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FOREWORD

Simulating the interaction of terrain, vehicle, and man is
essential to improving land mobility technolegy — a goal of thc
U.S. Army Tank-Automotive Command (TACOM) and the U.S. Army Corps
of Engineers Watcerways Experiment Station (WES). Under TACOM
contract, Grumman has been actively supporting this clffort and
has just completed the development of a mathematical model for
pneumatic tires-soil interaction = an essential element in the

terrain-vehicle~-man system — whicn is the subject of this report.

For Grumman, participation in this rrogram began in [971,
«hen the TACOM-WES first generatior terrain-vehicle-man simulation
called the "AMC 71 Vehicle Mobility Model" was completed.  This
model made it clear that once sul,-model needing improvement was the
simulation of a wheeled vehicle moving in soit soil, and, there-
fore, TACOM contracted with Grumman to develon & computorized
uedel of rigid wheel-soil interaction on the bhasis cof the plas-
ticity thcory for seil., The drawbar pull, torque requirements,
slip, and sinkage for rigid wheel calculation by the medel was

validated in an experimental program.

A follow-on program, the results of which are presented in
this report, began in 1972. Here the interaction concept 1s ap-
plicd to pneumacic tires, and a mathematical mode. 1s developed
for computing tirc performaace parameters from tire inputs (di-
ameter, width, inflation pressure, and deflection) and {rom soil
inputs (cohesicn, friction angle, and bulk densitv). This mathe-
matical mode! is the first step toward the development of a tire
performance sub-model in the AMC Vehicle Mobility Model that can
predict the spe.d of wheeled vehicles in soft soil, accurately
assess torque and fuel consumption requirements in specific mis-
sions, and be suitable for eventual application in a vehicle dy-

namic model.
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ABSTRACT

The role of tire deformation in tirz2-soil interaction is dis-
cussed, and a mathematical model is described that incorpcrates
the qualitacive relationships obtained from experimental data de-
scribing tirc defermation as a fuuction of the relative stiffness
of the tire to the soil. The mathemnatical model assumes thbot the
centerline geomeiry cf{ tires consists of straight lines and lcga-
vithmic spirals and that tonere is a certain limit to the normal
pressure that may develop beneath a tire. Thic limiting normal
pressure is a tire property and is dependent on tire inflation
pressure. Soil is modeled by 1ts Coulomb strength pairameters.
Plastic equilibrivm conditions in soil determine the interface
stresscs where the normal stress is less than the limiting normal

pressure.

Values of free param~ters in the model that determine tire
centerline geomctry were analyzed. Tire performance predictions
were compared with experimental data for a large number of com-
bination of the free parameters, and relationships wece established
for the estimation of these parameters from tire deformation mea-
surements on a rigid surface. Relationships between slip and mo-
bilized interface c¢hear stresses were established. On the basis
of the tire-soil model a computer program was developed that com-
putes tire pull and torque coefficients and the sinkage for « given
load and tire from the fo'lowing inputs: slip, inflation pressure,
tire detlection on rigid surface, tire dimensions and soil cohesicn,
friction angle, and unit weight. Alternatively, cone penetrction
data ray be used with purely frictional or purely cohesive soils.

Predictions by the tire-soil model ere valicdated for available ex-

perimental data.
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3 T. SCOPE OF WORK
3
C
>
e scope of work as described in the RiP work statement for
; this contract was the application of plasticity theory for soils
to the vroblem or pneumatic tire-soil interactisn and the develop-
3 ment of a mathematical tire-soil model for the purposc ol tire
3 performance predictions. Within this general scope emphasis was
: . . .
1 placed on the tollowing items:
it
] g Applicetion of plasticity theory methods
to the calculation ol stresses 1t a de-
2 formed tire-soil interface ]
iy | ‘!
| g Forimulation of a mathematical tire-soil ,
E 3
' model for the description of tire-soil $
interaction :
c Development of a computer program for tire 5
3
performance calculations based on the 4
mathematical model
1 3 3 | g %
o Verification of the model by comparisons 3
of predicted tire performance with avail- ;
able experimental data. 3
g
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II. TIDEAL FORMULATICN OF TIRE-SOIL INTERACTION

