkout of vehicle instrumentation 

Instrumentation to provide permanent records of the following 

contini  us measurements is reqursd: 
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(1) elapsed time; 

(2) vehicle velocity; 

(?) distance traveled; 

(4) accelerator position (with transmission position 

indicated); 

(5) steering device/brake position; 

(6) fuel consumption; 

(7) motion accelerations - (bounce, pitch, roll and surge); 

The data from these records are needed to provide measures of system 

performance that can be used as baseline measurements in the analysis of 

subsequent test data. These measures include: 

(1)  total elapsed time and average velocity for the entire course; 

(2"|  time required and average velocity for individual segments of 

the course, e.g., a single curve, curves or a straight section of the course; 

(3) relative system efficiency as measured by fuel consumption, 

frequency and pedal pressures associated with brake-accelerator actions, 

number of course correction actions; 

(4) ride quality as determined by the motion data. 

The motion acceleration data also provide a reference input source 

driving the motion platform of the simulator.  Video records can also be 

obtained on some of the test runs for simulator use. 

PHASE II Basic System Performance Checkout 

During this phase, the vehicle would be driven through various 

maneuvers to ascertain basic system performance characteristics over flat 

and relatively smooth terrain. No visual obstructions should be present. 

Since the primary concern is with system performance, not vehicle capabilities, 

several experienced drivers (4 or more) would be used to collect these data. 

Thr basic data, collected after system performance in the maneuvers has stabilized 

for each of the drivers, would include: 
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(1) Maximum attainable safe velocity 

(2) Acceleration characteristics 

(3) Deceleration characteristics 

These data would serve as guidelines for the conduct of the test path checkout 

(see Phase IV) and would provide a basis against which to evaluate the Phase IV 

data. Since terrain irregularities and path obscuration will be present in the 

test path, the influence of these factors can be ascertained by reference to the 

data obtained in this basic system checkout phase. These data also would 

establish certain of the test path requirements such as the required length 

of the straightaways. 

PHASE III - Test Path Layout 

This phase, in part, could be conducted simultaneously with Phase I 

and Phase II. 

The test path would have the following basic characteristics: 

-- The path would represent an unimproved terrain. 

-- Within constraints imposed by the terrain, the curves in the 

path would be similar to those that would be detailed during Phase II, i.e. 

radii of the curves would be approximately 25, 50 and 100 feet and turn angles 

would be 30 , 45 , 90 and 180 .  Both single and compound curves would be 

represented. 

-- A straightaway to permit attainment and maintenance of the 

predetermined maximum safe velocity for at least 10 seconds would be provided 

between curves or a combination of curves.  (At 15 miles per hour, for 

example, this would require a minimum of 230 feet plus run-up distance.) 

-- Each basic curve or combination of curves would appear both in 

terrain that affords a relatively clear view of the entire curve or combination 

of curves and in terrain that, because of trees, brushes or other objects, 
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effectively obscures the driver's view of the curve or curve combinations. 

This can most readily be accomplished by using open field areas for the 

unobscured portions of the path. 

-- Insofar as possible, the test path would course through basically 

flat terrain although some local changes in elevation undoubtedly would occur 

along the path. 

-- Preliminary layout could be done using aerial photographs of the 

test site, but the final layout would be determined on site where topographical 

and other considerations can best be appraised. Tree removal and brush clearance 

requirements would be kept at the lowest practicable level. 

-- Minimum path length tentatively is estimated at three miles. This 

would permit each type of curve to be represented twice under each of the 

obscuration conditions. 

-- A short warm-up track also would be provided. This would be a 

simplified version of the test path and would bt used for practice and 

familiarization purposes. It can be constructed entirely in the open. 

PHASE IV - Test Path Checkout 

The primary purpose of this phase is to determine to what extent, 

if any, ch •••acteristics of the test path other than those under study affect 

performance. Path characteristics that could affect performance include, 

for example, terrain irregularities and soil texture. A precise knowledge of 

these factors is necessary so that in the actual tests effects due to experi- 

mental variables are properly evaluated. The data obtained in this checkout 

would provide a basis for weighting performance measures obtained in the field 

study proper so that results attributable to unique characteristics of the test 

path such as terrain irregularities or soil differences can be accounted for 

and the test data can be appropriately weighted for analysis. 
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PHASE V - Field Test #1 

It is well known that vehicle system performance suffers when visibi- 

lity is Hegraded, but the extent to which performance is affected under various 

visibility and operating conditions has yet to be adequately determined. 

