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ABSTRACT

After a buckling failure in a section of AM2 landing mat runway
during a test landing of a C-5A at Dyess AFB, Texas, in August 1970,
a model testing program was initiated. This report presents the results
of the development and testing of an analytical model and a 1/7-scale
physical model AM2 mat runway subjected to C-5A loadings. The analytical
model represents the landing mat as a series of discrete rigid elements
interconnected and suspended by springs and dashpots subjected to external
forces simulating Coulomb friction, shear, and the action of the aircraft.
Results from the computer program developed include a simulation of the
Dyess failure and an evaluation of various mat modifications. The 1/7-
scale phycical model of the C-5A landing gear produced buckling failures
in the model AM2 mat runwvav similar to the failure that occurred at Dyess
AFB. Five runway modifications were tested: (1) restraint by pretensioned
bands riveted to the mat at intervals along the runway length, (2) diagonal
laying pattern, (3) increased friction on the underside of the mat, (4)
cleats attached to the underside of every sixth row of mats to provide
shearing-type resistance to movement, (5) three lines of mat units attached
longitudinally to the top of the runway to prevent joint rotation. The
use of bands and the diagonal laying pattern prevented buckling failure
of the mat. Increasing the coefficient of friction made little or no
improvement in mat behavior. Cleats delayed the buckling failure. The

longitudinal mat stiffeners did not prevent buckling failure.

(Distribution Limitation Statement A)
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SECTION 1

INTRODUCTION

1.1 Comments on the Dyess Tests

One acceptance test of the C=-5A aircraft requires the successful
landing on AM2 landing mat. This test was performed at Dyess Air Force
Base near Abilene, Texas, in August, 1970. During the Dyess test the
C-5A landed four times. After the aircraft came to rest following one
of the earlier landings, a vertical bow wave or buckle was observed in
front of the main landing gears; that is, the mats in front of the landing
gears were humped up an estimated 4 in. (Ref. 4). Also a serious in-plane
bowing of the mat had been caused by the braking aircraft (5 to 7.5 in.).
On the fourth landing two areas of landing mat were destroyed, with con-
siderable damage to the aircraft. The failure was unexpected because
the C-5A has a greater flotation capability than the C-141, and C-141
landings had caused no apparent problem. Testing was stopped and a model
study was initiated as an expedient and economical means of answering

certain questions concerning landing mat behavior (Ref. 3).

1.2 Objectives of the Model Study

The objectives of the study were to develop both analytical and
physical models which could be used to duplicate the conditions of the
Dyess failure and to evaluate the effectiveness of various mat alterations
in preventing failure of the AM2 mat runways with C-5A landings. The

analytical results were to be correlated with the physical model results
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and used to evaluate mat response for conditions beyond the limitations

of the physical model.

1.3 Work Performed

(1) Existing literature pertaining to the response of AM2 mat and
aircraft landing characteristics was reviewed.

(2) A pilot model was constructed and tested prior to construction
of a more detailed model. The initial similitude conditions were based
upon equating the modulus of material stiffness of the model and the
prototype. This resulted in a relatively heavy model weighing 1/n2 the
prototype weight, where n is the linear scale factor. Also, this model
required high material stresses, high tire pressures, and soil density
1/n that of the prototvpe. Because these conditions were difficult to
achieve, an alternative similitude criteria was adopted for the detailed
physical model described in Section IV,

(3) An analytical model was developed and programmed for a digital
computer to permit simulation of mat behavior under various mat con-
ditions and loadings. The model relates the overall mat response to
several conditions and loadings, such as joint modifications, changes
in friction coefficients, surface irregularities, mat geometry, aircraft
deceleration rates, and horizontal thrust.

(4) A detailed 1/7-scale physical model of the AM2 landing mat and
the C-5A landing gear was constructed and tested. The similitude condition
adopted was based upon equating material densities of the model and
prototype. This criteria leads to a weight ratio of 1/n3 and thus a

lighter model. Material stresses and tire pressure are 1/n those of the
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prototype. Because it was possible to meet these criteria reasonably
well, a reliable model was obtained.

(5) Five modifications of the model landing mat were tested and
evaluated as follows: (a) restraint by pretensioned bands riveted to the
mat at intervals along the runway length, (b) diagonal laying pattern,
(c) increased coefficlent of friction on the underside of the mat, (d)
every sixth row of a landing field was cleated across the full width of
a field with 3/4-in. cleats to provide shearing resistance between mat
and subgrade, (e) three longitudinal lines of mat units were riveted to

the top surface of a landing field to provide moment resistance across

mat joints.

1.4 Summary of Results

Testing of the model AM2 landing mat included 79 landings. Two
failures similar to the Dyess failure were produced under controlled
conditions. Each buckling failure occurred about 3/4 the way down the
120-ft runway as the model moved a few feet into a section of mats that
had been tightly compressed together by previnus landings.

Pretensioned bands stretched the length of the runway and fastened
at intervals to the mat runway proved an effective means of preventing
mat movement and buckling failure.

A mat runway placed in a 45-degree pattern was not susceptible to

buckling. However, a small forward displacement occurs with every landing.

Sliding along the 45-degree joint was also a problem.

Increasing friction on the underside of the mat was not effective

in preventing a buckling failure.



Cleats under the runway did not prevent movement and buckling. The
cleats bent under the weight of the aircraft as the mat units tipped in
two-panel waves, and the subgrade deformed slightly near the cleats
allowing some sliding movement.

The longitudinal stiffeners were not effective in preventing failure.
With continued longitudinal movement a region of compressed mat developed

and a buckling failure occurred on the fourth test landing.
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SECTION II

DEVELOPMENT OF THE PHYSICAL MODEL

Before designing the physical model, a pilot model was constructed
to minimize problems with similitude, construction and operation of a
small-scale model. Details of the pilot study are reported as Appendix
B. The general conclusion was that a small-scale model study was
feasible.

Following the pilot model study, a more carefully analyzed scale

mod2]l of the C~5A landing gear and the AM2 landing mat was constructed

and tested.

2.1 Dimensional Analysis

The more important variables influencing mat behavior are listed in
Table 2.1,

These 11 fundamental variables can be reduced to 8 pi-terms (or
dimensionless parameters). A useful set of pi-terms are included in the
following functional relationship:

: _A) gy (emr) (+4) (e
(¢) = function (I 3> : (g)' ( 5 ), (Ex)’(pgl)xf)' (N)
pgA
Performance y is the dependent term and is a function of the independent
pl-terms on the right side of the equation. To establish similitude
between the model and the prototype, each independent pi-term must be the
same for both model and prototype. Thus, the dependent variable ¢ will be
the same for both model and prototype, meaning that performance observed

in the model can be expected in the prototype. The prediction equation is:



Table 2.1. Fundamental Variables Considered in the Physical Model.*

Symbol Definition Basic Dimensions~FLT

v Performance (bow wave, failure, etc.) -

w Weight of aircraft (up to 571 Kips) F

A All other distances or lengths L

P Density of materials FTZLua
E Stiffness modulus of all materials FL-2

g Acceleration of gravity LT-Z

a Other acceleration LT-2
v All velocities L'I‘-1

£ All coefficients of friction FL™2
N Number of landings or coverages =

P Pressure—tire and soil FL-2

*other fundamental variables undoubtedly affect the model performance
but their influence is not significant. For example the strength S of all
materials could easily be included. But critical performance (performance
limit) occurs long before any materials fail. Critical performance is a
bow wave, mat movement with each coverage, or in-plane bowing that increases

with each coverage.



Y= (w)m——identical performance of mudel and prototype

Mat failure is defined as tiie condition where an initinl mat {rregularity
continues to increase in height ahead of the approaching alrcraft to such
a height that the passing aircraft cannot restore the mat to {ta normal
position. Instead the deflected mats are broken apart. In contrast
failure has not occurred wheu the aircraft crosses two=pane| waves of
limited height pushing the mats down to a normal position without dis-

connecting or damaging the panels or joints.

2.2 Design for Similitude

For the pilot model study, similitude co: tions were based upon
setting the stiffness modulus ratio Er equal to unity. The resulting
similitude criteria indicated several conditions that would be difficult
to achieve for the model; (1) a weight ratio Wr equal to n2 and a heavy
model (10,00C 1lb to model the complete C-5A landing gear), (2) equal
pressures and material stress in the model and prototype requiring more
costly wheels and tires, (3) model soil density 1/nth that of the
prototype. By adopting an alternate similitude criteria the above problems
were avoided.

For the adopted similitude criteria, the density ratio p, was set
equal to unity, Table 2.2 shows the scale i1elationships which result
using Or = 1 as a set condition, and includes scale relationships for
additional variables necessary in comparing model and prototype behavior.
Note in Table 2.2 that the weight ratio wr equals n3 which allows a much
lighter model. Elastic stiffness, pressures and stresses in the model

are 1/n those of the prototype, which can be achieved easily in cases such

i
v
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Table 2.2. Similitude Conditions for the Physical Model.

Variable and Scale Factor Comments

1* same gravitational field for
I model and prototype

A = linear scale ratio-geometric
r similarity

set conditions

p = 1 same material densitles in
E model and prototype

W = n3 d )-( w3) lighter weight model, model
pEA weight 1/n3 that of the

prototype

a =1 (;) = (—) accelerations the same in
m model and prototype

£ =1 (f£) = (f) same coefficient of fricticn
r m
in model and prototype

[}
~
=
~

N =1 (N) same number of coverages in
d model and prototype

2
= (L) model velocities 1/vn that of
m prototype

<

| ]

S
S~
OQ|<

> N

E_Ei‘_) stiffness modulus of materials
o in model 1/n that of prototype

pressure and stress in model
1/n that of prototype

=)
L}
=]
A
o
sk =k
>
——— e L~
]
/-\

resulting conditions
tr1
"
[
o
/\
=

t =+vn time in model 1//n that of
g prototype

k=1 FL=3 modulus of soil reaction the
r same in model and prototype
(plate bearing test)

I = n5 FLT mass moment of inertia of model
r landing mat about longitudinal
axis 1/nd that of prototype mat

*The subscript m refers to the model, no subscript indicates the
prototype and the subscript r indicates the prototype to model ratio.



ag tire pressures and spring moduli. Soil stiffness can be varied by
using more compressible soil in the model. However, this was attempted
only in the pilot model study. It was concluded that soil compression

was not pertinent to the Dyess failure (Ref. 3).

In the construction and operation of the model the similitude con-

ditions for the variables shown in Table 2.2 have been closely maintained.

This has resulted in a reliable model and better correlation between

model and protntype.

The last two similitude conditions in Table 2.2, kr = | and 1r = ns,

are derived from the definitions which are expressed dimensionally as

follows:

k = p/X and

I = A7pA

2.3 The Model Landing Gear

A 1/7 model scale was selected after consideration of the sizes of
commercially available tires, whecls and brakes, as well as problems of
modeling the AM2 mat. Either a larger or smaller model would have

increased costs and added to the difficulty of constructing a useful

model.

A scale model of the main landing gear and nose landing gear of the
C-5A was constructed to 1/7 scale. Figure 2.1 is a photograph of the
model landing gear.

The basic weight of the model was 1000 lbs which represents a
prototype weight of 343,000 lbs. (From Table 2.2, W = wm n3 = 1000 (7)3

= 343,000 lbs,) With the additional weight of operating gear and a
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Figure 2.1. Model C-5A Landing Gear.

‘¢pilot,’’ the operating weight varied between 1220 1b (419,000 1b
prototype) and 1500 1b (515,000 1lb prototype). This compares with the
470,000 1b weight of the C-5A which caused the Dyess failure.

Each bogie of the main gear consists of three pairs of wheels, each
pair attached to a rotating axle (see Figure 2.2 for a plan of the wheel
pattern). A brake disk is welded to each axle and locatecd between the
two wheels (see Figure 2.3). A hydraulically-opera“ed caliper-type disk
brake mounted between each pair of wheels grips the upper part of the
brake disk attached to the rotating axle. On the front pair of wheels
the caliper disk brake is supported by a pin connector to the bogie strut.

This arrangement acts as a compensator by lifting the front wheels during

10
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Figure 2.2. Footprint of C-5A Aircraft, Model and Prototype.
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Figure 2.3. Components of Main Bogie, C-5A Model Landing Gear.

Figure 2.4. Main Bogies of C-5A Model Landing Gear.
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braking to provide a more uniform weight distribution to all wheels of
the bogie (see Figure 2.4).

The six wheels have 4-in. rims on which are mounted standard 2.5/2.8
x 4-in. pneumatic tires with just under an 8-in. outside diameter. The
tread rubber was ground off the tires to make them more flexible and to
better simulate the prototype tires., Similitude requires that the tire
pressure be 1/nth that of the prototype, or based on the Dyess test 82/7
= 12 psi. However, because of extra stiffness of the model tires, only
S5=psi tire pressure was used to obtaln correct tire contact area.

The main frame of the model landing gear is constructed of steel
channels and angles. The nose landing gear is attached to a frame of
aluminum tubing which is mounted on the front of the main frame. The
nose gear is mounted on a rotating axis to steer the model when it is
moving on the rubber tires. The main frame contains a place for an
operator to sit and control the steering and braking of the model.

Also attached to the frame are two 10-ft long steel axles with steel~-
flanged track wheels. The landing approach was simulated by suspending
the model between two stee:. rails using the steel wheels.

A spring suspension system in the main struts and on the nose gear

simulates the suspension system of the prototype.

