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CUMULATIVE DAMAGE ANALYSIS FOR HYDRAULIC HOSE ASSEMBLIES
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INTRODUCTION:
This report is intended to provide the hydraulic system analyst with
procedyire which will assist in the selection and use of high~pressur
reinfofced hydraulic hose assemblies. Many construction,l-agricultun
industrial or commercial equipment systems utilize hydraulic hose as
that are subjected to irregular cyciic pressure variations (cannot 1
approxjmated by a constant amplitude pressure cycle). This SAE Infg
Report|relates damage done by pressure cycles with the pressure-1ifg
perforpance curve for the hose assembly being evaluated, using a 1in
damage| rule to predict fatigue life similar.to that used for predict
fatigup life. More detailed information on“the subject may be found
Paper No. 880713 - SAE Test Program on .Cummulative Damage for Hydray
Assembfies. The accuracy of cumuiative damage calculations is dired
relatefd to proper measurement of the’service pressure history and
pressure-life performance for the ‘hose assembly being evaluated. Fj
selectfon of a hose assembly must’also consider installation and mai
as noted in SAE J1273.

UND:

current SAE JSTT for hydraulic hose, each style and size hoseg
d a maximum operating pressure rating to assure the user reas

1ife in a.wide variety of applications. (See Appendix A for
tion of ‘nomenclature used in this document.) This rating is
ent of.many factors, including repeated pressure cycling unde
led/1aboratory conditions at a pressure equal to or greater {
assignpd maximum operating pressure. This standard test procedure,
detailkd™in SAE J343 minimizes variables so as to provide a baseline
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2.1

2.2

(Continued):

provides basic hose construction details; SAE J343 establishes standard test
procedures - which may be utilized to develop data at pressures other than
the established test value for any hose assembly. SAE J1273 provides a guide
for selection, installation, and maintenance for hose and hose assemblies.

Many hydraulic systems will be subjected to variable amplitude pressure
cycles, and in some of these the highest surge peaks will occur only a few
times. Strict interpretation of SAE J517 indicates the use of hose with a
maxi highest peak - even
i{f that peak should occur only once in the life of the system. If [this were
done| the hose would have more reinforcement, larger outside diamefer, less
flex{bility, and higher cost than might be needed. It shouldonet He
necessary to use a hose that has over a miliion cycle capabitity af a
pressure which is 1ikely to occur only a few times in the application. HWhat
is n£eded, then, is a design verification procedure thad assures adequate

ue life for applications with variable amplitude pressure usage where
ajority of the peaks are between 100 and 200% of. rated pressuve.

cumilative damage of hydraulic hose is in many ways comparable to cumulative
damage of metal components. The design verification of metal comgonents is
done in two ways depending on whether loading is of constant amp1{tude or
varfable amplitude:

a. |Size the part cross section so the constant amplitude (maximum) load

| wi11 not produce a stress at the highest stressed area in excgss of the
material "endurance 1imit stress." This is a stress that will not cause
failure in a million cycles of loading.

b. | Do a cumulative damageCanalysis on the variable amp1itude load or strain
history to predict fatigue 1ife as is normally done to evaluate
prototype machines .in the ground vehicle industry.

In b similar manner, hydraulic hose design verification should be[done in
two| ways:

a. | Selectra‘hose assembly so the constant amplitude (maximum) pressure
during-service is less than the SAE J517 rated pressure.

b. | Do'a cumulative damage analysis with the variable amplitude pressure
life of

the product. The block diagram in Fig. 1 illustrates how both the
pressure history and the P-N curve information are the essential inputs
for this procedure.