Theoretically rigorous simulation of physical phenomena s
illusory since the characterization of the physical propertics of
materials and the description of the natural law, that govern
their bebhavior are themselves idealizations. Rigorous solutions
¢xist only for hypothetici materials and conditions. hus, in
principle, the physical phenomenon of tire-soil interaction can-
not be treated in a theorerically rigorous manner. An ideal
tormulation would be one that would yield a rigorous solution
tor the hypothetical case that both tire and soil behave as their
material charvacterizatien postulates. For such a hypothetical
conaition it would »e possible to write a symbolic formulation
tor the problem on tne bhasis of the equations of motions and the
boundar ccaditions at the interface. A general solution of this
rroblem, however, would present a formidable task and may be re-
cardea only as the ultimate goal. Solutions of special cases
that are considerea attainable with present state of the art

methods involve the Jollowing assumptions:

£ The tir»e travels in a straight line at a
constant, low velocity

° A "stoady state' exists in the soil

® The tire load is constant — that is, there
is no interaction between tire and suspension
system

€ The terrain is even,

To formulate the tire-soil interaction for these conditions,

a tire model is needed for the calculation of tire deformation

under a svstem of applied stresses. Finite element models of tires

Preceding page blank 3
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that have been developed for other purposes would generally re-
quire extensive further development if they were to be applied to
Jhe problem of tire--o0ii interaction. While it :ould be desirable
to hdave such a model for the study of tire defermation under vari-
ous conditions occurving in tire-soil interaction situations,
finite element models gencrally require large computer capacity

and proportionate time for the computation of delormations under

a4 single set of conditions. Since in a predictive tire-soil

model such computations would be needed repeatedly because of

the iterative nature of the prediction technique, the use of finite
¢lement tire models was deemed undesirable. Theoretical considera-
tions as well as studies cf tire-soil interaction experiments indi-
cated that [or the purpose of performance prediction a rerfined finite
¢lement tire model was not necessary, and that a simple tire model
responsive to changes in soil stiffness could be successfully used.
The experimental information available on the geometry of tires in
various soil conditions and the development of the approximate tire

model are described in subsequent sections.
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IiI. EXPERIMENTAL INFORMATION ON TIRE-SOIL INTERACTICN

01 the numerous tire tests that have been performed by various
rescarchers over the years, the most valuable for the development of
tire model are those where interface stresses and tire deforma-
tions ol tires moving in soils were divectly measured. The experi-
mental data on the deflection of tires moving in soft soils and the
diveribuiion of interface stresses obtained in various WES research
projects (Refs. 1 through 6) are the most instructive available in-
formation on the role of tire deflection in tire-soil interaction
and served as a basis for the development of the tire-soil model

presented in Seccion VII.

Intertace stress and tire deflection measurements performed by
others and available in the licerature (Refs. 7 *hrough 10) were

also studiced and used in the development of the tire-soil wodel,

Dircct measurements of tire deflection and interface stresses
arc cxpensive ana time consuming, and, therefore, only few were
pectormed.  On the other hand, performance tests, without direct
geoirelry and stress measurements, have beon performed for a wide
varlety of conditions. Since tire geomccry changes with the slip
rate, those tests where performance was measured over a range of
ship offered the experimental information necessary for the develop-
ment and validation of the tire-soil wodel. At our request, WES
furnished data on such tests (Ref. 1l) on various types of tires.

A summarv of tests performed at WES in Yuma saud is given in Table 1
and of those performed in Buckshot clay in Table 2. Results of
these tests are shown graphically in conjuncticn with the evalua-
tion of predictions by the tire-soil model. More detailed informa-
tion on the performance of these tests is contained in WES Technicaul

Report No. 3-66h (Ref. 12).
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. TIRE