The purpose of this first field test is to obtain quantitative data 

concerning system performance under various conditions of illumination and 

obscuration of critical features of the forward path of travel such as might 

occur in woods or dense brush.  It is assumed that dangerous obstacles, the 

locations of which are unknown to the driver, will be present along the path. 

There are some basic considerations underlying the design of this 

study that should be noted.  Because of the response times of the driver and 

the vehicle, a certain finite amount of time is required to effect changes 

in system operation that may be required as a result of visual information 

afforded the driver. Since primary tasks of the driver are to guide his 

vehicle along some selected path of travel and to avoid colliding with any 

dangerous obstacles that may be present in the path, it can be assumed that 

the driver takes his response time and the vehicle response time into account 

and thus looks along the path to at least a distance that will enable him to 

efficiently guide or stop his vehicle to avoid obstacles, negotiate curves, 

etc., that he might sight. System response time thus establishes the 

minimum distance at which an obstacle must be sighted to permit appropriate 

corrective action to be implemented at the speed of travel. The maximum 

sighting distance is determined by factors such as the level of illumination 

and the extent of obscuration of the forward path of travel. The visual 

detection task is a critical determinant in system performance and must be 

specified before the effects of reduced visibility on performance can be 

adequately assessed.  If the visual detection task is such that, under 

specified velocity and visibility conditions, a critical object or feature 

of the path cannot be detected and recognized . nd corrective action taken in 

time to avoid a collision, then the driver has little recourse but to attempt 
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to alter system performance.  In this case, he probably would slow down to 

achieve safer travel.  The visual task in the first study will be designed to 

be sufficiently difficult to effect such changes in performance in the test 

situation compared to performance in the checkout phases. 

The basic experimental design is a 2x4 factorial design with repeated 

measures over both factors.  The independent variables are: 

1. Light level (measured with brightness meter and standard 

test plate) 

(a) 50 fL or more (daylight) 

(b) -0.0001 - 0.001 fL (moonlight) 

(c) 0.00001 - 0.0001 fL (starlight) 

(d) below 0.00001 fL (moonless, overcast) 

2. Obscuration level 

(a) Heavily wooded terrain (sufficient to block view of 

path around curves) 

(b) Open terrain (no trees or brush obstructing the 

driver's view of critical path features). 

In addition to negotiating the curves in the path, the driver would 

be instructed to avoid hitting "dangerous obstacles" that are present on the 

path.  These obstacles would be representod by stakes mounted on knock-down 

bases.  The exact dimensions and contrast characteristics of the stakes would 

be such that under optimal viewing conditions they could be detected at about 

the minimum distance required to come to  a safe, controlled stop from the 

maximum safe velocity (as determined in Phase II).  Thus, under degraded 

viewing conditions, the driver must slow down to avoid hitting a stake.  At 

least 10 obstacles would be presented during each run and would be randomly 
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placed along the test path. The obstacles would contain symbols which the 

subject would identify. This is to enable the experimenter to verify reports 

by the driver that he has detected and identified an obstacle. All subjects 

would encounter both obscuration conditions under all light levels. 

The subjects would be instructed to proceed at the maximum velocity 

they believed safe (as long as it was within prescribed safety limits 

established for the curves and the straightaways), to stay on the path, to 

avoid hitting unidentified test obstacles and to avoid undue risk to either 

personnel or the vehicle. 

Performance measures would include: 

1) total elapsed time to traverse the entire test course 

and average velocity over the course 

2) time required to complete each segment of the course 

(each straightaway section, each curve and each combination 

of curve) and average velocity for each segment 

3) fuel consumption 

4) number of braking, accelerator and course correction 

actions taken over the entire course and over individual 

segments 

5) locations and relative times at which velocity changes are 

effected upon entering and upon exiting the curves 

6) number of unidentified obstacles knocked down 

7) distances at which obstacle is detected and identified 

(verbal report) 
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8) "ride" measures derived from the motion data. 

The various measures would be analyzed using analysis of variance 

techniques. 

These data should provide a firm basis for establishing criteria 

used to evaluate performance on the simulator.  (Estimating operational 

performance on the basis of simulator data without operational validation 

of these d.ita is known to be a tenuous procedure.) The field tests are 

intended to be reasonably realistic representatives of certain operational 

activities. The //esults of these tests and the knowledge gained concerning 

field test procedures would also be of benefit in proposed future investiga- 

tions such as those involving the effects of fog, dust, rain and other 

environmental factors on performance. 