For both metal parts and hydraulic hose assemblfies, the first method is
appropriate when the load (pressure) is known to be a large number of cyclic
applications of nearly constant amplitude. However, if the load (pressure)
involves infrequent cycling or includes only a few large peaks, then the
first method may lead to designs that are heavy, bulky, inflexible, and more
costly than need be. For variable amplitude loads or pressure applications,
it is logical to do a cumulative damage analysis to judge the adequacy of
the design.
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2.2

(Continued):

Other factors, such as internal temperature, ambient temperature, and ozone
exposure, for all intents and purposes, have not been considered in this
cumulative damage analysis procedure. Long-term exposure to extreme limits
or high levels of these elements could affect the overall hose assembly life.

USE OF P-N CURVES IN DESIGN:

A cumulative damage analysis is needed for a hydraulic system subjected to
variable amplitude pressure cycles if system pressures in excess of rated
pressure are to be in the design consideration. An approach for thip
analysis is to use the Reference P-N curve as defined in the previouply
mentiorled reference paper and shown in Fig. 2. Verification that’ the actual
hose agsembiies have a P-N curve in excess of the Reference P=N curvg is
essential. The equation for the Reference P-N curve in Fig. 2 is:

Py = PpCN)S ' Eq. (1)
where: | Py = Zero-to-Max amplitude of pressure cycTe '
N = Cycles to failure at pressure amplitude Py
Pp = Burst pressure (one cycle life)

Slope of curve on log-log plot
By using two known points on this line:

1 cydle at 400% (Burst Point)
- 200 QOO0 cycles at 133% (Impulse Point)

the values of Py and s can be fiound:

Ppl.="400 and s = -0.0902
and: |
Py = 400(N)-0.0902 Eq. (2)

Rearranged to @ more useful form to solve for N cycles at any pressufe Pa
this begcomess

" r400 11.086

"2 ]

If a different impulse point (for example 500 000 cycles at 133%) were used,
this would result in a different slope for the P-N curve. The Hydraulic
Design Analyst has the option of using other Reference P-N curves in the
analysis as long as there are data to demonstrate the actual P-N curve is in
excess of the Reference P-N curve. In addition, the analyst can increase
statistical confidence by requiring a low percentage failure P-N curve (for
example, a Byg Curve) for test data for the hose assembly being considered
to be in excess of the Reference P-N curve used in the analysis. (This is
explained in greater detail in SAE Paper No. 880713.)

Eq. (3
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In order to use this prediction procedure, a sample pressure history has to

be available.

expla

The cycle counting procedure for a pressure history

ined in more detail in the next section. The fundamental theo

is
ry for

damage accumulation uses zero-to-max pressure cycles since the P-N curve is

determined from zero-to-max test pressure cycles.

This is slightly

different

than for stress-1ife or strain-life curves for metal where there are fully

rever

sed loads (zero mean stress). It is appropriate to resolve pr

essure

cycles to zero-to-max cycles (mean pressure equals one-half of the maximum)
since any possible negative pressure must be very small compared to the "high
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damag

wherd:

This
const
event
the 1

cyclg.

value
stren
(whid
nj/Nj
summa

If a
machi
~a deg

For o

ures” generally used in wire reinforced hydraulic hose assembg

e is accumulated in a linear manner as is done for metal fati
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y —
=1 N,
D
ny

N4
J

Damage done (D = 1 assumes failure)

Number of cycles in the history at _.amplitude i
Number of cycles to cause failuredat amplitude i
Number of different amplitudes ta the history

equation and the P-N curve illustrates that when subjected to

jes. The

ue.

Eq. (4)

repeated

ant amplitude pressure cycles above~a given level, a hose assegmbly will

ually fail. The higher this constant amplitude pressure, the
ife. If the pressure is largesenough, then failure can occur

This is & burst test and-is represented by the one cycle pr
at the left end of the P-f curve and is analogous to the ulti
gth of metal parts. Damage due to a variable amplitude pressy
h has been resolved to.zero-to-max cycles) is then simply the
for all the different amplitudes in the history. When this
tion equals one, failure is predicted.

typical pressure history of a given length of time (t) (time fi
ne operation.time, not calendar time) is analyzed, Equation 4
imal fraction for the damage done. Then the fatigue life pred

Life(L) = t(1/D)

shorter

in one
essure
mate

re history
sum of the

actor is

will give

iction is:
Eqg. (5

in t

xample, if D = 0.01, one one-hundredth of damage has been done

units of time and the total expected Iife would be one hundred times t units

of ti

me for the total life.