PERE ORMANCE

TESTS PERFORMED AT WES

. . - Tirc % 1% Cone Trdex
Desf{pnation (pst) (%) (1b) Cradient
= SN ||| S - el _,__‘-’1“.‘.)__|
147774 Y 00-14 16.5 15 4.0 8.y
2 Lhe-8114A 6.00-16 5.0 35 240 16.4
3 Lha=81mA £.00-1, 7.0 25 ' 240 13.5
4 164 -8 184 h.00-16 10.0 25 450 40
5 10 - 808 4.,00-7 13.0 25 210 13.0 |
6 16.-A.BA +.00-7 26.0 | 75 340 oL
7 Lhi -+ 30A 00 7.0 ! 35 220 19.6
j
8 164-8324A 4.00-7 21.9 ? 35 440 19,
9 165-3A 9.09-1a 14.0 ’ 25 840 18 .F
10 1h5-A 9.00-14 5.0 25 220 eV
11 1657 9 00~ 14 9.0 ¥ W40 o
K 1h3-74 9 00-14 6.0 25 210 19,9
1 1h5-94 900 L 11.e 25 620 3.0
1. 155-104 Y0014 10.0 35 <70 3
i% 1hs-114A 4 .0u-14 3.7 35 225 13.0
16 199-124 9.00-14 7.5 35 570 A
17 155158 L.00-29 1) 25 225 14,4
IF LE5- 16 4.00-20 26.7 25 490 1.0
1¢ 1519y 4. 00-20 } 15,2 25 330 16,1
20 A TN CH0- 0 15.0 35 460 6.4
2o 155 - w0020 67 35 230 25t
bE B2 A 4. 0010 1.0 35 340 25,6
23 1 =234 4.00-20 6.° | 35 240 3] I
g 1T, i “ﬁ“m.: 15,0 25 £ 50 5.0
28 Inhi=s7A w, 00-1 a,5 25 460 1.
2f 1h5-37.0 t.00-14 ] 700 25 220 15.0
27 1h5-114 9.00- 1. ! £.50 35 650 3.7
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b The WES tests were performed in either the purcely frictional
i Yum: and or in the purely cohesive Buckshot lay. [I[n order to
t bevr some information on tire performance in frictional-cohesive §
E soils, results of tire tests performed in two clayey soils at the ;
: National Tillage Machinery Laboratory, Auburn, Alabama, wevre ob- E
P 4
tained (Table 3). These tests were performed for comparacive 3
: . . ) ) - o = ) 1
i studies rather Lhan performance prediction, and, therefore, evalua- ;
i g
) . ~ . . )
: tion ol <o11 strength had to be done in retrospect from the avail- |
: able data on soil pronerties. £
&l j
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[V, GENERAL APPROACH TO THE DEVELOPMENT OF TIRE-SOLL MODEL

In view of the paucity of specific deflection and stress
measurements and the wide varicty of tire performance tests,
the following approach tc¢ the development of tire-soil model was
nursued.
£ Establish qualitative relationships between tire
deflections and soil properties and between in-
terface stresses and inflation pressure

Modify the validated rigid wheel-soil model

o

(Ref. 13) so as to allow for the influence of
rire deflectior and inflation pressure. In the
model allow for e sufficient nunber of free
parameter . o that existing deflection and

stress measurements may be matched

& Analyze the cffect of free parameters and other
assuinptions on tire performance, modify assump-
“ions, and establish values for [ree parameters
on the basis of comparisons with tire performance

tests

g Establish methods to determine model parameters

for prediction purposcs.
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V. TIRE DEFLECTION IN SOI'T S501LS . d

The tire deflection measurements carried out at WES under 13

various loading and soil conditions and reportcu in Refs. 1

3
through 6 have conclusively shown that dellection of the cross i
section of tires as well as that of their centerline in the plane

of moticn is dependent on both the stiffness of the tire and the {

' stiffness of the soil. The deflection of the cross section of

ity W i Ll S e~ AE

the tire i1nfluences tire performance primarily by enlarging the
width of the contact area. This width change is within a narrow

E rance, its lower limit being the width of the unloaded tire and

its upper limit the width of the tire loaded on a rigid surface. 1

e

These limiting widths are generally available or can be easily

measured; the width of a tire loaded in soft soil may be estimated

RO

from these limits with sufficient accuracy. Since the proposed
tire-soil model is a two dimensional one, effects of transverse 1

deflection are considered only by changes in width. |

The deflection of the centerline of the tire in the plane of
motion determines the average inclination of the contact area to

the horizontal and thereby influences tire performance profoundly.

The inclinazion of the contact area acts as if the tire were
£ to climb a slope. For a rigid wheel the average inclination of
the contact area is the angle bisecting the entry and exit angles
and may easily bz in the range of 10 to 20 degrees. On the
other haud, = very f[lexible tire may flatten out appreciably so

that the contact area becomes almost horizontal. The inclination

m——

of the contact area affects the pull coefficient directly, approxi-

Lol

' mately by the value of the tangent of the angle of the inclination.

ket =
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The above considerations show the imporiance of center lince
scometry inoa tire-soli model. The experiments perflormed at WES
show the variation of centerline geometry with slip, soil strength,

and intlation pressure. From these cxperiments the following

qualitative conclusions were drawn.