The data regarding the distance at which the "obstacles" are 

identified can be used to examine the effects of operating a moving vehicle 

on basic visual detection. Finally, the motion data would provide reference 

inputs to the motion simulator. 
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Appendix K:  AUXILIARY DISPLAYS FOR IMPROVING OFF-ROAD MOBILITY 

It is necessary for a human vehicle operator to integrate information 

from many sensory modalities to perform a number of operations. In aerospace 

vehicles, a large amount of the burden incurred from processing this 

information has been alleviated by the use of instruments which report 

system conditions.  In contrast, ground vehicle systems have not utilized 

many information displays. Reference Kl points out that there is reason 

to believe that increased performance would be obtained from an off-road 

vehicle driver if additional systems and environmental information were made 

available to him. 

An example of potentially useful information which could be made 

available is a measure of slip taking place between the running gear of the 

vehicle and the ground surface. To this end a slip-indicating device was 

selected for study and an experiment was conducted to evaluate the benefits to 

the driver of this added information.  Also we were interested in developing 

methods for assessing the advantages of a wide variety of displays. 

A vehicle is slipping when its running gear velocity exceeds its actual 
v 

forward velocity. Slip, in percent, is defined by the expression (1 -   ) x 100 
K2 r 

(See Appendix A of this report.)  Weiss   has shown that the use of a slip 

control governor resulted in lower fuel consumption and increased travel 

speeds. Whether this control should be automated (i.e., use of a governor) or 

left to the operator (i.e., use of a display), is a question which depends on 

many factors. These factors include the diversity of slip conditions to be 

encountered and the reliability of the mechanical governor. They also include 

the ability of the operator to perform the slip governing task.  It remained 

to be determined if an operator could make use of a slip information display 

for controlling vehicle slip. 
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Th« experienced vehicle operator has available to him several sources 

of sensory information which, taken together, inform him of vehicle slip: 

a) He can hear the engine and running gear noises (which 

generally increase in amplitude under slip conditions). 

b) He can see the rate of forward progression of the vehicle. 

c) He can feel the rate of forward progression of the vehicle. 

d) He can feel the amount of depression of the accelerator pedal. 

In addition, the driver has system displays, a speedometer and often a tacho- 

meter, which inform him of the running gear speed and engine rpm. To perform 

his task optimally, the operator must be able to integrate over all this 

sensory information to determine the amount of slip the vehicle is experiencing 

and to determine what effects his control actions have on slip changes. 

In this study two questions were asked: 

a) Can a driver make use of currently available cues, and if 

so, is it possible to determine the relative usefulness 

of these cues? 

b) Can a new display (a slipmeter) present slip information 

in a more useable form? 

The slipmeter used was a device which computes slip as a function of 

actual forward speed and running gear velocity and presents this information 

to the driver. The desired operating slip value varies according to the 

particular vehicle characteristics, soil conditions and mission requirements. 

In order to avoid requiring difficult mental computations on the part of the 

driver, the nominal "best" value of slip as displayed by the slipmeter could 

be specified for the operating situation, i.e., type vehicle, terrain and 

mission.  For this experimental investigation a slipmeter was used that 

displayed the difference between running gear velocity and vehicle forward 
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speed.  To construct a slipmeter suitable for operational use from a human 

factors standpoint would require: 

1, the determination of a function of slip that can be 

displayed as a constant value independent of velocity 

and 

2. the determination of the "best value" of slip for each operating 

condition to be encountered (these slip values could be 

memorized, or listed for use, by the driver). 

The driver's task in this experiment was to drive a vehicle over a 

track with a low coefficient of friction starting from rest and progressing 

to a specified point in the shortest time possible. The usefulness of the 

various sources of slip information (e.g., vehicle noise, speedometer, 

slipmeter) was evaluated by presenting this information singly or in 

combination, to the driver on a series of trial runs. The scoring of these 

trials was achieved by making use of two measures:  a)  the total time 

required to traverse the track; and b) the total amount of slip accrued as 

measured by the integral of slip during the total time of the run. 