2.4 Acceleration Track

The acceleration track is a 375-ft long pair of rails. For 272 ft
the track is nearly level, then it descends vertically about 20 ft through
a double vertical curve (Figure 2.5). At the approach to the runway the
last 17 ft of rail is cantilevered out over the model runway. The rail

at this point has a slope of 3 degrees simulating the specified glide

13



Figure 2.5. Acceleration Track.

Figure 2.6. Model AM2 Landing Mat Parts Ready for Assembly.
14
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slope of the C-5A at forward area airfields. Midway across the cantilevered
rail the steel wheels leave the rail and the rubber tires come into contact
with the runway surface simulating a landing,

The model attained a landing velocity of 28 ft/sec (50 mph in the
prototype) by coasting down the 20-ft descent. Higher landing velocities
were obtained by pushing the model with a truck. The maximum velocity

attained in testing was 46 ft/sec (about 85 mph in the prototype).

2.5 The Model AM2 Landing Mat

The model AM2 landing mat units were constructed with an expanded
metal core sandwiched between an upper and lower skin of 0.012-in. thick
aluminum sheet metal (14H1100). The three parts were fastened together
with eight aluminum semitubular rivets (Fipure 2.6).

The assembled mat units correctly model the size and weight of the
prototype. The proper stiffness in the longitudinal direction is also
approximated, The longitudinal joint was designed so that when two units
are connected they will separate if one unit is lifted up to an angle of
30 degrees. When rotated in the opposite direction (as in a bow wave),
resistance to rotation is encountered at an angle of about 7 degrees.
Thus, this action of the model mat closely resembles that of the prototype.
Figure 2.7 shows the detail of the longitudinal joint.

The tensile strength of the longitudinal joint is about 12 1b/in.
in the model compared with a value of 30 1lb/in. scaled down from the
prototype. The scaled~down value is based on a tensile strength of

2

1450 1b/in. joint tension test for the prototype and a scale factor of n

or 49. Strength of materials can be neglected in general. Joint strength

15



has nothing to do with initial stages of fallure, However, for advanced
stages of failure, overrunning of the bow wave 1is accompanied by tearing
of the joints in tension behind the wheels. Joint stress does affect this
failure somewhat.

The top surface of the mat was coated with a skid-resistant material
of epoxy and fine sand providing a coefficient of friction of about 1.0.
This is higher than required and permitted larger deceleration rates on
the model mat than would be possible on the prototype mat.

The end joint of the model mat (Figure 2.8) resists transverse and
tensile forces but has no moment resistance about an axis parallel to the
joint whereas the end joint of the AM2 mat has a 2000 ft 1lb moment
resistance about this axis (Ref. 5). However no adverse behavior was
observed in the model mat as a result of this imperfection. About an
axis perpendlcular to the plane of the mat the end joint of the model mat
does have some moment resistance as does the AM2 mat. This moment is of

importance in resisting in-plane distortion (in-plane bow) of the runway.

2.6 The Model Runway

A runway about 120 ft long by about 14 ft wide was constructed of
the model AM2 mat. This corresponds with a prototype field 97 ft wide
and 840 ft long. By comparison, the test section of AM2 mat at Dyess AFB
is 1200 ft long, but failure occurred 520 ft into the section. The model
runway was restrained by weights at the ends to simulate additional length
of runway.

The runway was prepared by subexcavating and then backfilling with

12 in. of blow sand. The moist sand was rolled lightly to provide a
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Figure 2.8. End Joint Detail of Model AM2 Landing Mat.
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firm surface but was not compacted. The sand was, therefore, in a loose
condition and tended to remain moist with the protection of the vinyl
membrane. Static deflection tests with wheel loads of a 1440-1b model
(495,000-1b prototype) averaged 0.050 in. The field was crowned at the
center as was the Dyess airfield with a sloj of 2% down from the center-
line to each side. A sheet of polyvinylchloride was spread over the sand
to simulate the herculite membrane at Dyess and the landing mats were

laid upon this.

The model runway was initially laid in the Dyess AFB pattern which
had a 1-ft staggered centerline joint (Ref. 3). The offset in the model
was 1/7 ft. Figure 2.9 shows the model runway.

The model mats were assembled by sliding the longitudinal joints
together and inserting a 5/32-in. diameter aluminum pin at the edge joint
(Figures 2.10, 2.11). When assembled, the longitudinal joints (transverse
to the length of the runway) tended to be open.

The coefficient of friction between the bottom of the mat and the
vinyl membrane was 0.5 as was reported for the prototype (Ref. 1). During
the second series of tests, the mats were assembled in a diagonal pattern.
The underside of the mat was coated with the skid-resistant surface for

three other mat modification tests described in Section V.

2.7 Model Operation and Measurements

Measurements taken were of two kinds, those showing the behavior of
the model aircraft and those showing the response of model landing field

to forces imposed on it.
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2.7.1 Operation of the Model Aircraft

The velocity and deceleration rate of the aircraft model were measured
by using a series of switches which were tripped as the model passed. As
each switch was opened, voltage was added to a circuit connected with a
recorder. The velocity and acceleration were determined using the known
position of switches and the voltage-time record obtained during the land-

ing.

19




Figure 2.10. Assembly of Model AM2 Runway.

Figure 2.11. Inserting Pin in the Mat End Joint.
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For many test landings the model was accelerated by allowing it to

AL b

coast down the inclined track. The maximum velocity attained in this way
was approximately 20 mph. Landing velocities up to 43 mph were reached
in some tests by pushing the model with a truck. These velocities are
equivalent to 53 mph and 84 mph in the prototype.

The deceleration rate of the model without applying the brakes varied
from 4 ft/sec2 to 6 ft/sec2 as the temperature ranged from 50 degrees to
90 degrees Fahrenheit. This variation in deceleration is due to the
normal drag of the wheel bearings. By applying the brakes, deceleration
rates up to 17 ft/sec2 (and in one extreme case 30 ft/secz) were achieved.
For a few landings the braking was controlled by an air-activated piston.
However for most landings the brake was applied directly by the ‘‘pilot’?
immediately after touchdown. The model was brought to rest with near-
constant deceleration rates, Figure 2.12 shows the model during a landing.

For similitude, acceleration in the model must lte the same as in the
prototype. Records indicated a deceleration of about 10 ft/sec2 for the
C-5A at the Dyess failure (Ref. 3).

After the model was brought to a stop and the mat movement was
determined, the model was pushed back to the end of the acceleration track
and towed back up the ramp ready for another landing. Plywood panels were
laid over the runway as a protective cover as the model was moved back
over the mat runway. In this way mat movement was allowed to accumulate
with additional landings. When the model was moved back over the mat
without the use of the plywood cover, restoring movements occurred.

At the point of touchdown the mat sections tended to pull apart in

tension failure. To prevent this, plywood panels were used to protect

21



Figure 2.12. Model Landing Gear During a Test Landing.

the mat. The force on the mat at touchdown was high because of the stiff
wheel bearings in the model. This is analogous to landing the prototype

C-5A with partial braking at touchdown.

2.7.2 Measurement of Mat Movement

Mat movement is a critical indicator of overall behavior of the mat
runway, therefore it was important to monitor the movement carefully. Two
grid systems were used for reference. The first system, a series of
stations located at 10-ft intervals along the edge of the runway, was used
to determine absolute movement of the mat.

The second system consisted of four lines of gage points punched

into the mat surface along the lengtn of the runway at 33.5-in. intervals
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(10 mat widths). One line was located 12 in. from each edge, a third line
near the centerline and a fourth line 36 in. to the left of centerline

and roughly in line with the path traversed by the left bogie of the model
landing gear. The positions of these points established on the mat run-
way were recorded before and after each landing or series of landings.

In the case of the diagonal mat pattern, four fixed longitudinal reference
lines were also established to monitor movement of the mat in the trans-
verse direction.

Relative movement between mat sections was monitored by measuring
the change in distance between the gage points established along the mat
sections. The purpose of the gage-point measurements was to record the
opening or closing of the gap or spacing between adjacent mat sections.
The mat sections were designed to have 0.036-in. movement in the longi-
tudinal joint, which is 1/7 of the 0.25-in. movement of the prototype AM2
mat. Because of joint irregularities and presence of dirt or grit in the
joints the actual movement was generally much less tham 0.030 in., per
joint. These gage measurements helped identify zones of compression or
tension in the mat runway.

Electrolytic transducers located at 10-ft intervals for 60 ft to 70
ft down the left edge of the runway were used to measure the dynamic
movement of the mat runway. The transducers were connected to an eight-
track chart recorder on which movement was plotted against time on a chart
moving at a rate of 10 cm per second. The position of the model landing
gear moving down the runway was also recorded on the same chart. Figure
2.13 shows, as an example, the record made for test landing number 4.

Data taken from Figure 2.13 was used to plot Figures 2.14 and 2.15.
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These show that the movement of the mat relative to the main bogie of
the model landing gear began about 15 ft ahead of the main bogie, continued
to increase as the bogie approached the point of measurement, and practically

ceased as the model passed the station.

2.7.3 Film Records

Perhaps the best record of dynamic mat behavior was photographic.
Sixteen-millimeter cameras, operating at 64 to 200 frames per second,
were mounted on the model landing gear and focused on the mat area just
ahead of the forward main bogies. During some test landings cameras were
stationed along the edge of the runway. Mat behavior, including buckling
action, was observable from the films taken. Photographs taken from

these films are included in the discussions of mat behavior in Section IV.

2.7.4 Strain Gage Measurements

Pretensicried steel bands were riveted to the mat as one modification
tested. Detalls are given in Section V. Strain gages were attached at
several points along 120-ft long steel bands to measure the dynamic forces
in the bands as the model aircraft moved down the runway. The signals
obtained from the strain gages as the model aircraft moved down the run-

way were recorded on an eight-track chart recorder.
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SECTION III

DEVELOPMENT OF THE ANALYTICAL MODEL

3.1 Model Description

3.1.1 Basic Assumptions

The analycical model consists of discrete rigid elements interconnected
and suspended by springs and dashpots. External forcing functions are
applied to the mat elements to simulate velocity independent forces, such
as Coulomb friction and the action of the aircraft. Only mat influenced
by the aircraft wheels is of primary importance; therefore, simplifying
assumptions account for effects of mat outside this area of influence,
but avoid the cumbersome equations that would result if all mat elements
were considered, with each having six degrees of freedom. If each mat
were considered to be an element in the model and no holonomic constraints
were assumed, then in a general sense, 6N nonlinear second order
differential equations (where there are N mats) would govern the motion
of the system. Because the numerical methods reduce the second order
differential equation to two first order equations, a system of 12N
nonlinear equations would need to be solved. For example, a system of
AM2 runway 8 mats wide and 100 mats long would require the solution of
9600 equations. As a matter of practicality, a limited number of mats,
holonomic constraint equations and other engineering assumptions were
used to develop a usabl: model. This simplification of the model was
justified by observation of the experimental models and analysis of prior

research as well as by engineering judgment.
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In Figuvre 3.1, a typical arrangement of mat elements and the location
of the aircraft wheels are shown at some arbitrary time during the land-
ing. Section A-A is removed from the complete landing strip and includes
the mass elerents of the model. The number of mats behind or in front of

the aircraft is arbitrary. An elevation view is shown in Figure 3.2.

Traffic Directionl r_f A___' Transverse Joint
J I

(Longitundinal)

"L

\

Aircraft | \ ;
& Wheels LA A ] End Joint

Figure 3.1, Typical Arrangement of Mat Elements in the Landing Strip.

Aircraft Normal and Thrust Forces

Direction of Traffic

Figure 3.2. Elevation View of Model Section.
28



3.1.2 Degrees of Freedom, Assumed Motion

The generalized coordinates necessary to describe the possible motion
of each mat alement in the model are shown in Figure 3.3. Six degrees
of freedom are associated with each mat, 3 translational and 3 rotational.
Translation is described in terms of the xyz cartesian axes of a Newtonian
system and rotations about the Xyz axes are designated as ex, ey, and ez,
respectively. The model, however, does not necessarily need to account
for motion in all six directions. Translation in the x direction is
necessary to describe longitudinal displacement of the mass. Translation
in the z directlon was assumed to be negligible. Rotation about the
transverse 2axis, Oz, was included. Rotation about the longitudinal axis,
ex, was assuned not essential to the formation of a bow wave. Rotation

about the vertical axis ey, is somewhat questionable, but was neglected

Figure 3.3. Degrees of Freedom for Each Mat Element.
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in the model developed. Thus, translation in the x and y directions and

rotation about the z axis, 92, were considered to be essential,

3.1.3 Model Paranmeters

The complete theoretical model with springs, dashpots, and forcing
functions is shown in Figure 3.4. Some parameters may be taken to be
zero when this general model is used. The dependent variables are

described as follows:

9, = vertical position of the mass center of the first mass,
positive is downward - (ft).

9, = horizontal position relative to the ejuilibrium position of
the mass center of the nth mass, positive 1s to the right (ft).

= anpgular rotation with respect to the horizontal position of
the nth mass, positive is clockwise (rad).

Yn = the vertical position of the left end of mass element n and
is measured from the equilibrium position; positive is down-

ward (ft).
The system parameters are defined as follows:
F = horizontal thrust force (1b).
Q = external vertical load (1b),
V. = wvertical shear (1b). (Not shown in Figure 3.4)
f = dry friction coefficient between mat and subgrade.

CF = wvelocity independent forces such as Coulomb friction and
shear (1b).

KVn = the equivalent elastic spring constant of the subgrade; one-
half the total distributed force is concentrated at each end

of the mat element., The value may vary from mat to mat
(1b/ft).