The centerline geometry of a tice is affected by slip, infla-
tion pressure, and soil strength. The combined effect of tire and
soll stitfness may be graphically represented as shown in Fig. 1.
Tire deformation is negligible, and the tire behaves as a rigid
wheel it tne tire stiffness is great relative to that of the ground.
In the other extreme, tire deformation is comperable to that on a
rigid surface if the stiffness of the soil relacive to that of the

tire 1s great.

Another finding related to the geometry of centerline is that
the resultant of normal stresses at the tire soil interface nasses

through the centerline of the wheel axle (Ref. 4).

:

Thesc qualitative relations defining the cffect of tire and

ikt 30

soil stiffness on centerline geometry were the basis for the de-

velopment of the tire-soil model.
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Dellection

Sinkage

Schematic Representation of Tire-Soil Behavior
(Based on WES Experiments)
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VI. STR¥SSES BENEATH A TIRE MOVING IN SOFT SOIL

Tire deflection affects tire-soil interaction not only by its

¢ fltect on the geometry of the contact arca, but also by relicving
the stresses that would develop in the soil if the interface were
undelormable.  Stress measurements at the tire-soil interface con-
firm this latter cffect and give an indicacion of the magnitude of
stress relief,

Tire-soil interface stress wweasurements at WES were {irst

made on unyielding surfaces with sensor placement in the unyield-
ing surface (Ref. 5). Results of these measurements are of in-
terest for tire-so0il interaction studies because stresses measured

on an unyiclding surface represent the upper limit of stresses

that would develop In a soll that yields relatively little under
tice load. The general pattern of stress distribution observed
in these tests shoued a center portion in the contact area with
tairly uniform stress distribution and stress concentrations,

called "edge stresses," at the perimeter of the contact area.
These edge siresses are related to the sidewall stiffness of the

tire, while the ragnitude of the average center portion stresses
is related to the inflation pressure of the tire.
Measurements of interface stresses in soils were

also madec
by VandenBery and Gill (Ref. &).

These measurements, using smooth
tires, indicate a stress distribution pattern similar to that ob-
served on unyicelding surfaces. The magritude of the uniform pres-
surc in the center portion depends on the inflation pressure and

is generally somewhat higher.

Freitag c¢t al. (Ref. 4) investigated the distribution of nor-

nal stresses in the contact area of both towed and powered tires
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Intlated Lo various pressures. Tests, carrvied out in both sond

and clav, indicated that the maximum normal Sstress in cach case

excecded only slichtly the inflation pressure,

Krick (Rerfs. 9 and 10) weasurcd both normal and shear stressces

on the intertace of both rigid wheels and Lires in o sandy  loam.,
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Normal stresscs

measured at a deformable tire interlace clearly
showed the cffect of pressuce reliel when compared with rhose ob-

. i amicng. ]

tadned with ripid wheels,
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VII. CONCEPT OF TIRE-SOII. MODEL

The deformatrion and stress measurements discussed briefly in
scetion V6 indicate the complexity of the tire-soil interaction
problem,  The shape of the tire and geometry of the contact arca
depend not only on the properties of the tire, but also on the
properties ot soil and on the loads applied. The stresses mea-
surcd in the contact area are far from uniform; stress concentra-
tions occur at the edges of the contact area. Obviaisly, all
these variations cannot be considered in any workable tire-scil
model, and simplifications are required. An appropriately sim-
plified model often yields sufficiently accurate results, as many

computational methods in enginecering demonstrate.