The procedure will work with either constant or variable amp]itude pressure

histories.

the t

Fig. 1 illustrates how the P-N curve and the pressure h
wo necessary inputs for the procedure.

istory are

If the user of the procedure has

test data to demonstrate that the actual P-N curve is in excess of the
reference P-N curve, then life predictions will be conservative for the

sampl

e pressure history that is used in the analysis.
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PRESSURE HISTORY CYCLE COUNTING:

Typical hydraulic hose pressure histories are variable amplitude and are
almost totally positive pressure. Depending on the hydraulic component that
the hose may be connected to, it is sometimes possible to have a partial
vacuum in a hose. In the worst possible case, this could never be more than
one atmosphere, which is small compared to the maximum that "high pressure"
hoses normally experience, but should be avoided in system design as the
impact on useful life is far greater than a numerical relationship would
suggest. For cycle counting, pressure cycle histories will be considered to
be all positive pressures. As indicated in the previous section, the cycle
countin i ory into
zero-to-maximum pressure cycles since this is the type of pressune.dycle used
to determine the P-N curves.

A cycle |counting procedure is discussed in detail in SAE Paper No. 880713 and
suggesty the following three steps:

a. Tabylate the pressure peaks from the history and assume each .is|followed
by 4 minimum pressure value of zero.

b. A pressure peak is defined as a maximum value’ that is preceded and
followed by pressure minimums of a specified Tower magnitude ’
(thneshold). A pressure maximum that does not meet this requirgment is
not |counted.

c. Thrdshold must be selected based on engineering judgment of the|analyst.

As a reqult of the above steps, all cycles that are counted will be
zero-todmax cycles and can be used directly in the damage Equation 4. The
threshold value needs to be atoleast 35 to 50% of the hose rated preéssure to
avoid cqunting cycles that @rve small pressure undulations and not pyessure
cycles that cause significant fatigue damage. Engineering judgment must be
used to[select the threshold to make an appropriate cycle count. This cycle
counting procedure assumes the pressure minimums following significant
maximumd are zero. “This was done to keep the procedure simple, pragtical,
and condervative<but not ultraconservative when only a few large pressure
cycles dre in .the history. If, however, the service history does have a
large nymber of cycles at the largest value, this evaluation procedyre will
still gjvetthe appropriate cycle count and Tife prediction. It wil] work
with constant ampl1tude histories just as well as with variable amp]itude
histories.

An important part of the cycle counting is the ability to determine when a
maximum should be kept as a peak. Fig. 3 shows the four possible cases that
can occur. Only case one is cons1dered a valid peak and kept for the cycle
counting. From Fig. 3: _
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4. (Continued): | : ’ n L w
Ry >Tand Ry > T . _ ) LA N
Count Py : T T S

5.1

5.2
5.3

5.4

5.5

.- SUMMA2Y OF PROCEDURE TO PREDICT HOSE ASSEMBLY 4”?E

Ry »Tand Ry ¢« T

Discard P1 and V2
Keep Vi as Valley '
Consider next Peak and Va]ley

Case [ITI

Discard Py and V; o R
Keep Vp .as Valley ’ C X
Considermzext Peak and Va]ley &

P
“?H( .