CVn = viscous damping coefficient of the subgrade (lb-sec/ft).

KL = elastic sgring constant of the transverse joint at the left
of the nth element (1b/ft).

30



*3Jjelox
3 TV 9y3 jo pooyioqy8FeN 24yl UT e BurpueT JOo [3POK TeOTI2I0dYL 4 3indf4

31



I G N L e

CL_ = viscous damping coefficient of the transverse jcint at the
g left of the nth element (lb-sec/ft).

KT = torsional spring constant of the transverse joint at the left
n end of the ntD mags (ft-lb-sec/rad).

CT_ = torsional damging coefficient of the transverse joint at the
n le®t of the nth element (ft-1b-sec/rad).

The end conditions can represent either fixed or free joints, or
somewhere in becrween these two extremes. Consequently, open or closed

joint conditions can be simulated at the first and last joints of the

model.

3.2 Equations of Motion

The equations governing the motion of the discrete masses were
derived using two different methods. The first method makes use of
Newton’s laws. The second method which was used to check results of the
first method involves Lagrangian mechanics. Details of the development
using Newtonian mechanics and an overview of the energy technique are
given in Appendix A.

The equations governing the motion of the system as developed ir
Appendix A consider the transverse joints to be simulated by continuous
springs and dashpots. In the actual mat, however, the joint is dis-
continuous during the transition from tension to compression and during
relative rotation of adjacent mats., Attempts to model the available joint
slack in passing from tension to compression or vice versa, were rather
complicated and consequently avoided. Since the mat must be compressed
in order for buckling to occur, it was assumed that the joints in front
of the aircraft were closed. The magnitude of the initial compression
in the closed joints is a variable and may consequently simulate various

joint conditions.
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In a compression region, longitudinal joint slack is available as a
result of rejative rotation of mats, Consider the extreme case where the
mass centers of mat n and n + 1 are fixed as shown in Figure 3.5. Rota-
tion of the mats will result in the end joints being displaced some
distance d, even though the relative displacement of the mass centers
is zero. Approximately 1/4 in. of resistance-free opening of the joint
is available in the prototype. Once this gap has been exceeded, then a
continuous spring and dashpot simulate the action. The theoretical model
does account for this discontinuity in the early stages of bow wave
formation by disregarding the bracketed terms in the equations of motion
as derived in Appendix A. The later stages in the formation of a bow
wave would require that the bracketed terms be included.

A second modification accounts for vertical lift or shear forces
that occur at the transverse joints as a result of the horizontal thrust
force, which propagates downfield and eventually lifts mat ahead of the
aircraft. 1In crder to describe the lifting mechanism, consider two mats

which form an i:regularity in the form of an inverted vee. Adjacent mats

d
i {:x‘
L i F | r "
't A\
' A
v v

MASS CENTERS FIXED

Figure 3.5. Joint Spacing Resulting from Relative Rotation.
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on both sides are horizontal. The first mat is designated as n, and is
rotated counterclockwise. The second mat is designated as n + 1 and is
rotated clockwise to complete the vee shape. The next horizontal mat to
the right of mac n + 1 is considered as mat number n + 2. When the air-
craft approaches the vee shape from the left, mat n is the first subjected
to horizontul joint forces which produce a counterclockwise moment. Mat

n + 1 experiences a clockwise moment. Since the counterclockwise moment
of mass n is greater than the clockwise moment of n + 1 the resulting
angular accelerations are different. Consequently, the mat n + 1 is
lifted vertically, which then lifts the left end of mat n + 2 and rotation
of the mat occurs.

In the initial equilibrium position, the mat elements are supported
by the subgrade and no appreciable vertical shear exists at the joints.
When a mat element leaves the equilibrium position, however, the joints
are subjected to a vertical force. The magnitude of the vertical force
was determined by successive approximation to be approximately equal to
the mat element weight and was applied only to mat elements that were

subjected to the lifting mechanism described in the previous paragraph.

3.3 Solution of Equations of Motion

Using Newtonian mechanics, the constraint equations, and a change in
variables, there result 2(2N + 1) first order differential equationms,
where N represents the total number of elements. Two different numerical
methods, the quartic Runge=Kutta technique and Hamming’s predictor-
correction technique, were attempted as a means of solving the differential

equations. The quartic Runge-Kutta method proved to be more efficient. An
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IBM subroutine called RKGS was modified somewhat and used to solve the
system of equations. The computer program listing provides a description
of the general approach and includes alterations necessary to account for

such things as springs and dashpots going to zero for certain values of

displacement.

3.4 Determination of Model Parameters

In order to determine a numerical solution to the governing equations
of motion, specific values or functional relationships need to be assigned
to the system parameters. It is difficult to determine these values
precisely; however, somewhat simple static and dynamic tests can be used
to approximate parameter values. In addition to simulating an existing
situation, the theoretical model is advantageous in predicting mat
response unuer hypothetical conditions. This allows several variations
in joints, subgrades, mat geometry, etc. to be evaluated rapidly and with
little experse. Whether the model is used to study existing mat con-
ditions or to predict response to mat modifications, reliable results are
dependent upon proper model parameters.

The numecrical values of system parameters used to simulate the land~
ing of the C-5A on AM2 landing mat are given in Table 3.1. A brief des-
cription of the methods used to determine the less obvious results follows
in the ensuing paragraphs.

The horizortal thrust force F was obtained by application of Newton’s
laws. The weight of the aircraft was taken as 480 kips suspended on 24
tires equally. If one assumes a deceleration of 10 ft/secz, a horizontal

thrust force of approximately 6 kips is associated with each wheel.
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Table 3.1. Analytical Model Parameters.

ARAME TER VALUE |
[ MASS  MOMENT L 2 ‘

OF INEATIA 2 _LB-FT-SEC |

MAT  WEIGHT 140-160 LB

MAT LENGTH 2 FT

MAT _ WIDTH 2 FT

TAD 10°

£ 12000 L8

' 0.5
| o 480,000 LB

KV L0 LB/FT

KL 810° LB/FT

KT 100> FT-LB/RAD

cT 10 FT-LB-SEC/RAD

L $0.0 LB-SEC /FT

cv 2.010)* LB-SEC/FT

The coeificient of friction, f, between mat and subgrade was
determined to be approximately 0.5 and was essentially velocity independent.
The fcrce CF is the result of the product of the normal force and
the coefficient of friction between the mat and subgrade. Shearing forces
oa the end joints could be included; however, observation of the physical
model suggests that a complete row of transverse elements moves longi-
tudinally when motion eventually takes place. Since the motion is some-
what uniform in front of the wheel, horizontal shear on element ends is

not assumed to be critical in most cases.
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The soll parameters KVn and CVn are equated to zero when the mat
element leaves the ground surface. The elastic constant KVn was assumed
to give slightly overdamped conditions. Although KVn and CV, may vary
with each mass, the majority of tests were run with uniform soil con-
ditions. No experimentation was conducted to determine soil parameters.

The elastic spring constant, KLn, which multiplied by the relative
displacement, models the horizontal force in the longitudinal direction
at the joint, was determined experimentally. A 2-in. strip of AM2 mat
running from the mid-point of adjacent mats and including the transverse
joint was subjected to a tension test. A force versus deflection curve
was plotted and KLn was found to be 9500 1b/in./in. Considering the mat
to be 12 ft long, KLn for the total element was taken to be 1.6 (10)7
1b/ft. This value is approximately equivalent to the same member sub~-
jected to uniaxial compression, and represents an upper limit. It was
later found that KLn could best be determined by trial and error. A
value of approximately 8-13(10)7 1b/ft better simulates the elastic action
and allows for sufficient mat displacement when compared to the physical
model. The viscous damping coefficient CLn multiplied by the relative
velocity of adjacent mats n-! and n accounts for dissipative forces that
are velocity dependent. In addition, quantum losses of energy, such as
kinetic energy lost upon impact of adjacent mats, may be converted to
equivalent viscous damping terms by averaging over the period of vibration.
In the case of AM2 landing mat, the friction force at the interface of
the subgrade and mat was found to be velocity independent and the energy
lost upon collision of the ‘‘closed’’ joints was assumed small. Con-

sequently, the relative magnitude of the viscous damping forces was
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relatively small compared to other forces.

The torsional stiffness and the torsional damping coefficient of the
transverse joint are represented by KTn and CTn’ respectively. The
product of KTn and the relative angular displacement of mats n and n-1
represent the elastic bending moment, while the product of CTn and the
relative angular velocities of masses n and n-1 represent the damping
moment. Both KTn and CTn are assumed zero until some relative angular
displacement (referred to as TAD) is reached. This angle of free rotation
(TAD) was specified as 10 degrees for AM2 mat, but could be assigned any
arbitrary value. The value for KT was 1.0(10)5 ft 1b/rad for the 12-ft
transverse joint and was obtained by applying a moment and measuring the
angular deflection. The value of KTn was taken as the slope of the
moment versus angular deflection curve, which was somewhat nonlinear.

The value of CTn is assumed to be negligible.

The mass moment of inertia of each element about a long axis through
the center of mass was found experimentally to be 2.0 secz-ft-lb. The
experimental procedure involved hanging the mat element from two cords
in a vertical plane. The element was then rotated and a steady state
period of vibration was measured in seconds. Knowing the period, the
length of the suspension cord, the weight and the horizontal distance
between points of attachment of the cord to the element, the mass moment
of inertia was determined.

In order to correlate results of the physical and analytical studies,
the physical model parameters were determined. The mass moment of inertia
of the physical model element was determined to be 1.0 x (10)-4 ft-1b-

secz/rad, whereas the prototype would scale down as 2/75 = 1,19 x (10)-4
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ft-lbrsecz/tad. The longitudinal spring constant KLn was determined to
be approximately 2.90 x (10)5 1b/ft, where the tightly compressed con=
dition in the prototype scaled down gives 1.8 x (10)7/72 = 3,07 x (10)5
1b/ft. This further suggests that the maximum KLn calculated from the
prototype as 1.8 x (10)5 1b/ft is an upper limit. The torsional stiffness
constant for the model was calculated as 30 ft-1lb/rad which is less than
the scaled down: stiffness from the prototype, i.e. 105 3 76 = 41.5 ft~
lb/rad. The soil conditions and damping coefficients were not very signi-
ficant in the comparison and were therefore not determined experimentally,

but were simply scaled appropriately from the prototype.

3.5 Initial Cornditions

In order to determine a solution to the equations of motion, initial
displacements and velocities must be specified. In particular, the initial
vertical, horizontal and rotational displacements and velocities of the
first mass of the model, along with initial horizontal and rotational
displacements and velocities for subsequent masses must be assigned.

Since the analytical model removes an arbitrary number of elements from
the complete runway, these initial conditions are somewhat difficult to
evaluate. However, one can begin at touchdown and simply follow the air-
craft along the mat if no other information is available. It was found
that bow waves generally form where irregularities in the landing mat
exist, consequently if sufficient elements were included in the model to
allow the ajrcraft to pass over the mat before the influence propagated
to the location of the irregularity, then initial conditions were approxi-

mately generated without beginning at touchdown.
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Since the hLorizontal thrust force moves along the mat with the
velocity of the aircraft, the solution was usually started sufficiently
close to toochdown to allow initial relative displacements to be set
equal to zero. If all the joints are closed, this implies that the
compressive forces over the model elements are initially the same at
each joint.

An initial mat velocity was specified at the location of the aircraft
wheel on the runway. Other mat velocities were taken as zero. The value
of this initial mat velocity is rather difficult to determine analytically.
First approximations were 25 to 50 ft/sec. Upon later comparisons with
the physical model, it was determined that the prototype mat velocity
should be assumed to be approximately 2 ft/sec initially. This velocity
difference is definitely significant.

The initial configuration of the landing mat is critical in regard
to the formation of a bow wave. If the ele.ents are completely flat, no
standing wave is formed. However, if one mat is rotated only slightly,
say 1/2 degree, a bow wave is possible under certain conditions. Since
it is practically impossible to have landing mat completely flat in the
field, small surface irregularities must be anticipated. The analytical
model is capable of determining the dynamic results of surface non-
uniformities that include one or several mats, Different initial con-

figurations vere assumed and are reported.

3.6 Analytical Results

The number of mat elements to include in the analytical model is

primarily dependent upon the compressibility of the joints, the initial
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conditions and the number of mats traversed by the moving horizontal
thrust. Essentially, sufficient mats were included to allow some of the
extreme elements to have zero displacement and velocity, i.e., they are
outside the area of influence.

Both velocities and displacements were printed out as a function of
time for each mat in the model. First attempts assumed initial mat
velocities too high and both positive and negative horizontal wvelocities
were recorded. However, initial velocities as determined from the physical
model and scaled to simulate the prototype resulted in horizontal velocity
changes, bui negative relative velocities occurred only if insufficient
mat elements were considered. Consequently, there is some flutter associ-
ated with the dynamic response, but this results from slight changes in
the magnitude of velocity not the direction. The displacement'is always
cumulative in the positive direction. Flutter is also associated with
angular kinematics, particularly when the free rotation angle is exceeded
and the moment rigidity at the joint is first encountered.