To decide what simplifications can be undertaken in a model
without jeopardizing its accuracy and usefulness, it is expedient
to consider the tire as a free body and to assess the effect of
possible simplifications on the performance of the tire. The edge
stresses In the contact arca, as experiments indicate, are sym-
metrical both crosswise and lengthwise. This symmetry allows one
to consider average stresses across the tire width without any sig-
niricant loss of accuracy. Likewise, edge stresses may be smoothed
lengthwise and the resulting torque, load, and drawbar pull still
may be reasonably close to the actual values. Conversely, it is
important to duplicate the deflected shape of the tire and its
orientation to the ground swrface as closely as possible. In the
summation of the interface stresses for the computation of drawbar
pull, the inclinecion of int-rface elements relative to the ground
surface cannot be neglected. NDepending on the inclination of the
element, normal stresses on the interface yield a component (plus
or minus) in the direction of the drawbar pull that may or may not

be significant relative to the component of shear stresses.
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The tire=+ob 1 mode ], onceived on the basio ol these con-
siderations, iIs shown in Fig.o 70 The essential leatures ol che
code]l arve as vollow: s The tore is ansumed to Bave a constant width
in both the undetormed and deformed states,  The stresses across
the tire width are assumed to be uniform so that the tire-soil in-
terdction problem can be treated as two dimensional. Tire deforma-
tion is represented by the shape of the tire in the center plane in
the direction of travel., Tire shape is assumed to be the same in
all parallel plances The centerline gecnetry iIs assumed to consist
ol two curvilinear segments scparated by a lincar or [lat section.
It 1Is assuned that the tire starts to delorm ahead of the entry
nyle ; and rcaches its original form past the exit angle C
o« shown in Fig. 2. The curvilincear scpments are losarithmic
cpirals with the radii decreasing according Lo the following re-

ratlonship

0
r =R e @)
vhere
R = radiuvs of unloaded tire
r = deflected radius

= constant
= central angle

o " initial central angle

The cffect of tire deflection on soill reaction is represented
in the proposed tire-soil model in two ways: Soil failure condi-
tions as detcermined by plasticity theory govern the interface nor-
mal stresses in a front and rear failure zone. Deflection of the
centerline affects the magnitude of these stresses; this cffect is

taken into account by using the deflected geometry as boundary
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ondition i the namerical computation,  Furthermore, in the model

is as=umed that tire deflection limits the normal stresses that

may arise ar che intertace. This idea was originally proposed by :
Ckker oo Jane i for o towed tire model (Ref. F4) . The magnitude %
‘aic Toadting pressure depends on the inflation pressure and i
ar iriness. In the proposed tive-soil model the Timiting ?
Pressare onsidered as o rece parameter whosce value is to be ;
cstablished by oo parametric analysis of experiment ol results. The ]
v o1l shear stresses penerated by the applicd torque is implicit 4
in the dee L e R L BnE S vy ol the slip linc tields and the 1
dassociited  nteriace norma resses depend on them.  The normal §
stress of the inner end the rear failure zonce equals the limic- ;
In. pres-ure Dy - Lf the risc ol the normal stressces in this zone j
: is rioder o or o slow because of the applicd shear stresses, the ?
ML R ne cooends urther toward the front zone, and the zonc 3
;
Counitors norma! o stresses where the soil is not in faijure con-
: dition i+ reducec oy entirely climinated. In such —ases the tire-
: coil odel be come . o omilar Lo the rigid whecl-soil 1 odel. ;
l The key carure of the proposed tire-soil model is the deter-
; mination of the constant in Eq. (l). This constant dctermines
) the curvature of the logarithmic spiral and is a measure of tire ]
i defle tion.  As discussed in Sccetion V, tire deflection in soft

soils depends on the relative stiffness of the tire to that of the
soil. Tire stiffness depends on the inflation pressure, while soil

stiffness is directly related to the strength of the soil. The

cocfficient in Eq (1) should reflect the combination cffect
of tire and soll stiffness. In the mathematical formulation of

the model this is accomplished in the following way: The arc length
of the interface of the forward failure zone depends on both the

limiting pressure and the soil strength. In strong soils the rise
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of the normal stresses is steep, and the limiting pressure is

reached over a short arc length; whercas Iin a weak soil a longer
b 'l

g
l arc lenzth is needed to reach the same limiting pressurce. It

F soil conditions arce the same, the arce length depends on the Timit-

b ing pressure; low limiting pressurce will result in swall are length,
E while bigh limiting pressure will result in long arc lenpth. Thus

!