Case [_V 7‘.7:' ) - :.‘ . _.‘A ] .'_ 'v{ :.-M_ “z

R] < T and Ro. < T 1 S lif,{:jylﬂr
Discard P| and highest Valley f

Keep lower, Valley.
Con51der next Peak and Valley

i

. The analyst must have data to demonstrate that the actual P N curve for“the.f
hoselassembly under cons1deration falls- above and to the right of the - =
Reference .P-N curve. _ o

BSOS
&

)

For & burst of/-400% of rated pressure and a 200 000 cycle life at 33% of
rated pressure this is:

e

e ' 11.086
Py = 400(N)-0.0902 rearranged N = {ggé] o | Eg. €2,3)

=] B

Establish a sample pressure history for the system for a known time.

Determine valid "peaks" and count the number of occurrences (n1> for each
peak value (amplltude) in the sample pressure history.

For each peak value, calculate cycles to failure (N;j) from the Referehce N

P-N curve (step 5.1).

For each peak va1ue, calculate the ratio of counted cycles (n1) and the
projected number to failure (N;j) to determine the fraction of damage for

each peak value.

e - Py Pb(N)S . |- Eq. 1)
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5.6 Total ‘all fractions of damage from (step 5 5) for total damage (D) due to
the sample pressure hlstory

,5 7 Project- the. fatlgue llfe (L) as the ratlo of system operatlon time (t) for

the sample’ pressure hlstory divided by the tota] of all damage incurred
dur1ng that t1me b

t(l/D) | B B Eq. (5)
6. SAMPLE PROBLEM FOR CUMULATLVE DAMAGE:

This sipple. example is used to illustrate the complete cumu1at1ve danfage
procedure. It shows how to cycle count .a sample pressure history, sde Fig.
4, and then calculate the damage done and predlct the 1ife of the-hode for
the sample pressure history. The example is done "by hand" sinte it |is only
a few peaks and valleys. "Real" histories would be much longer and Would
togical|y be done with a computer program that has been programmed tg
~consider the var1ous spec1a1 cases of - cyc]e counting and-choice of tHreshold.

‘Tabulate or1glnal max1mum—m1n1mum sequence as potent1al peaks and valleys.
- V-P-V-P-V-..... P-V & L
Note hijtory is essumed to start and end withoa vat]ey of ‘zero.

‘abc d e f g K i 3k 1
0120 40, 140 120 150 508160 100 110 30 180 .

“m ‘n_ o p g s t u v w o x.y
70 ]30 ]]O 170 40 80 20 110 90 110 40 150 0

Follow procedure in the previpus section and Fig. 3 to determ1ne which
potent1cl peaks w111 be counted.

For this example assume_threshold is 35%. .
Counted [peaks which result are:

b f h 1 por t x
120 150 160 180 170 80 110 150

Then for—a—hese—essembly—thet—has—a—P-N—eur¥e—4n—e*eess—e#—Re$ereﬁce—P-N
curve, use Equation (3) to calculate Nj for each P,. Table 1 shows the
' tabu]ated results for the sample pressure history.

Using Equation (4) -
‘ Ini/N; = 29.8 x 10-5
Assume pressure history is for. 0.5 hours. Then from Equation (5)
0.5 . 1679 hours
29:8 x 10-9

Life(L) =

Yo

o § (ﬁ*%l ‘éi.!,u

Ty ‘
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APPENDIX A

NOMENCLATURE:

To facilitate understanding of the concept and life calculation procedure
used in this document and in related documents, the following nomenclature is

used.

PRESSURE HISTORY:

bly).
inimums from recorded pressure vs. time data.
imMums are called peaks and valleys.
is defined as a maximum both preceded and followed by a minim
the peak by a specified amount or threshold (differential pres

it is possible for peaks to be lower than valleys in cases whe
t adjacent. Likewise, valleys could be greater than non-adja

HOLD (DIFFERENTIAL PRESSURE):

agnitude of pressure difference (differential pressure) betwee
maximum and adjacent minimum in a pressure history that is consider
signifficant by the hydraulic design amalyst. This threshold (diffe
pressjure) must be chosen by the analyst and is usually at least 35
hose [rated pressure. If both the differential pressure before and

is defined as the smallest minimum between significant peaky.

ime oriented variations of internal pressure in a hydraulic system (hose
This may be tabulated by listing a sequence of relative maximums
Significapt-mayimums and
(See section on cygle)counfling.) A

m less
sure). A
Note
re they

cent peaks.

na
ed

rential
of the
after a

maximum are equal to or greater~than the threshold, then that maximum is

defi

ed to be a significant peak in the pressure history.