In Figure 3.6, the landing of the C-5A aircraft on highly compressed
mat is simulated. The compressed joint represents a maximum and the mat
is essentially a rigid plate with hinged joints located every 2 ft. The
parameters not identified on the figure are listed in Table 3.1, which
follows also for subsequent figures. The initial irregularity in the
surface involves four mats with the maximum joint height 0.0200 ft above
the horizontal surface. The front two wheels of the front main bogie are
initially located four joints from the first joint protruding above the
horizontal surface 0.0099 ft. This does not mean that the mat irregularity

is not influenced until the aircraft is located four joints ahead. Prior
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influence would give some additional horizontal mat displacement and some
slight increase in the vertical displacements. As a result, the initial
irregularities could have been less, but it is assumed that the cumulative
discontinuity is as shown when the aircraft is located as shown. It
should be noted that the bow wave flattens when the rotational rigidity
is first encountered at about 10 degrees angle difference between adjacent
mats. Also, the horizontal displacement is 0.056 ft after the aircraft
has traversaed three mats and indicates that the mat elasticity is probably
assumed to be too stiff.

In Figure 3.7, the longitudinal spring constant KLn is reduced from
16 x (10)6 1b/ft to 8 x (10)6 1b/ft and the longitudinal displacement of
mat 4 after the aircraft has travalled across 3 mats is 0,1036 ft. These
results better simulate AM2 mat response, The bow wave does not form as
rapidly when the joints are less rigid in the horizontal direction., 1In
Figure 3.7, a flattening of the bow also takes place when the free-hinged
joint conditions are exceeded and rotational rigidity is initiated. The
reason for the maximum joint deflection in Figure 3.6 being less than in
Figure 3.7 {s related to flutter and the instantaneous value that was
plotted. Also, the modification on the equations of motion that accounts
for available longitudinal joint slack during relative rotation applies
to bow waves in the early formation up to a height of about 0.5 ft. If
the additional growth of a bow wave is desired, then the modification
should be removed from the equations of motion. Both the solutions are
currently programmed, but since the early formation of a bow is of primary

importance, the low profile equations are considered and are given in this

report.,
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The longitudinal joint rigidity is critical to the formation of bow
waves as shown in Figure 3.8, Initially, three joints are suspended
slightly, with the maximum vertical height given as 0.0299 ft. The
horizontal thrust is then initiated with a velocity of 90 ft/sec as
shown., Since the irregularity was simply suspended and then released,
the perturbed elements tend to settle back to the equilibrium or horizontal
position until the influence of the thrust force is encountered. Although
all three mats with different KLn values have been exposed to the same
initial conditions, the mat having a KLn = 16 x (10)6 forms a larger bow
than the mat with a joint simulated by KLn = 16 x (10)0, which restores
itself to the horizontal position. This suggests that a bow wave will
not form in flexible mat if sufficient relative displacement is provided.
Also, note that the distance in front of the aircraft where the thrust
force has any influence is related to the mat stiffness in the longitudinal
direction, as indicated by the mat element experiencing no displacement.
For example, in the landing strip having a KLn = 16 x (10)5 1b/ft, all
mats up to and including mat 16 are displaced as the aircraft crosses mat
number 1, Beyond mat 12, however, the mat displacements are . :tremely
small, e.g., mat 12 is displaced 0,0075 ft and mat 16 is displaced .73
x (10)'7 ft. The maximum vertical deflection initially is 0.0299 ft
compared with 0.0200 ft in Figure 3,7. This larger ‘‘bump’’ initially
results in a higher bow wave which is formed more quickly.

Several different initial configurations were studied in regards to
the effect of friction between the mat surface and the subgrade. Figure
3.9 shows the early formation of a bow wave with an initial irregularity

involving only three mats, The horizontal displacements of the mats with
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a coefficient of friction of 0.9 are slightly less than the mats having
f = 0.5. The bow wave formation is almost identical. Figure 3.10
involves only two mats that are not perfectly flat initially and again
friction 1s not significant,

The magnitude of the horizontal thrust is critical in the formation
of standing waves. Figure 3.11 compares the bow waves developed by
different thrust forces. The initial irregularity in the mat is very
small as indicated. After the aircraft has crossed two and one<half
panels, a horizontal thrust of 6000 1b produces no bow wave. Forces of
12,000 and 24,000 1b initiate waves as shown. This gives insight as to
why the AM2 landing mat failed with the large C-5A, but not the lighter
aircrafts. The magnitude of the horizontal thrust is assumed to be
constant as the aircraft passes over four mats.

Another factor that was found to influence the dynamic response of
landing mat is the relative rotation allowable between two adjacent mats
before rotational rigidity begins. In Figure 3.12 the formation of a
bow wave 1s followed as the aircraft traverses four mats. The AM2 mat
now has a ‘‘free’’ rotation of 10 degrees (TAD = 10 degrees) and the
vertical and horizontal displacements are compared with those of a mat
allowing only 1 degree relative rotation before rotational rigidity is
encountered. The results suggest that no bow wave would appear for a given
horizontal thrust if sufficient moment rigidity were available. Other
solutions with larger thrust forces and higher velocities indicate that the
reduction of the free rotation would greatly reduce the bow wave potential.

Correlation between the analytical and physical models is also shown

in Figure 3.12 by the mat with TAD = 10 degrees. The values of KT, KL, etc.
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as determined experimentally for the physical model are assigned to the
analytical model. The displacements shown in Figure 3.12 should be
divided by the scale factor 7 in order to compare results. For example,
the longitudinal displacement in the neighborhood of the bow wave in the
physical model is predicted by the analytical model to be 0.1612 : 7 =
.023 ft or between 1/4 and 1/3 in. This result agrees well with the
physical model. The vertical displacement is difficult to compare,
because it is dependent upon the initial irregularity. With the low
profile modification on the equations of motion the horizontal dis-
placement is not highly dependent upon the height of the bow wave. The
validity of this comparison strengthens the reliability of both models.

The original intent of the analytical model was to remove a section
one panel wide and several panels long from the interior of the landing
surface immediately in front of the two leading wheels of a bogie. This
strip was shown earlier in Figure 3.1. The amount of horizontal thrust
applied to the model was then determined as the product of the thrust per
wheel and the number of wheels influencing the model directly. In some
situations, a large aircraft with several wheels may have a lower thrust
per wheel than a lighter aircraft.

An alternative interpretation of the model was considered. The
model was assumed to represent the complete width of the landing strip
and the total horizontal thrust of the aircraft was considered, rather
than thrust per wheel. The mat elements were taken to be 96 x 2 ft rather
than 12 x 2 ft. Since mat geometry is a variable in the computer program,
litcle difficulty is involved in correcting for the larger mass and

moment of inertia.
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A horizontal thrust of 144,000 1b, which is representative of the
C=5A, was found to produce a bow wave in mat where the original
irregularity involved two mats in an inverted vee with the apex 1/4 in,
from the horizontal position. A thrust of 36,000 1b, representative of

smaller aircraft, was found to produce no bow wave under the same surface

conditions,

3.7 Analytical Conclusions
The analytical model suggests that several factors influence the
stability of flexible landing surfaces. Horizontal thrust, rotational
rigidity, joint elasticity, surface irregularities, and velocity affect
the formation of bow waves. The analytical model can isolate the response
of mat to changes in any of several parameters, or the combined effect of
two or more nodifications. Although several typical situations were
investigated as part of this report, the program is still available for
additional evaluations. Some general conclusions can he stated as follows:
1. Irregularities in the mat surface are potential locations for
the formation of bow waves, The wave development is dependent
upon the magnitude of the initial vertical deflection and the

number of mats involved. A perfectly flat surface will not
buckle under C-5A horizontal thrust forces.

2. Friction at the interface of the mat and subgrade 1s not critical
in the formation of a wave.

3. Bow waves will not form if high compression in the joints can be
avoided, even though the mat is subjected to large in-plane
forces. A shock absorber that would maintain joint spacing
would reduce the chances of a bow wave.

4, A reduction in the relative rotation allowable at a joint before
rotational rigidity is encountered would greatly reduce the
probability of bow waves forming.

5. Soil parameters have little influence on the dynamic response
of mat in front of the wheels. This is perhaps not true
dirertly beneath the wheel,
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6.

The development of a bow wave is highly dependent upon the
magnitude of the horizontal thrusi, and the aircraft velocity,
Under similar mat conditions, lighter aircraft can land success-
fully, whereas the C=5A would cause failure.

The propagation of the dynamic response is dependent upon the
longitudinal stiffness of the mat and travels much faster than

the aircraft.
The analytical model simulated the response of the physical

model when experimentally determined parameters for the physical
model were programmed.
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SECTION IV

DUPLICATION OF THE MAT FAILURE AT DYESS AFB

A major objective of the study was to establish the validity of the
model by duplicating as nearly as possible the mat failure at Dyess AFB.
With the validity of the model established the factors causing the failure

and means of preventing failure could be studied.

4.1 Mat Failure at Dyess AFB

A series of C-5A support area landing tests were conducted on the
6000-ft long Tri-Service landing mat runway at Dyess AFB in August of
1970. The Tri-Service runway was constructed of 1140 ft of AM2 mat near
the center with 2200 ft of XM19 mat on the north end and 2600 ft of XM18B
and XM18C mat c¢n the south end. The runway was 96 ft wide except near the
ends where it had been widened. The subgrade soil is a heavy clay (CH)
and was covered with a polypropylene-asphalt membrane overlaid with a
herculite (vinyl-laminated nylon). No soil strength tests were made at
the time of the C=5A test landings but earlier tests showed California
Bearing Ratics from 11 to 36 percent for the surface soil (Ref. 2). Currin
concluded that the soil strength was adequate and the subgrade weakness
did not contribute to mat failure (Ref. 3).

Five takeoffs and three landings with the C-5A were completed without
difficulty. On the fourth landing the mat buckled causing major damage
to the AM2 mat portion of the runway at stations 27 + 12 and 27 + 34.

The aircraft touched down at station 7 + 60, traveled 1440 £t on XM19 mat
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before reaching the AM2 mat section at station 22 + 00, and stopped at
station 29 + 40 still on AM2 mat. The connection between the XM19 and

AM2 mat was broken. Thirteen panels were dislocated at station 27 + 12,
and 40 panels were dislocated at station 27 + 34. The dislocated mat

came mainly from the left side of the runway because the aircraft position
was about 9 ft left of the runway centerline. At several other locations
in the runway, panels were disconnected and end connectors were broken.

Detailed descriptions of the mat failure have been reported by Currin
(Ref. 3) and Green (Ref. 4). The following conclusions have heen reached
largely from the reports of Currin and Green.

1. Large longitudinal mat movement occurred during the fourth land-
ing. Because aircraft position was left of the runway centerline, move-
ment was larger on the left edge of the runway. Little movement was
observed on the right edge of the runway and, in fact, no measured values
of such movement were reported for the right edge of the runway. The
magnitude of longitudinal movement for the earlier C-5A test landings is
not known,

2. In-plane bowing in the mat runway was much more severe during
the failure than before or after. Evidence indicates that an in-plane
bow in excess of 11 in. is necessary to cause weld breaks in the end
connectors alorg the runway centerline. After the failure the measured
bow varied from 6 in. to a maximum of 9 in. at a point immediately beyond
the last failure area (Ref. 3). Therefore the mat rebounded relieving
the high bow that existed during failure.

3. A plot of the longitudinal displacement (Figure 4.1) that occurred

during the fourth landing along the left edge of the runway shows a tension
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Figure 4.1 Mat Displacement During the Dyess AFB Mat Failure.

region from station 23 + 00 to station 25 + 60 where the mat joints must
be open. This {s the case since the mat at station 25 + 60 has moved
further downfield than the mat at station 23 + 00. Beyond station 25 + 60
is a short compression region, then a short tension region followed by a
much longer compression region where the two major mat failures occurred.
In the first compression region at station 25 + 90 there was a minor
failure involving unhinged panels and several broken end connections.

4, Phctographs show the bow wave reached maximum height in front of
the landing gear and tapered down to near zero height at the right edge.

5. Failure occurred as the height of the bow wave increased to such
a height that the landing gear could not push the mats back down into the
flat positinon as it rolled across. Photographs show the aircraft crossing

small, probably two-panel, waves near station 25 + 90 where a row of
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panels was unhinged (papes 72-73, Ref. 3). Two photographs later (pages
76, 77 Ref, 3) a larger wave is seen developing perhaps 40 ft ahead of the
landing gear. The height of the wave increases as the aircraft approaches.
In crossing the wave the right gear pushed the panels back down without
tearing them apart, but the left gear tore 13 panels loose. Meanwhile a
second and higher wave appeared at station 27 + 34. This second wave
increased in height to nearly &4 ft (page 83, Ref. 3). Both the right and
left gear pushed into this wave, tipping at least one row of panels over

backwards and tearing loose 40 panels.

6. The break in the runway at station 27 + 12 extended from a
position in line with the left gear to the left edge of the runway. At
station 27 + 34, panels were torn loose from the left runway edge to about
18 ft to the right of center line, an area in line with the right landing
gear. An approximately 30-ft width of intact mat remained along the right
runway edge. These remaining mats were pushed up into a bow wave 1 to 1%
ft high, tapering down to zero height at the right edge (Ref. 4).

7. The mat upfield of the failure zone had moved down{i 1d about

one panel width with respect to the mat beyond the failure (Ref. 3).

4,2 Model Landing Tests

A buckling failure occurred in the model AM2 mat runway on the fifth
test landing. For the first two landings the average deceleration rate
was only 4 ft/sec2 compared with 10 ft/sec2 for the prototype landings.
With the second landing several small two-panel waves appeared ahead of
the model. This action was not evident on the first landing. On the

fourth landing the average deceleration was 4.6 ft/secz. When the model
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landing gear stopped, two small waves remained in the mat ahead of the
front bogies at station 88. The deceleration on the fifth landing varied
from 6.6 ft./sec2 to 9.2 ft/sec2 and the touch down velocity was 35.5
ft/sec. A buckling failure occurred at stations 85 and 91. The action
of the mat was recorded by a high-speed camera (200 fps) mounted on the
moving model. Study of the films shows a reasonable correlation between
the action of the model runway and that of the prototype. Photographs
taken from 16-mm movie film of the Dyess fallure and the model failure
are shown in Figure 4.2 for comparison. On all landings the model
followed the same path, approximately 1.4 ft left of center. Photographs
of the mat after the failure are shown in Figures 4.3 and 4.4. In this
case the velocity of the model was not sufficient to run completely

through the failure. When the model stopped, a three-panel wave remained

in front of the wheels.