Five experimental conditions, each consisting of a different set of 

available information were administered to each driver.  In two of the condi- 

tions, the auditory cues provided by the vehicle noise (motor and tires) were 

masked by means of a sufficiently loud white noise played binaurally through 

earphones.  For one of these conditions, both the speedometer and the slip- 

meter were obscured from view, and in the other condition the driver was 

allowed to view the speedometer. Under each of the remaining three conditions, 

the auditory cues were available to the driver (i.e., the white noise was not 

administered).  Under one of these three conditions, both meters were obscured; 

in another, only the slipmeter could be seen; while in the last condition only 

the speedometer was visible. 
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When the test conditions are ranked according to performance, one 

finds that the white noise-only conditions (i.e., no additional displays or 

auditory cues) yielded the poorest performance. This condition was followed 

in order by: white noise plus speedometer; auditory cues plus slipmeter; 

auditory cues with no displays; and auditory cues plus speedometer.  This 

ranking holds for both performance measures (total time and integrated slip). 

The rank ordering of the five display conditions  is statistically 

significant for both measures.  Therefore, it can be concluded that the 

methods used in this study permitted evaluation of the effects of various 

sources of information.  The integrated slip measure indicated the extent to 

which the drivers used this information to control the amount of vehicle slip 

while the time measures showed the effect of his control on acceleration. The 

best system performance (shortest times) resulted when the total slip was 

lowest. 

Before the differences between the individual display conditions are 

considered, a special comment is needed concerning the two conditions which 

prevented drivers from hearing the vehicle noise cues. Under these conditions 

white noise was used to mask the sounds.  In choosing this technique, it was 

understood that such a procedure not only made the vehicle noises inaudible, 

but might have provided a source of stress.  It was concluded, however, that 

this method of stimulus control was valid for our purposes, since it is only 

through loud masking noises that a dri > ""r would be deprived of vehicle running 

gear sounds. 

A pronounced effect is observable in the data and is related to the 

availability of auditory cues (vehicle noise) to the driver. The best scores 

(lowest times) were associated with the conditions in which the drivers were 

allowed to hear the vehicle running gear sounds. The scores were similar among 

those three conditions (auditory cues plus slipmeter, auditory cues with no 

displays, auditory cues plus speedometer).  The performance was not as good 

for the "white noise" trials, but for those two conditions (white noise alone, 
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2. Evaluate the variety of displays which may be employed to 

present the slip information. 

In addition to a slipmeter (which may,  in fact, be an auditory or 

visual display), one must evaluate the amount of slip information that the 

driver receives  from the present displays and running gear noise.    Fra-P the 

results of the present study it appears that useful slip information is 

derived from the running gear noise.    An analysis of this source of cues 

should be carried out to determine if there is some combination of training 

and controlled noise presentation which allows the driver to maintain the most 

desirable slip conditions. 

The types of measures used in this study and the experimental methods 

used to rank the usefulness of various sources of information are applicable 

on all  levels of investigation,  i.e.,  field testing,  simulated field studies 

(e.g.,  as in the present study), and laboratory simulation.    Laboratory 

simulation is especially promising since that method provides for more 

exacting control over the sources of information.    Only by bringing all 

relevant cues under the control of the experimenter is it possible to properly 

evaluate:   (1)  the usefulness of information to the driver,   (2)  the drivers' 

abilities in comparison to the performance of automatic control systems. 
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white noise plus speedometer) the scores were similar. Further distinction 

among the conditions cannot be made on the basis of the data gathered.  It is 

evident from this preliminary work that some statistically significant 

differences may be obtained with a small number of subjects.  Increasing the 

number of subjects in future work would allow the use of more powerful 

statistical tests to discriminate more finely among the test conditions. 

Future studies should address the following problems: 

1.    Determine the slip function whi :h requires the least 

interpretation by the driver. 
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Appendix L:  DESIGN FOR VEHICLE MOTION SIMULATION 

This Appendix discusses the design efforts related to a moving base 

motion simulator which incorporates roll, pitch, and bounce motions and 

provides a description of two possible designs: 

(1) a "short throw" motion simulator capable or - 6.0 inches; 

in the bounce mode; 

(2) "long throw" motion simulator capable of - 12.0 inches 

vertical displacement at - 45 degrees pitch. 

"SHORT THROW" MOTION SIMULATOR 

The design of a "short throw" ( - 6.0 inches) motion simulator with 

freedom in pitch, roll and bounce consisted of the following tasks: 

(a) conceptual design; 

(b) selection of motion limits, determination of the hydraulic 

power requirements and development of the mechanical 

specification; and 

(c) preparation of design sketches. 