SAMPLIE PRESSURE HISTORY :

A representative recording for a given length of time of the pressu
for  hydraulic hose.” Generally, a sequence of peaks and valleys f
lengtlh of time, requiring a choice of threshold to disregard insign
pressjure variations.

CONSTIANT AMPLITUDE PRESSURE HISTORY:

(See Fid.

A prefssure history where all the peaks are of similar magnitude wit

vall

Ja neart STV,

VARIABLE AMPLITUDE PRESSURE HISTORY:

A pressure history where the peaks and valleys are irregular.

RATED PRESSURE:

3.0

re history
or a given
ificant

h the

The reference pressure or "nominal design pressure" for a hose assembly from

which other pressures are based.

a
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8.

9.

10.

1.

12.

14.

15.

17.

OPERATING PRESSURE:

(Used in SAE J517) Same as rated pressure.
MAXIMUM OPERATING PRESSURE:

(Used in SAE J517) Same as rated pressure.

. MINIMUM BURST PRESSURE :

Defined as 400% of rated pressure.

BURST PRESSURE:

The actual pressure at which a hose’assembly fails when subjected tg
increaging hydrostatic pressure (see SAE J343).

SURGE PRESSURE:

(Used jn SAE J517 and J1273). A rapid and transientyrise in pressun
pressute history.

IMPULSE TEST PRESSURE:

A laboratory test pressure level to whichoa hose assembly is repeat
subjected with near zero valleys between.peaks. (See SAE J343.) G
given in percent of rated pressure and\is usually greater than 100%.

IMPULSE LIFE:

ber of cycles to failure for a hose assembly when subjected t
j for a given impulse test pressure.

slowly

e in a

dly
nerally

o cyclic

hose
istory

A procedure to calculats atigue life of 3 hose assemb b alating
pressure cycles and fatigue damage for a sample pressure history wit
given P-N curve.

&

PRESSURE-LIFE (P-N) CURVE:

The relationship between impulse test pressure, P, and impulse life,
a given type and size of hose. Can be plotted as a 1ine on a log-lo
of percent of rated pressure and cycles to failure.

h a

N, for
g chart
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18. REFERENCE P-N CURVE: -
A straight line relation on a P-N plot connecting one cycle at 400% (minimum
burst) with the impulse test point (for example 200 000 cycles at 133%). In
this form (percent of rated pressure vs. 1ife), hoses with different rated
pressure all plot with the same Reference P-N curve. P-N curves can also be
plotted with pressure units rather than percent of rated pressure. In this
form, a "family" of parallel P-N curves result for different rated pressures.
19. 10% P-N CURVE—B]O CURVE:
A H-N curve for test data where 10% failure of a population ofihoses would
ocdur. Can be used to increase the statistical confidence ofOlifle
pradiction (see reference paper #880713).
TABLE 1 - Tabulated Data
PRESSURE AS A CALCULATED COUNTED DEGREE OF|
% OF RATED CYCLES TO CYCLES N DAMAGE
PRESSURE CAUSE FAILURE HISTORY) @ EFFECTED BY| ny
@ PRESSURE i PRESSURE
Pa Nj nj nj/Nj -
(o
80 56 x 106 ] 0.178 x 10
110 16.4 x<30° 1 6.09 x 107
120 62,6 104 ] 16.0 x 10
150 52,8 x 103 2 3.79 x 10P
160 25.8 x 103 1 3.87 x 10P
170 13.2 x 103 1 7.59 x 10P
180 6.99 x 103 1 14.3 x 10P
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