4.3 The Model Failure

The model runway behavior resembled that of the prototype in many
ways. Action paralleling that of the Dyess fallure is described as
follows: |

1. Large longitudinal movement occurred during the failure landing.
Mat displacement was greater on the left side because the path followed
by the model aircraft was always left of center. Little movement was
measured on the right side of the runway. Longitudinal movements of at
least 1/4 to 1/3 in. occurred along the left edge and center line of the

runwvay with each passage of the model aircraft.
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Figure 4.2. Sequence of Photographs from Movie Films of the Prototype
and Model Landing Mat Failure.
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Figure 4.3. A Three Panel Wave Remaining Ahead of the Forward
Main Gear After the Mat Failure.

Figure 4.4. A View of the Broken Runway After Failure.
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2. An in-plane bow developed in the mat which increased with each
landing. Panel end joints along the staggered center line joint showed
some distress as a result of the in-plane bow.

3. A plot of the longitudinal displacement (Figure 4.5) that
occurred during the model failure landing shows a tension region from
station 10 to 80. Beyond station 80 the mat is in a compressed state.
Failure occurred a few feet inside the compressed region.

4. Failure occurred when the bow vvave increased to a critical
height and was overrun by the model. Smaller two-panel waves were pushed
down by the model causing higher waves to come up further down the run-
way. When several panels were involved in the wave the passing wheels
broke a longitudinal joint leaving two panels in a vertical position.

The forward-moving wheels pushed the vertical panel over backward, flipping
adjacent panels. See Figure 4.2,

5. Breaks in the model runway were near the center line and left
side and did not extend across to the right side of the runway. After
the failure a small bow wave remained in the mat on the right side but
tapered off toward the right edge. The break occurred at two stations
along the mat with several tension breaks in the mat further back.

6. The mat behind the failure moved forward about one panel width

during the failure, with respect to the mat beyond the failure.

4.4 Graphical Comparisons

The similarity of the longitudinal mat displacement during the Dyess

failure (Figure 4.1) and that during the model failure (Figure 4.5) is

evident.
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Figure 4.5. Longitudinal Displacement of Model Mat, Landings 4 and 5.

In both cases the buckling failure occurred within a region of
compressed mats. The number of mats sections involved in the longer
compressed region of the Dyess failure is about 60. In the model, about
70 mats are included in the compressed region. The exact length of the
compressed zone cannot be accurately determined for either the model or
prototype.

In the prototype no longitudinal measurements were made on the earlier
landings. The lower curve in Figure 4.5 shows the displacement that
occurred for the model landing previous to the failure landing and indi-

cates the build-up of the compression region between stations 80 and
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90, It will be noted that the points of maximum displacement coincide
on landings four and five, identifying the point at which buckling occurs.
The appearance of small two-panel waves in the same area on the previous
landing also indicated that buckling was impending.

The numwber of landings required to produce the failure is not con-
sidered to be of great significance because several factors leading to
failure are not properly simulated in the model. There is no assurance
that the joint openings between mats had the same magnitude and distri-
bution in the model runway as existed in the Dyess runway when the C=5A
test landings began. The Dyess runway had been subject to numerous
landings of lighter aircraft and although most of the C=5A test landings
and takeoffs were in the southward direction, there was at least one
takeoff in the northward direction (Ref. 4). The lengths of runway
traversed and the magnitude of braking forces applied at any point are
unknown. In the model the deceleration for three landings was less than
5 ft/secz, much less than the 10 ft/sec2 deceleration of the prototype
ajrcraft whan failure occurred. All the above factors make it unlikely
that the model failure would occur after the same number of landings as

for the Dyess failure.

4.5 Second Model Tailure

The build-up of the compression zone prior to a buckling failure
was also demonstrated in tests on mat with increased bottom friction.
These tests are described in Section 5.4, but they have been included
here because they demonstrate more clearly the build=-up of the com-
pression region in the mat prior to the buckling fallure. As indicated

in Section 5.4, increasing the friction between the mat and subgrade did
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not change the mat behavior appreciably except to reduce the longitudinal
movements slightly. Figure 4.6 shows the cumulative longitudinal dis=
placement after each of three landings. The point of maximum displacement
after the third landing is at station 90. Movements at station 100 and
110 are much smaller indicating that the mats between these stations were
in a compressed state (joints closed). On the fourth landing a buckling

failure occurred at station 93.

4.6 Discussion

In the two series of model tests desc:sibed, buckling failures occurred
in regions of compressed mat. The zone of compressed mat was identified
in each case from a plot of longitudinal displacement versus position
along the runway. Displacements of the Dyess runway were measured only
after the failure landing (Figure 4.1), but can be compared with the model
data in Figure 4.5. The similarity between model and prototype data is
apparent.

The beheavior of the model mat was shown with reasonable clarity in
the films taken during most test landings. Although the mat action can-
not be seen clearly in the film of the Dyess failure, the action during
the Dyess failure appears to be closely duplicated in the model. All
other evidence such as mat displacement, location of breaks in the run-
way, and bow weve formation support the conclusion that the model does

correctly represent the prototype.
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Figure 4.6. Displacement During Three Landings Prior to Failure
(Mat With Increased Bottom Friction).
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SECTION V

MODIFICATION OF AM2 RUNWAY

A major objective of the model study was to evaluate various alter-
ations of the AM2 mat runway to permit the safe operation of C=5A air-
craft. These alterations must be practical for inexpensive field
implementation.

Five alterations were studied: (1) mat restraint by pretensioned
bands, (2) diagonal laying pattern, (3) increased friction coefficient,

(4) cleats benesth the runway, and (5) longitudinal stiffeners.

5.1 Preteansioned Bands

5.1.1 Fundamental Purpose of Bands

The laryge horizontal force produced by the braking C+«5A led to the
buckling failure of the AM2 mat at Dyess. Initial design of the mat
placed greater importance on vertical load-carrying ability than on
resistance to horizontal forces. During C-141 operations, buckling of
AM2 mat was not recognized as a potential failure mode since the C-=141
satisfactorily performed the test program. Despite the higher flotation
capability of the C=5A the AM2 mat buckled. This indicates that the
horizontal force normally produced by the C=141 is less than the critical
buckling load of the mat, whereas with the C-5A it is greater than the
critical buckling load.

Longitudinal tension bands were conceived as a means of transferring
the horizontal force among all mat panels back to anchors, thus reducing

the horizontal force carried by the mat and preventing the closures of
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joints. This would place most of the horizontal loads on the bands and the
vertical loads on the mat as originally designed. Pretensioning the bands

would restrict movement in the band at the point of load application.

5.1,2 Preliminary Tests of Banded Runway

5.1.2.1 Test Conditions

In the initial tests, two steel bands 3/8 in. wide by 0.020 in. thick
were stretched the length of the runway. The two bands were 26 in. apart
and located astride the runway centerline. After receiving un initial
tension of 100 to 150 1lb, the bands were riveted to every 10th mat by
two 1/8 in. dianeter pop rivets. Only mats in the first 50 ft of the
runway were riveted to the band and tests were conducted to restrict the
model m;vement primarily to the riveted length of the runway. The section
of banded mats is shown in Figure 5.1.

After three landings on the banded mat, a third band was added in
line with the left bogie of the model. The pretensioning force was about

60 1b and every 40th mat was riveted to the band.

5.1.2.2 Results and Conclusions of Preliminary Tests

The first landings on the banded runway showed that the bands
restricted the mat movement to about 1/16 in. despite higher deceleration
of the model aircraft (up to 9 ft/secz). No waves were evident in he
area of the restrained mat. The portion of runway in line with the left
bogie of the model was not initially restrained by bands. As a result,
mat movement at the left edge was 1/4 in. to 7/16 in. during each landing
and small two-panel waves were evident ahead of the moving bogies. To

restrain this movement, the third band was installed.
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Figure 5.1. Lcngitudinal Tension Bands Attached to Model AM2 Mat Runway.

During the next five landings, with the third band installed, the
accumulated movement of the restrained mat was less than 1/4 in. More
movement was noted on the left side where the band had lower tension and
greater spacing between riveted mats, Figure 5.2 compares cumulative
displacement of the banded mat with the cumulative displacement that
occurred in the two landings after the bands were removed. Displacements
of the unbanded runway during two landings were several times larger
than those of the banded mat during five landings.

This preliminary series of seven test landings demonstrated the
effaectiveness of the band in controlling mat movement and buckling. As

a result, a second series of more detailed tests was planned to better
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evaluate the required band tension and number of free mats between points

of attachment.

5.1.3 Detailed Tests of Banded Runway

5.1.3.1 Band Construction and Instrumentation

For the second series of tests, four steel bands were stretched the
length of the runway and pretensioned to 100 1lb. At each end of the
runway the bands were attached to springs which were anchored. The
springs were used to adjust the tension in each band and to serve as
shock absorbers.,

Strain gages were attached to the bands at 14 locations to monitor
force changes. Figure 5.3 shows the location of bands with respect to

the model landing gear. Every 20th row of mats was riveted to the bands.

5.1.3.2 Test Details and Rasults

Twenty-six test landings were made on the banded runway. Movement
was definitely restricted by the bands. No major buckling failure
occurred. The cumulative mat movement on the left edge of the runway
did reach values of about 1 in. However, this is believed to be mainly
the result of loss of tension in the left band during the third landing
of the series, when the band connection slipped at thé upper end. The
resultant loss of restraint allowed the mat to move during the next
landings. Although the tension in the left band was restored, the band
did not behave as well thereafter because the tension could not be made
uniform throughout the band.

The displacements during any one landing averaged 1/16 in. with a

few values up to 3/16 in. The displacements were not cumulative because
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the band acted to restore the mat to its initial position. Measurements
at some locations showed that the band had pulled the mat back 3/16 in.
overnight, because of temperature changes.

In later tests some of the rivets were pulled out of the mat. The
rivet connection to the mat was resistant to shear but could not withstand
a vertical force. The rivets were easily pulled through the 0.012-in.
thick aluminum mat surface, and tended to pull out as the passing model
depressed the riveted mat or rotated the mat, thus producing a normal
component of force. This pull-out problem became more severe during the
last few tests.

Strain gage data showed that the tension in the band decreased at a
given location as the C-5A model approached, then equalled or exceeded
its original value as the model passed. Figure 5.3 shows the average
change in band tension as related to the deceleration of the model.

After thirteen tests it was concluded that 100 lb initial tension
in the bands was inadequate, because the band ahead of the model was
observed to slacken and small waves formed in the mat. The bands were
then tensioned to between 130 1b and 150 1lb, but the force was not
uniformly distributed over the length of the band because attachment
had taken piace before tensioning.

As the tests continued, more rivets began to pull out because of
enlarged or worn rivet holes. Other bands appeared to go slack and small
buckling waves were observed. Despite this action no mat buckling fail-
ure occurred. The deceleration rate varied between 6 ft/sec2 and 11
ft/sec2 for wost tests. In general, the mat behavior was good. Most

of the difficulties were observe: during final tests in areas of the run-

way where rivets had pulled out.
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5.1.4 Conclusions

It was concluded that the pretensioning force is essential if the
band system is to work properly. For the model, a force greater than 150
1b (51,000 ib for the prototype), is recommended for each band to provide
some factor of safety. If a band is broken, it may be difficult to
obtain proper tension in the repaired band. The 20-mat spacing between
points of attachment to the band appeared satisfactory. However, the
nmat behavior with 10-mat spacing was better, in that less movement was

observed, connecting rivets showed less distress, and the small buckling

waves were less obvious.

5.2 Design of Restraining Bands

Test results on the banded mat indicated the need for a high initial
tension force in the band. For better model performance the force in
the active tension bands was approximately equal to the total force
required to brake the aircraft. This suggests that the bands assume the
braking force, and any force generated by friction between mat and sub-
grade should be neglected. Based on the above assumption and assuming a
uniform distribution of the force among N active bands, the initial

teansion, To’ required in the bands and the number of bands, N, may be

obtained from

To e nF' + R/2 (5.1)
o0 max. : Afy " R/2 (5.2)
and
Wa
N = I (5.3)
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in which nF' is the total friction force acting on the mats and as a
holding force on the bands, A is the cross-sectional area of the band,

fy is the yield stress of the band material, R is the force transmitted
by the landing strip into a single band as the aircraft friction acts on
the landing strip, W is the weight of the aircraft, a is the deceleration
rate of the aircraft, and g is the acceleration of gravity. Details of

the development of these equations are given in Appendix C.

5.3 Diagonal Laying Pattern

P

A frequently suggested solution is an altered laying pattern. A 45-
degree pattern is one which can readily be placed without any modification
of either the model or prototype mat sections. In placing this runway,
the joint along the centerline of the model runway was similar to that
used at Dyess except that the offset was about 402 greater as a result of
the 45-degree angle (see Figure 5.4).

In addition to the transverse reference lines, four longitudinal
reference lines were established to monitor possible transverse movement.
Seven 45-degree lines of gage points were established at right angles to
the mat joints to monitor movement of the joint spacing.