Design Concepts 

Two concepts were investigated in an attempt to produce angular 

motions.  One used a spherical bearing and the other used gimbals. The 

latter concept was pursued because of the availability of commercial bearings, 

ease of structural fabrication, and ease of measuring and controlling the 

angular motions.  In this design the bounce mechanism was mounted on the 

pitch-roll platform. This permitted minimizing the weight to be driven in 

bounce and hence minimized power requirements.  In this concept the bounce 

motion is always perpendicular to the combined pitch-roll plane. 
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Design Specifications 

This task dealt with the selection of motion specifications as 

dictated by human tolerance limits and vehicle motions, determination of the 

hydraulic power requirements and development of specifications for the 

mechanical driving components (cylinders).  The roll and pitch excursions 

used in the designs were dictated hy  existing vehicle capabilities.  The 

accelerations in roll, pitch and bounce were arrived at through considerations 

of both human tolerance limits and hydraulic power considerations.  The 

rate of change of acceleration characteristics were derived from existing 

vehicle considerations.  The results of this task are summarized in Table 1,-1. 

The motion specifications consist of a long-duration sinusoidal motion and a 

transient motion (such as caused by a hump, boulder or chuck hole) which are 

assumed to peak at the same time, hence are added to yield the total motion. 

Note further that the total design weight is 2,000 lbs. (1,000 lbs. for the 

bounce mechanism, crew station and driver, and 1,000 lbs, for the roll-pitch 

platform).  This design weight will require a flow rate of 150 gpm at a supply 

pressure of 3,000 psi. 

Design Details 

Bas»d upon the foregoing concepts and specifications, a set of 

preliminary designs have been prepared.  A single cylinder will drive the 

motion simulator in roll, a second cylinder will drive it in pitch and two 

cylinders, supported by the roll frame will be used to drive the bouncing 

crew station.  The guides and cylinder supports are positioned to maintain a 

low center of gravity of the system 

"LONG THROW" MOTION SIMULATOR 

The design of a "long throw" ( - 12.0 inches vertical displacement 

at - 45 degrees pitch) motion simulator with freedom in pitch, roll and 

vertical displacement included the same tasks as those for the previous 

design; namely: 
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Table L-l 
MOTION SPECIFICATIONvS, HYDRAULIC POWER REOUIREMENTS, AND 

MECHANICAL SPECIFICATIONS FOR A "SHORT THROW" (i6 IN.) 

MOTION SIMULATOR 

SLOW 

SINUSOIDAL TRANSIENT 
PARAMETERS MOTION MOTION TOTAL 

1.     BOUNCE   (PAYLOAD =   1000  lbs) 

MAXIMUM DISPLACEMENT,   ft ^0.50 ±0.5 
MAXIMUM VELOCITY,   ft/sec 3.2 5.2 1.« 
MAXIMUM ACCELERATION,   g's 0.6 4.0 «.1 
FREQUENCY,  Hz 1.0 
SUPPLY PRESSURE,   psi 3,000 
NET PRESSURE,   psi 2,000 
NET AREA,   sq.   in. 2.3 
FLOW RATE,   gpm 60.2 
CYLINDER  STROKE,   ft 1.0 

2.     PITCH   (PAYLOAD = 2000   lbs, 

LENGTH = 8 ft,   INERTIA = 332   lb-ft-sec2) 

MAXIMUM DISPLACEMENT,  deg ±i*5° *«• 
MAXIMUM VELOCITY,  deg/sec Ul 100 2*1 
MAXIMUM ACCELERATION,   deg/sec2 W3 1,200 1,61*3 
FREQUENCY,   Hz 0.5 
SUPPLY PRESSURE,   psi 3,000 
NET PRESSURE,   psi 2,000 
TORQUE ARM.   ft 1.0 
CYLINDER NET AREA,   sq.   in. i». 76 
FLOW RATE,   gpm 62.5 
CYLINDER STROKE,   ft 2.0 

3.     ROLL  (PAYLOAD = 2000  lbs, 
LENGTH =  5 ft,   INERTIA =  130   lb-ft-sec2) 

MAXIMUM DISPLACEMENT,   deg ±30* ±30° 
MAXIMUM VELOCITY,  deg/sec 92 100 192 
MAXIMUM ACCELERATION,   deg/sec2 300 1,800 2,100 

FREQUENCY.   Hr 0.5 
SUPPLY  PRESSURE,   psi 3,000 
NET PRESSURE,   psi 2,000 
TORQUE ARM,   ft 1.0 
CYLINDER NET AREA,   sq.   in. 2.38 
FLOW RATE,   gpm 25.0 
CYLINDER STROKE,   ft 2.0 
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(a) conceptual design; 

(b) selection of motion specifications, determination of the 

hydraulic power requirements and development of the 

mechanical specifications; and 

(c) preparation of preliminary design sketches. 