; the arc length of the forward failure zone is governed, at least

qualitatively, by the same interrelationship that governs tire de-

flection according to the experiments illustrated schematically in

: Fig. 1. 1In order to introduce this interrelationship into the

mathematical formulation of the proposed tire-soil model, a de-

flection coefficient, ¢, 1is introduced that defines the shorten-

e

ing of the tire radius by deflection at a speciflied central angle,

(a(), as rollows:

E
E
|

r = ¢R . () g

. . . . j

The coefficient is calculated for any given ¢ value f[rom ;

5

Eq. (1). By this mcthod of calculation, depends on the arc &

length of the front failure zonce and vweflects, at least qualitatively, 3

the desired interrelationship between tire defleciion and soil stiff- 4
ness.  In the development stage the angle g to which Eq. (?) re- 1
fers was considered as a free parameter. The analysis of tire per- 1
z

formance experiments showed that good simulation can be achieved if i
.= 0.5 d is assumed, f

i

@

;

4
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VIII. DEVELOPMENT OF MATHEMATICAL TIRE-SOIL MODEL

The concept of the tire-soil model Jdescribed in Section VII
takes into account, at least qualitatively, the interaction c¢f-
feets between tire and soil evidenced in various cxperiments.  In
the mathematical model it was necessary to express the interrela-
tionships quantitativeliy and check the validity ol these relation-
ships against experimental data. The first step in this direction
was to write a computelr program for the model and check whether the
model was capable of duplicating experimentally determined center-
line genmetrics and stress distrivitions. In this matching pro-
cedure, the as yet undefined [ree parameters were sclccted by trial
and error. While the assessment of whethcr an acceptable duplica-
tion of the experimental data was achieved was somewhat subjective,
this trial and error exercise was alco useful in obtaining a [eel
for the effect of the variables on the vire geometry and stresses.
In many cases it was found that close duplication could bhe achieved
by various combinations of the free paramecters, pointing to the
possibility of reducing the number of free parameters in the mathe-
matical model. The basic elements in the computer program used in
this development, such as the subroutine for the calculation of
slip line “ields, were essentially the same as in the final program
for the performance prediction presented in Appendix B, but aany of

the iteration prcecedures were operated with manual intcraction,

Although the computer program in the above development stage
with its capability to duplicate experimental data was valuable in
itself for the analysis of tire-soil interaction, for the purp-sse
of tire performance prediction it was necessary to establisnh its

general validity and develop relationships amonyg the free and input

parameters and methods to determine the input parameters from available

Preceding page blank 25
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intormation on tire and soil tor the prediction ol performance.
since experimental intormation on tire-soil interaction that
covered a wide range of conditions and a numier of tire types was
linited to tire performance data, a method was devised to utilize
“hese data {or these purposcs.  The computer program at this

stare established a multivariate relationship between tire per-
rormance and a number of free and input paramcters. The problem
was to iind value for these parameters so that trhe experimentally
determined perforwance data be matched for all conditions tented.
The available cxperimental data listed in Tables 1 and 2 repre-
sented 30 difrferent conditions; cach of the 35 tests <ontained
Load, pull, torque, and sinkage data at several values of slip. The
orputer time requived to compute the performance parameters for
the possible combinations of free and input parameters fer ecach
slip racve in the 3 tests on the PDP-10 computer was cconomically
prohibitive, and recoursce was made Lo the use of minicomputers f[or
this purposc. In an independent rescarch project of the Rescarch
Department methods were developed to run relatively large programs
on minicomputers by storing segments of the program on disks and
bring sclected portions into the core when nceded (Ref. 15). As a
result of this operation and the lower computation speed available
with minicomputcrs the running time is about two Lo six times
longer than on the PDP-10 or similar counuters, but the cost of
computation is minimel. The program was easily adapted to the ve-
search department's NOVA 800 minicomputer; the main program and the
subroutine consticuted two segments that the core was capable of
accommodating. The longer running time was of no disadvantage in-
asmuch as loops for the desired variations of parameters were in-
corporated into the program, and the extended program was run over-

night without any supervision. This way performance calculations
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were made Tor over 15,000 combinations of the parameters without

incurring costs other than minimal depreciarion and maintenance.

Even though the use of the minicomputer ride an extensive
analysis of the program feasible, it was desirable to reduce the
number of combinations of the various paramcters as much as possi-
ble. To this end it vas decided to allow variation of certain
paramcrers only if no combination of the otier parameters yielded
satisfactory resuvlts. This restriction of the variation of the

parameters involved the following assumptions:

© The -~ and . angles (Fig. 2) were assum<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>