Mat performance was superior for this pattern compared to that of
the transverse pattern. The mat was much more stable and showed little
tendency for the occurrence of the two-panel waves so evident with the
Dyess pattern. The model landing gear landed to the left of center as on
previous tests. On an early landing a few two-panel waves were formed on
the right side of the runway to the right of the area crossed by the model
landing gear. These waves tended to remain through several landings.

For the last five landings the model landing gear was adjusted to land on
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Figure 5.4. Centerline Joint of Model AM2 Mat Placed in 45 Degree
Pattern.

the right side of the runway. On the first landing right of center, the
two-panel waves were worked out along the right edge leaving the mat flat.
No additional waves were evident on following landings.

A total of sixteen landings were made on the diagonal mat. For
several of the later landings the deceleration reached values of 15 ft/sec2

to 17 ft/aecz. No failure occurred except for tearing of joints in tension
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at four or five points. This was primarily due to the weakness of the
model mat in tension.

For the sixteenth landing on the diagonal mat full braking was
applied, which locked the wheels and produced a deceleration of 32 ft/secz.
This extreme loading caused a tension fallure across the runway behind
the model and allowed mat and landing gear to slide together along with
parts of the torn vinyl water barrier. This severe loading, possible
because of the high coefficient of friction between the wheels and mat
surface, represents about twice the loading possible in the prototype,
in which friction and brake pressures do not permit this high deceleration
rate.

Longitudinal movement continued to occur with each landing. The
total movement recorded for 15 landings is shown in Figure 5.5. At the
20-ft station nearly 7 in. of movement was recorded without any distress
being observed on the mat. This large movement is possible because of
sliding along the 45-degree joint as well as by adjustment of joint
spacing. Sliding along the longitudinal mat joint is not correctly
modeled since sliding would be greater in the prototype mat than was
observed in the model. The thin material used in the model could not be
formed intc a joint which would remain straight enough to correctly model
lateral sliding. The resistance to this sliding would have to be increased

for a satisfactory prototype installation.

5.4 Dyess Pattern with Modified Friction

In the prototype the coefficient of friction between the AM2 mat and
the herculite-covered subgrade is about 0.5 while the coefficient of

friction between the tires and mat is about 0.6 (Ref. 1). This suggests
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Figure 5.5. Longitudinal Displacement of Mat Placed in 45 Degree Diagonal
I'attern.

that improvement in mat behavior could be obtained by increasing the
coefficient of friction of the underside of the mat. To test this
hypothesis the bottom surfaces of the model AM2 mat were coated with
epoxy and a fine sand, similar to the coating on the top surface. The
resulting coefficient of friction tested on a vinyl surface was about
0.85, an increase of 70%.

The mat was assembled using the Dyess-type pattern. The model was

adjusted to land left of the runway centerline. A grid system of gage
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points was established on the runway to monitor changes in joint spacing.
Transducers were located along the left edge of the mat to record mat
movement. Absolute movement at four positions across the mat was measured
from 10-ft reference points (a fixed grid system) along each side of the
runvay.

Failure of this runway occurred on the fourth landing. General
behavior of the mat was like that of the mat without increased friction
(see Figure 5.6). The plot of mat displacements is also in Section IV
(Figure 4.6) because these results are similar to those of mats without
increased bottom friction. Results of these tests give a clearer picture
'f the compression zone bulld up and eventual failure of the mat. Approxi-
mately 40 rows of mats were in the tightly compressed zone just before
failure. The mat showed increased resistance to sliding but this was
not enough to prevent the development of a compression zone in the mat
and an eventual buckling failure. One difference noted was that the mat
behind the failure zone did not slide as far as the mats in the first
series of tests without the increased bottom friction. This made the
break relatively easy to repair.

It should be noted that the average deceleration for these runs was
not higher than 7.5 ft/secz, much less than the 10 ft/sec2 to 17 ft/sec2

deceleration applied to the runway restrained with bands or the diagonal

lay pattern.

5.5 Cleated Mats

Cleats attached to the bottom of the mat sections are a means of

greatly increasing resistance to longitudinal movement. Since the cleat
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Figure 5.6. Displacement During Three Landings Prior to Failure (Mat
With Increased Bottom Friction).

penetrates into the subgrade soil, this device would present problems in
maintaining a waterproof barrier to protect the subgrade soil.

A model runway was constructed using the Dyess pattern, but with a
3/4=in. cleat attached to the bottom of every sixth row of mats. The

cleats were made of 0.012-in. thick aluminum bent into a T shape. The
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stem of the T consisted of two thicknesses of aluminum. The cleats extended
the full leng:h of the mat and were attached by 8 rivets (Figure 5.7).

A series of tests on a line of mats of only one mat width were used
to select the spacing for the cleated mats. A small model representing
one of the main gears of the C-5A was towed slowly down the line of mats
with wheels locked. When the cleated mats were spaced further than every
tenth row there was an increasing tendency to buckle or 1lift the mat from
the surface. With a five-mat spacing there was no buckling tendency evident
and mats remained in contact with the surface. The six=-mat spacing was

selected for constructing the model runway.

The soil surface was covered with a plece of 6-mil polyethylene to

simulate the herculite covering of the prototype. When - i a row
of cleated mats, a knife was used to cut through the p. and form
a groove in the soil to receive the cleat. The bottom of all ~. ., usca

in this test were coated with ihe epoxy and sand high friction surface.
The runway failed by buckling on the eighth test landing. Figure
5.8 is a photograph of the damaged runway. The cumula;ive displacement
for these tasts is plotted in Figure 5.9. For the first two landings the
longitudinal displacement was very small, demonstrating the effectiveness
of the cleats. With successive landings small movements developed causing
the cleated mats to be lifted slightly and then pushed back down as the
wheels of the model passed. The weight of the model pushing the cleats
into the soil gradually bent the cleats till they were flat against the
bottom of the mat (Figure 5.10). Portions of the cleats not directly
under the wheels were not bent, however they had been partially lifted

out of the ground and their resistance to sliding was small.
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Figure 5.7. Mat Sections with Cleats Attached.

Figure 5.8. View of the Failure of the Cleated Mat Runway.
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Figure 5.9. Cumulative Displacement of the Cleated Mat Runway.

Figure 5.10. Row of Cleated Mats Turned Over to Show Bent Cleats
Under the Wheel Path.
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The path of the model landing gear was left of center as for the other
test landings. The rates of deceleration ranged from 5 ft/sec2 to 10

ft/secz. The longitudinal displacement was greatest on the left side of

the runway. On the right side of the runway small cumulative displace-
ments opposite the direction of landing were observed (up to 1/4 in.).

A stiffer cleat which could be pushed back into the soil without bend-
ing would be more effective, but it is believed th;t longitudinal movement
would continue eventually leading to a buckling failure. Other possible

improvements in the cleat design include the use of longer cleats or the

use of tie-downs to hold the cleats in tight contact with the soil,

5.6 Longitudinal Stiffeners

Since rotation about the hinged joints is one factor leading to the
buckling failures, stiffening of these joints was suggested as a means of
preventing runway buckling. The analytical model shows that increasing
the rigidity of the individual transverse joints would decrease the
possibility of bow wave formation. Also, the use of stiffeners would tie
groups of mats together and thereby increase the moment of inertia of the

runway, further reducing the buckling tendency.

For this series of tests the runway joints were stiffened by riveting
three parallel rows of mat units longitudinally over the length of the
runway (Figure 5.11). The runway was assembled in the Dyess pattern.

The stiffening rows of mat were located so the model wheels positioned
left of the runway centerline would travel between the rows of stiffeners.
Each longitudinal stiffener crossed six transverse joints but still left

one or two joints between sections relatively free to rotate. However
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Figure 5.11. View of the Runway with Three Rows of Stiffeners.
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Figure 5.12. Cumulative Displacement of Stiffened Mat Runway.
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| by staggering the stiffeners each transverse joint was crossed by at
least two stiffeners.

Deceleration rates for this series of tests varied from 5 ft/sec2
to 8 ft/secz. A buckling failure occurred on the fourth landing of this
test series. Longitudinal movement and a build-up of the compression
region was ohserved on the first landing (landing 76 on Figure 5.12).
The potential failure zone was identified by the compressed mats between
stations 70 and 90 after the third landing (landing number 78 on Figure
5.12). Numerous joints were pulled apart in tension and at each of four
locations five or six mat sections were torn loose and displaced. Photo-
graphs of the damaged runway are shown in Figures 5.13 and 5.14. The
number of displaced panels was less than for previous failures because
the stiffeners held the mats together. The model gear came to a stop
against the large bow wave involving seven mat panels. The stiffener
holding the seven panels was Len‘ into an arc shape (Figure 5.15). The
initial buckling began at the unstiffened joints between the stiffeners,
Because the mats were tied together the initial wave action involved six
or seven mats lifted together rather than just two as with the unrestrained
mat runway. The compre.sion region may have developed earlier because

longitudinal opening'and closing of mat joints was restricted by the

R T T e T

stiffeners., Fewer joints were free to open and close.
The additional joint stiffness provided by the three longitudinal
stiffeners was obviously inadequate to prevent buckling and in fact may

have hastened the buckling action by restricting joint movement.
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Figure 5.14. Close Up of Damaged Stiffened Mat Runway.
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Figure 5.15. Bow Wave Left in the Runway After Failure of the
Stiffened Mat.
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SECTION VI

DISCUSSION AND CONCLUSIONS

6.1 Discussion

6.1.1 Problem

Runways constructed of AM2 landing mat placed in the standard brick-
type laying pattern (the Tri-Service runway at Dyess AFB) have served
adequately for aircraft much lighter than the C-5A. However, the large

horizontal braking force of the C=5A caused the mat to buckle.

6.1.2 Models Developed

An analytical model and a 1/7 scale physical model were developed
to study the behavior of the mat under dynamic loading and evaluate means
of preventing the buckling failure. Test landings of the model C=5A
landing gear on a runway constructed of model AM2 landing mat demonstrated
that the model simulated the behavior of the prototype landing at Dyess
AFB, The analytical model also demonstrated the mat buckling phenomena

and was used to evaluate changes in mat parameters.

6.1.3 Analytical Model

The analytical model represents an expedient and inexpensive method
by which the dynamic mat response as related to mat modifications and
surface conditions can be evaluated. Several such mat conditions and
loadings were analyzed by applying the 12,000 1b horizontal thrust
produced by the two lead wheels of a bogie to a single column of mat

in front of the wheels. The point of application of the thrust was
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moved from mat to mat with the velocity of the aircraft. It was found
that if the AM2 mat joints were sufficiently compressed longitudinally to
approximate the elasticity of a continuous solid plate, then surface
irregularities involving one or more mats with a maximum vertical dis-
placement of 3/16 in. from the horizontal would produce buckling.
Relative displacement between adjacent joints was critical.

An elastic compressibility constant at the joint in the longitudinal
direction of 8(10)6 1b/ft seemed to best simulate the longitudinal dis-
placement of the AM2 mat as compared to the physical model when buckling
did occur. Again in the less compressed mat under similar conditions it
was found that a surface irregularity of 3/16 in. would eventually result
in buckling, although the rate of bow wave formation was slower. If the
joint compressibility is only 16(10)A 1b/ft, which would allow for con-
siderable relative longitudinal displacement, buckling did not occur.

The analytical model shows the effect of moment rigidity at the joint.
The apex of an inverted vee involving two mats initially, will continue to
move vertically when subjected to horizontal thrust until the relative angle
of free rotation (approximately 10 degrees) is exceeded. At that time,
the moment rigidity at the joint is initiated and the vertical motion of
the apex 1is slowed down while additional mats are being lifted. The result
is a bulge rather than a sharp vee. It was shown that if the free rotation
angle of the joint were reduced from approximately 10 degrees to 1 degree,
then surface irregularities of 3/16 in. which normally produce buckling in
AM2 mat would not produce a bow wave. It is noted, however, that stiffeners
along the mat surface would increase the moment rigidity, but would not

allow for relative longitudinal displacement of the joint. Some physical
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arrangement to decrease the angular freedom, yet allow relative longi-
tudinal displacement would be recommended. It was also found that by
increasing the width of the mat the moment of inertia increases and the
mat rotation is decreased significantly.

The analytical model determined that the bow wave formation is
essentially independent of the coefficient of friction between mat and
subgrade. This does not imply that total mat wigration is independent of
friction, nor the compressibility at the joint after repeated landings.

The horizontal thrust is definitely significant in bow wave formation.
There is some difficulty in estimating the magnitude of thrust passed from
a bogie to a single column of mat in front of the two lead wheels. The
analytical mndel showed, for example, that an initial bump of approximately
3/16 in. would result in a bow wave of approximately 3 in. in height when
subjected to 12,000 1b thrust, but a wave over 1 ft in height resulted
when the mat was subjected to 24,000 1b thrust. These vertical displace=-
ments were taken at the same time increment after touchdown of the aircraft.

In addivion to the results obtained for a single column of mat taken
in front of the lead wheels of a bogie, mat elements were considered that
extended the complete width of the landing strip. The total thrust of
144,000 1b was applied to the s2ries of 96 x 2 ft elements. The model
parameters were assigned values to simulate AM2 mat response and the
surface irregularity was specified as 1/4 in. The model showed a bow wave
formation for the 144,000 1b thrust, but no buckling occurred when the

same mat was subjected to only 40,000 1b thrust, which is that produced

by a C=130.
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The analytical model does have limitations. The determination of

model parameters requires some approximations. As mentioned, the exact
description of the thrust per wheel and the particular number of mats
influenced by each wheel is difficult. The initial velocity experienced
by the mat upon touchdown of the aircraft is not readily calculated, even
though it appears as a simple impulse-momentum problem. The initial veloc-
ity is best determined by measurement of the prototype. The joint dis-
continuity and the free translation and rotation are also difficult to
simulate. Nevertheless, the analytical model predicted results that were
experienced by the physical model and the prototype. It provides a
supplemental tool along with the physical model. The computer program

is available and could be used to help predict the mat response as a result

of additional modifications, surface conditions and other situations that

might arise.