Design Concepts 

The  basic mechanism concepts investigated here were: 

(1) a vertically guided platform driven differentially by means 

of two hydraulic cylinders so as to provide vertically guided 

and pitch motions simultaneously; and 

(2) a roll frame driven by a rotary hydraulic actuator. 

In this design the crew station is attached directly to a roll 

frame which, in turn, is mounted on a pitch-vertical displacement platform. 

Here, the linear motion is vertical whereas in the "short throw" simulator 

the linear motion is perpendicular to the combined roll-pitch platform. 

Design Specifications 

The development of design specifications followed the same steps 

used in the design of the "short throw" motion simulator.  Thrs? steps and 

the results are tabulated in Table L-2.The major differences in the 

specifications are: 

(1)   a vertical displacement of - 2.0 ft. for zero pitch as 

compared to a bounce of - 0.5 ft in the case of the 

"short throw" motion simulator; 
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Table  L-2 

SPECIFICATIONS AND POWER REQUIREMENTS FOR A 

"LONG THROW"   (±12  IN.) MOTION  SIMULATOR 

SLOW 

SINUSOIDAL TRANSIENT 

PARAMETERS MOTION MOTION TOTAL 

1.     BOUNCE  (PAYLOAD  =  1.200  lbs, 

ACCESSORIES =   800   lbs) 

MAXIMUM  DISPLACEMENT,   ft -+2.0 -+2.0 

MAXIMUM VELOCITY,   ft/sec 3.2 5.2 8.4 
MAXIMUM  ACCELERATION,   g's 0.6 3.0 3.6 
FREQUENCY,   Hz 0.25 
MAXIMUM  FORCE,   lb (TWO CYLINDERS) 9,200 
SUPPLY   PRESSURE,   psi 3,000 
NET PRESSURE,   psi 2,000 
NET CYLINDER AREA,  sq.   In. (TWO CYLINDERS) 4.60 
FLOW RATE,   gpm 120.7 
CYLINDER  STROKE,   ft 4.0 

2.     PITCH  (PAYLOAD =  1,200  lbs, 
LENGTH  = 8  ft,   INERTIA = 200  lb-ft-sec2) 

MAXIMUM DISPLACEMENT,  cleg i*B -+45 
MAXIMUM  VELOCITY,   deg/sec l»1 100 241 
MAXIMUM ACCELERATION,  deg/sec2 IM 1.200 1,643 
FREQUENCY.   Hz 0.5 
MAXIMUM  TORQUE,   lb/ft 5.720 
TORQUE ARM,   ft 1.0 
MAXIMUM  FORCE,   lb (TWO CYLINDERS) 5,720 
SUPPLY  PRESSURE,   psi 3.000 
NET PRESSURE,   psi 2,000 
CYLINDER NET AREA.   sq.   in. (TWO CYLINDERS) 2.86 
FLOW RATE,  gpm 75.0 
CYLINDER STROKE,   ft 4.0 

3.     ROLL  (PAYLOAD =   1.200  lbs. 

LENGTH =   5 ft.   INERTIA = 78   lb-ft-sec2) 

MAXIMUM  DISPLACEMENT,  deg ±30* ±30° 
MAXIMUM  VELOCITY,   deg/sec 92 100 192 
MAXIMUM  ACCELERATION,  deg/sec2 300 1.800 2,100 
FREQUENCY,   Hz 0.5 
MAXIMUM  TORQUE,   lb/ft 3,000 
SUPPLY PRESSURE,   psi 3,000 
NET  PRESSURE 2,000 
TORQUE  FACTOR,   in.0/rad 24.9 
FLOW RATE,   gpm 21.7 
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(2) the maximum vertical displacement attainable being 

dependent upon the pitch motion, e.g., at - 45 degrees 

pitch the maximum attainable bounce is - 1.0 ft.; 

(3) a vertical displacement flow rate requirement of 120.7 gpm as 

compared to 60.2 gpm for the bounce mode of the "short throw" 

design (this is due to twice as much mass-2,000 lbs.-being 

moved); 

(4) the cylinder stroke of 4.0 ft. demanding added structure; and 

(5) the additional requirement for a rotary actuator. 

Design Details 

Two cylinders drive the pitch-vertical displacement platform differen- 

tially.  A rotary actuator drives the roll frame (and the crew station t^at 

will be attached to it).  In this design the rotary hydraulic actuator is 

mounted on top of the pitch-bounce platform. 
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