6.1.4 Physical Model Mat Response

The major weaknesses of the AM2 mat placed in the standard pattern
are its short dimension normal to the direction of traffic (2 ft) and the
transverse hinges provided by the joints. For a buckling failure to occur
there must be sufficient longitudinal displacement in the runway to create
a reglon of compressed mats where the joints are tightly closed. Dis=-
placements of 1/16 in. to 1/4 in. were measured with each model landing on
unrestrained mat runway. Comparable data for prototype mat displacement

is not known.

Model data show that a compression wave moves down the mat ahead of
the aircraft. When the aircraft stops or the brakes are released, the

compression wave remains at that point in the runway. If other compression
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waves are pushed to the same area a longer section of compressed mat
develops. Small two-panel waves were observed to increase in number and
height with successive model landings. The weight of the aircraft pushing
down a small two-panel wave exerts a large longitudinal force in the run-
way. The weight of the aircraft on the mat behind as well as the impact
of the wheels on the raised panel would force movement of the panels
ahead. If the joints ahead are closed, waves are produced down field.
The impact of the wheels on the raised panels increases the horizontal
force on the mat causing more displacement and higher waves down field.
The impact of the wheels on these high waves provides the force necessary
to cause the large displacement measured in both the prototype and model
runways during buckling failures.

The mat action described was observed in several model failures.
Measurements of each failure showed that buckling failure occurred 10 to
15 panel widths inside a zone of 50 to 60 compressed mats. Measurements
of displacements during the Dyess failure suggest a similar type action.

It is the borizontal braking force of the aircraft that causes the
longitudinal movement leading to the potential buckling condition.
Experience with lighter aircraft (C-141A and C-130) on the Dyess test
runway suggests that they do not produce a horizontal force large enough
to buckle the mat. It is also possible that critical lengths of compressed
mats did not develop in the runway during the tests. Without prototype
displacement measurements the condition of Dvess test runway is not known.

The critical force required to produce buckling in the AM2 mat is
therefore less than the braking force of the C-5A and may be greater than

that of the C-141A. The analytical study shows that the critical buckling
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force is dependent upon the mat size and weight, joint stiffness, the
magnitude of an initial mat irregularity or misalignment and the number

of mat panels in compression.

6.1.5 Mat Runway Modificiations

For an AM2 mat runway to safely permit landing of heavier aircraft
like the C=5A, one or more of the factors leading to failure must be ¥
controlled. Longitudinal movement and joint rotation are two factors
which can be reasonably controlled without involving a complete redesign
of the mat sections.
Three mat modifications tested in this study restricted longitudinal
movement: (1) longitudinal pretensioned bands, (2) cleats attached to the
bottom of mat panels, (3) inzreased friction on the bottom of the mat.
Two modifications were studied which restricted joint rotation: (1)
the mat in a 45-degree pattern, (2) longitudinal stiffeners attached to

the top of the mat.

9;1.6 Pretensioned Bands

Model tests demonstrated that the longitudinal movement was controlled
by attaching the mats to pretensioned bands stretched the length of the
runwvay. The bands transferred the horizontal braking force to anchors at
the end of the runway behind the aircraft. No buckling failures occurred
during the 34 test landings on banded runway despite deceleration rates 3
up to 13 ft/secz. :
Tests indicated that the bands should be designed to take the full
braking force of the aircraft. Attaching the band to every IOth to 20':h E

mat was determined tc be satisfactory.
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The length of bands between anchor points is limited by build-up of
residual friction in the mat which could reduce the force in a band to
zero at one en&. If the band were to go slack, longitudinal movements
large enough to produce buckling could occur. A detailed analytical study
is required befére specific values or limits for a proutotype band system
can be established. However, a design example based on simplifying
assumptions is given in Appendix C.

In the model mat the tension bands were placed on top of the mat but

could have been placed beneath the mat.

6.1.7 Modified Friction

Tests on model AM2 mat with increased bottom friction showed there
was no significant improvement in the stability of the runway with the
Dyess~type pattern. Longitudinal mat movement was slightly reduced but
still allowed the development of a compression region and a buckling

failure. Results from the analytical model also bear out this conclusion.

6.1.8 Cleated Mat Runway

Three-quarter-in. long cleats attached to the bottom of every sixth
row of mat runway provided additional sliding resistance. Longitudinal
movement was small on the initial landings, but increased with each landing
till a buckling failure occurred. The cleats were raised then pushed down
and finally bent flat against the mat. Although the portions of the cleats
to either side of the wheel path were not bent, they were lifted out of

the ground and were not effective.
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6.1.9 Diagcnal Mat Pattern

The model runway constructed of panels in a 45-degree diagonal
pattern was definitely more stable than the standard brick-type pattern.
Deceleration rates up to 17 ft/sec2 caused no buckling. However
longitudinal displacement and distortion of the runway occurred with
each landing. With higher deceleration rates there was some tendency
for the mats to slip along the 45-degree joint. This problem would be
more severe in a prototype runway because the prototype mat has a lower
sliding resistance along this joint than is represented by behavior of

the model mat.

6.1.10 Runway with Longitudinal Stiffeners

Three lines of mat units were riveted to a model runwav assembled in
the standard brick-type pattern. The mat units were staggered so that
each transverse joint was crossed by at least two stiffeners. This
additional joint stiffness was not sufficient to prevent a buckling
failure. A zone of compressed mat developed and buckled on the fourth

landing.

6.2 Conclusions

1. Both the physical model and the analytical model are useful in study-
ing dynamic behavior of landing mats. The analytical model simulated
the response of the physical model when experimentally determined
parameters for the physical model were programmed.

2. The physical model demonstrated that on unrestrained AM2 mat runways
longitudinal displacement occurs for braking forces as low as 40%

the normal C-5A braking force.
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The buckling potential exists in zones of compressed mat formed by
accumulative displacements.

The critical force required to buckle the AM2 mat in the standard
brick-tybe pattern depends upon the initial mat irregularities and
the number of mats in a compressed state. Irregularities in the mat
surface are potential locations for the formation of bow waves. The
wave development is dependert upon the magnitude of the initial
vertical deflection and the number of mats involved.

Physical model tests demonstrated that the use of pretensioned bands
was an effective means of preventing buckling failure of AM2 landing
mat runways with C-5A landings.

Both the analytical and physical model demonstrated that increasing
the coefficient of friction on the bottom of the mat does not prevent
longitudinal displacement or buckling failure of the runway.

Cleated mats offer a practical means of preventing longitudinal mat
movement if tied down by anchors., This idea merits further study.
Physical model tests demonstrated that an AM2 mat runway placed in a
45-degree pattern will not buckle with C-5A landings. However, severe
maintenance problems would be expected with repeated landings because
of longitudinal displacement and displacement due to sliding along
the 45-degree joint.

Model tests with longitudinal stiffeners that restricted both rotation
and relative translation were not effective in preventing mat failure.
However, other patterns for stiffeners that would allow some relative

longitudinal displacement should be investigated further. A reduction
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in the relative rotation allowable at a joint before rotational
rigidity is encountered would greatly inhibit the formation of bow

waves.
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APPENDIX A

A.1 Development and Details of the Mathematical Model

A free body diagram of the first mass 1s shown in Figure A.1.

F €T, (45-3,)

q L]
173 CT 4

L
KLI(q2+§(1-cosq3))

|

L 5
KLZ(q& 3 coaq3 2 cosqs)

[} L []
CL1(q2+ 7 44 sinq3)

L

. . A L.
kV1(q1 2 sinq3) CLz(q4 d,* 3 q3sinq3+ 3 qssinqs)

L

L] L .
CV1(q1- 2 q3cosq3) sz(q1+ > inqa)

. L .
cvz(q1+ 3 q3cosq3)
Figure A.1. Free Body Diagram of the First Mass.

Summation of vertical forces results in the equation

s L L
mq, = [KV1(q1 2 sinq3) + KVz(q1 +3 sinq3)

L L] . L »
+ CVZ(Q1 + 2 q3cosq3)] +Q + CV1(q1 - E-q3cosq3) (A-1)

where the notation for time derivatives is used throughout as

2
dq1 ) ; d q, -
H
dt 1 dt2 1
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and L is the length of the element. The mat thickness is assumed small.

Summation of horizontal forces in the longitudinal direction yields

mq, = - KL1q2 - CL1q2 - CLZ(qZ-qA) - KLz(qz-qa) ~ CF(sign q2) + F

]
1
L - s s -
E +3 [- KL1(1 cosq3) CL1q3sinq3 + KL2(1 cosq3) + KLZ(I cosqs)

+ CLz(q3sinq3 + qssinqs)] (A-2)

The terms included within the dotted brackets show the effect of rotation
on the horizontal springs and dashpots. These terms will eventually be
neglected in order to simulate the free longitudinal displacement allowable
at the joint. Equating moments about the center of mass to the time rate

of change of angular momentum one obtains:

=" CTya,

o

L] . L ] L- L] -! I-_‘.
A CT2(q3 qs) CL,q, 7 sing, + CL, (q2 q4) 5 sing,

E L. L o 4o L L
+ CV1 (q1 2 q3cosq3) 2 €084, CV2 (q1+q3 2 cosq3) 7 €0Sd,

L g ) L
KT KTz(q3 q5) KL1q2 3 sinq3 + KL2 (q2 qa) 2 sinq3

193

L L . L L
+ KV](q1 2 sinq3) 5 COSqq KV2 (q1 F 2 sinq3) 5 €O8qq

L2 - . -
- (2) sinq3 [KL1 (1 cosq3) + CL1q3sim32 + KL, (1 cosq3)

+ KL2(1-cosq5) + CLz(q3sinq3 + qssinqs)]

(A-3)

The moment contribution of the Coulomb friction force was neglected in this

equation.
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Obviously, the free body diagrams of mass elements other than masses
on the ends are essentially identical. This does not imply, however, that
the so-called intermediate system parameters are equal, nor are the forces
involved by any means equal. A typical sketch of the forces acting on the
nth mass 18 shown in Figure A.2. Since each mat element is rigid and

adjoining mat elements are connected, a system of holonomic constraint

equations may be written, viz.,

L L
Y1 = q, 7 sinq3 Y2 q1 + 2 sinq3

L n
Yn = q, + 3 s;l.nq3 +ZI L Siank'1 (A=4)

k=3
KTn(q2n+1-q2n-1)
CTn(q2n+1'q2n-}}f-\
KL (q, =q +L- L cosq KTn+1(q2n+3-q2n+1)
n''2n *2n-2 2 2n=1 |
L CTn+1(q2n+3-q2n+1)
" 2 ©0%gq4)
KLt (990427925

. . L .
CL(apn"agna 0% 3 dpp-1510d5 L4 CF

L L
L 2 C089p,417 7 €OSQy 1q)
+ 7 Uon415109y044)

. . L. .
RV ¥_ Lot $2n42" 0% 7 9418109,
. I-‘— =
ov ¥ + 3 don43 8109, 44)
Kvn+1Yn+1
CVn+1Yn+1

Figure A.2. Free Body Diagram of nth Mass.
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where Yn is the vertical deflection of the left end of the nt:h mass and

N is the total number of mass elements. This constraint condition reduces

the number of independent differential equations required to specify the

motion.

Summation of forces in the longitudinal direction on the nth mass

ylelds:

mdy, = - KL (ay =qy, o) = CL (dy "dyn.5) = Kby 1 (ay, 70, .0)
.
. . . N I__‘- = .li
" CL1(Ggn"9g4p) = CF(sign gy ) = KL (L = 5 cosq, o = 5 cosqy 4)

L" cos
2 ©9%9n41
"

N L _ _
= CL, (G ap, qsindy q + 5 ppgq8ingy ) - KL L, (CL 4

L L. . _
(3 p41 81004 ¥ 2 Gop43 S1NGyn5) 1 (A05)
]
]

L
+ 2 cosq2n+3) i CLn+1

th
By equating moments to angular momentum change on the n  mass, one obtains:

. L . .
L™ = 3 sinay g (KL (ag =a; o) + CLo(9y 7qy, 5) + KL 4 (ay, 10795,)

(K

. . L S L
+ CLn+1(q2n+2 q2n)] + 2 cosq2n+1(KvnYn + CvnYn) 2 cosq2n+1 vn+1Yn+1

1) + KT

& Cvn+1Yn+1) ) KTn(q2n+1.q2n-1) ) CTn(q2n+1-q2n- n+1(q2n+3.q2n+1)

+ CT

L L L L
1 = 3 osingy (KL (1 = 5 cosq, 4 = 5 cosqy  4) +CL (5 ay  sing, _,
]

L. . L . L
t 7 dgn418indyn4q) KL L, (L= 5 cosqy g 7 5 08Ty 49)

L ° L . ] -
(7 9904151095049 3 Gpp4381n9p045) ) (A=6)
[}

a+1$%n+3 %2041

+ CLn+1
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Again it is noted that no moment is contributed by the Coulomb friction

force.

The free body diagram for the last mass is shown in Figure A.3.

KTy (490417925417
CTy (Ao 4192417 T
KL (g 41e k cosq -KQH N+
Ly (a5 qpn-2%L" 3 2N-1

CTN+142N+1

- E-cos )
2 ©°%oN41

. L L
CLy (@ Gonont 5 Gy 18408 - 4| e—s Klyr “an™ 7 % 7 €094
Ly (Qn~92N-2%F 7 9pn-18179N-1

CF s L
L. Clya1 (N 2 S2n4181n9g49)
* 7 don4181090n4
KV, .Y
KV Y N N
; CV, .Y
cvy Yy N+1 N+

Figure A.3. Free Body Diagram of the Last Mass.

Equating the summation of forces in the horizontal direction to the product

of mass and acceleration gives:

quZN == C'LN(qZN-qZN'Z) - CLN_'_1QZN - KLN(qZN-qZN-Z) - K]-AN+1q2N' CF(sign qZN)

e

+

.
‘ - 1- - KL (1= - CL,(t
1 7 1= Kiy(mcosqpy, 1) = Kly(1=cosqyyyy) = Cly(@py.r8ingyy.

)

3
. 3
+ N800y, ) + iy (Tecosqpy ) + Cly,q(qpy q8inqy0, )]
1
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Using the equation XMN = 1N32N+1 on the last mass N, one obtains

= l.‘- . . -. - . Y
Loy = = 7 810y q (Kl (grag p) +CLy (g "oy o) = Kl qapy = Cly 4dgy]

L : :
+ 5 cosqyy .y [KVYe + CVYy = KV Yokt = VW] - KInCaongmdoy-¢)
. . 4 :-- L
" ClyCQner™Ogn-1) * KTnp%ongr © ClyarGaner 1 7 7 8indgy, (K@
|

L L L L
3 COSQyy_q = 3 COSAyu. ) + CLy(F qpy y81nd,y o + 5 gy 8ingyy,,)

L L L .
+ Rl g (G = 5 coslgu, ) + Clyyy (G agyyq8indgg )]

(A-8)

Using the constraint equations, for the system of N discrete masses, each
of which has 3 degrees of freedom, there are 2N + 1 nonlinear second order

differential equations. The equations are coupled.

The 2N + 1 nonlinear differential equations of motion were also derived

using Lagrange’s equation in the form

(L)
where

9 = Generalized coordinate

T = Kinetic energy of the system

D = Dissipative function associated with damping

\Y = Potential function associated with elastic springs

Qi = All generalized forces excluding those included in D and V
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A four mass system was considered and the equations were in agreement
with those equations derived using Newton’s laws. This energy method was
cumbersome and involved numerous routine calculations, therefore it will

not be presented in detail.

A.2 Reduction of Equations of Motion to First Order

A change of variables was required to reduce the 2N + 1 second order
differential equations to 2 x (2N + 1) first order differential equations
in order to obtain a numerical solution. The generalized coordinates 9,

and the time derivatives q, were changed as follows:

-V '
q =Y .
. = ]
4G4 =1 :
1 = Y3 9 = Y2n-1
2 =.Yg qn % YZn
t ]
] ]
] ]
] -
, N = Yon-q
' S = T .
ay YZN (A-10)

Since the substitution of the above variables into the second order
equations of motion 1s straightforward, the procedure will be demonstrated
by reducing -only equation A.2 to a first order equation. The other equations

follow in a similar manner, but will not be written.

n ¥ KL (Y

n'4n CL 8

4n-1"Vanes) " in Van-4) " Flngt Vg Vanes) = CLop (V0
o

= e L i s
Y&n+4) CF(sign Yan) : KLn(L w €08 Yan-3 ¥ cosY

. L L E - L
Cly @ Van-2840%003 *+ 7 Vyngpsin¥ypgq) = Klpyg L + 7 cos¥,

4n+1)
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f n= 2, then ?zn = ?é and corresponds to 64, which is the horizontal
acceleration of the second mass as expected. As mentioned earlier, the
second order differential equation associated with the horizontal motion
of the second mass is replaced by two first order differential equations.
The second first order equation for mass 2 follows readily from the

variable transformation as

Yin ™ Yin-1
Consequently, 2(2N + 1) nonlinear first order differential equations are

obtained.
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APPENDIX B

PILOT STUDY

Preliminary to design of the detailed physical model, a pilot model
was constructed and tested. The purpose of the pilot model was to obtain
some initial insight into the problem of modeling the landing mat using a

simple and inexpensive model.

B.1 Dimensional Analysis and Similitude

For the pilot model the variables shown in Table 1 were considered.

Table B.1. Fundamental Variables Considered in Pilot Study.

Symbol Definition Dimensions
FLT
v performance (bow wave, failure, etc.) —
N number of runs to form or overrun the bow wave —_

f coefficients of friction =

A linear distances ' L

W weight of aircraft or mat F

0 density of materials FTZL.A
E stiffness of materials FL-Z
g acceleration of gravity LI'Z
v velocity L'I‘-1

p  tire pressure or material stress 2
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If X, p, and g are selected as repeating variables the following set

of dimensionless pi-parameters results. i
2

W, m, (;‘f;)(%i) (f’(:_x)(%)

Expressing ¢ as the dependent variable,
2
o L A (v P
¥ = function (EAT) (E%a(gk) (£) (E) (N)

To establish pertinent similitude design conditions between model and
prototype the three set conditions shown in Table B.1 were considered
important. The subscript m refers to the model, no subscript indicates

the prototype and the subscript r indicates the prototype to model ratio.

For example:

The requir ment that the density of materials in the model be n times
that in the prototype would be difficult to achieve. For the purpose of

the pilot model, however, similitude was only approximated for most of

the above variables.

B.2 Pilot Model Construction

A simple model, built to a scale factor of approximately 6.6, was
constructed for the pilot study (Figure B.1). The landing mat panels
were 24-in. lengths of 1 x 4 lumber, drilled and strung on nylon cords,
the cords acting as a flexible hinge between panels. The leading duals
of one bogie of the landing aircraft was simulated by two pneumatic tires !
8 in. in diameter, mounted on wheels attached to an angle iron frame.

Two trailing wheels were attached to the frame for stability. The two
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Table B.2.

Similitude Conditions for the Pilot Model.

Variable and Scale Factor

Comment

‘ (8) - (&)

o 8 ™ 1 model and prototype
r
§ operating in the same

o gravitational field

o

'§ Ar - linear scale ratio-

o B geometric similitude

&

3 Er -1 materials of same stiff-
ness in model and
prototype

wr = nz —Hf) = -Ef results in relatively

9 EX EA heavy model

g m

z g\ _ o8

) P, = 1/n c%—) = (%r) difficult to achieve

g m

Cf =1 (£) = (f)

g r m

o v2 v2

S -k 2).(2)

2 gA gA

g m

pr = same pressure and stress

in model and prototype
difficult to achieve

lead wheels were controlled by an electric brake mechanism which operated

either full on or off.

To correctly model a load of 40 kip on the bogie (480 kip aircraft)

the weight should be about 900 1b (40,000/6.62 = 920 1b). However, the

weight used was about 500 1b.

The 1 x 4 lumber correctly represented one row of 12 ft by 2 ft AM2

mat as to length and width, but was about 3 times too thick and 3.5 times

too light to model the thickness and weight of the AM2 mat.

The coefficient

of friction on the top and bottom of the wooden panels were varied using
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Figure B.1. Pilot Model AM2 Mat.

different adhesives. The joint spacing was varied by loosening the nylon
cord and inserting spacers between panels. The compressibility of the

support was varied by using rubber carpet pad as well as a concrete floor.

B.3 Results of Pilot Model Tests

(1) The failure phenomenon of the C=5A braking on AM2 landing mat (bow
waves) was duplicated in the small scale model.

(2) With the model mats resting on a concrete sub=base and the
coefficient of friction between the wheels and the top of the mat greater
than the coefficient of friction between the mat and the sub=base the bow

wave and buckling failure occurred at various locations down the runway.
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(3) When the landing mat model was placed on a compressible base
(rubber carpet pad), the bow wave normally formed in front of and close
to the landing gear. The crest of the bow wave was usually within five
to eight parel widths from the landing gear (see Figure B.1). Buckling
tended to occur at places of instability such as at a high spot under a
panel or at a warped panel.

(4) Failure did not appear to be overrunning or intersecting of the
bow wave by the landing gear as much as it was the disconnecting of panels
and subsequent collapse of the bow wave ahead of the wheels. The forming

of breakers in ocean waves is an approximate analogy.

(5) When the coefficient of friction between the bottom of the landing
mat and the floor was increased to a value greater than the coefficient of

friction between the top aad the wheels, the buckling or bow wave did not

develop.

(6) Velocity of the vehicle made no significant difference at low

speeds (up to 10 mph).
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APPENDIX C

DESIGN THEORY FOR RESTRAINING BANDS

If N bands are assumed to act together to support the horizontal
braking force of the airplane, after receiving it from the landing mats

through oand=-to-mat connections, it may be observed that

W
NR = = C.
ga (c.1)

in which R is the force transmitted to each band, and W/g is the mass of

the aircraft which is decelerating at rate a.

If b equals the width of influence of the landing gear then the band

spacing s is:

s = % (c.2)
Combining equations (C.1; and (C.2)
- (Y
or
s = Wa (C.4)
gR

The force R transmitted to the band will decrease the band tension
ahead of and increase the band tension behind the aircraft. The magnitude
of the force change can be estimated by considering a simplified section
of mat as in Figure C.1. A length of band L is assumed held between two
springs of equal stiffness K (which may be other sections of band). The

band stiffness is AE/L where A i1s the cross=sectional area of the band
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and E 1s the modulus of elasticity of the material. The force R may be i
'

applied at any general distance al from the left end. Part of the braking 4

force, R, of the aircraft would be transmitted directly into the ground.

This effect (conservatively) is neglected, as is the resistance to move-

mept because of inertia of the mats.
A J

- L' - I
i T e
P
Tﬂ+ I‘..rl'}..q Ti - -ﬂTn

Figure C.1. Free Body of Band Segment Acted Upon by Force R.

Assuming that the ends of the system are fixed and that the system
remains in tension, the length changes caused by R are equal to zero, thus

ATn (1-a) LATn aL(ATn_1) ATn-1

% + i + iE + X (Cc.5)

The letter n here represents the number of mat segments attached to the
band in length L. Using ATn +R - ATn__1 = 0 (which neglects friction

between the mats and subgrade) and simplifying,

-R[ +1]
AT = .6
- %+2 L
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AT ey

and

AT - KL (C.7)

For a = 1/2 the change in tension is always R/2 regardless of the value
of KL/AE. For a = 0 or a = L and values of KL/AE less than one, T is
still approximately R/2. Thus, as an approximation, the change in tension,
AT, can be assumed equal to R/2.

In a long airfield, however, the tension in the band could be greatly
influenced by residual friction of the mat on the subgrade. A free body
of an initially tensioned band with attached mats is shown in Figure C.2(a).
The mats are assumed to have open joints and no initial frictional reaction
on the subgrade. After several passages of aircraft to the right, friction

forces will be as in Figure C.2(b).

To To
- = —— e ————y—— ~ > g —— ———— >
(a)

Te+nF’ To -nF’
. e e e e —
Z - > —_— — —

F
(b)

Figure C.2. Free Bodies of a Single Band-Mat System.
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The tension in the mat will be altered by the number of mats displaced
and held by friction forces due to the weight of the mats.
A single band-to-mat connection may be i.olated and analyzed during

passage of an airplane. Figure C.3 shows this connection.

—_—B

To- (n-1)F'+ ATy, To-nF's AT,

F' 4

Figure C.3. Free Body of the nth Connection During Aircraft Passage.

Minimum band tension occurs where n, the number of mat connections

acted upon by friction forces, 1s a maximum, and

= - ' >
Tmin TO nF' + ATn 20

Since the band must remain in tension and ATn = = R/2 the minimum

initial tension is:

> nf! +-} (C.8)

Maximum band tension is limited by the yield strength Afy or other

limiting strength, and where n approaches zero is expressed as

R
- - - ' = -
T . To (n=1)F' + AT -1 To + 3 < Af
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Thus the maximum initial tension is

R
To max :.Afy 2 (C.9)

The maximum and minimum initial tensions can be equated, to yield

the following equations for the maximum number of mat connections acted

upon by friction.

n = Af - R (C.10)

The crosse-sectional area of a band and its yield stress will be known
and the force R can be conservatively obtained. The maximum mat friction
force nF' may be determined and used to complete the design of the band.

Suppose, f[or example, that a band 6 in. wide by 3/8 in. thick having
fy = 50 ksi is used, that the deceleration rate of a 480-kip airplane is
g/2 maximum and that four bands spaced 12 f1 apart respond equally in pre-

venting mat movement. Then R = 480(%) (%) = 60 kips. Thus
nF' = (6)(3/8)(50) - 60 = 112,5 - 60 = 52.5 kip

To = 82,5 kip

Assume that at each connection point, four mats act against the connection
of band to mat so that, for mats weighing 160 1lb apiece and coefficient of
friction of 0.5, F' = 320 1b. Then

_ 52500

320 = 164

This is the number of connections permitted. 1If there is a connection to
every 10th mat, considering mats to be two feet wide, the band length may

be 164(20) = 3280 ft long between shock-absorbing springs.
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The above analysis is simplified but 1llustrates the band behavior.
The results are conservative, since direct friction from plane to mat to
subgrade and the inertia of the mats are neglected. The band system may
be designed to serve equally well under the mat, although the model test

was conducted with the band system on top.
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