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                                 Summary

   As a  continuation  of the previous workia),  the study  on  wave-induced  vibrations

<springing> has been  presented in this report.  Model  experiments  in irregular waves

have  been  carried  out.  Full scale  experiments  of  springing  on  board  large tanker  have
been  performed.  Using  these results,  characteristics  cf  springing  have been  examined.  

'

Expressions for cornbined  stress  are  shown.  Short-term and  rong-term  distributions of

sprlnging  stress  are  also  presented. It is shown  that  the  cembined  stress  is less than  the 

'

sum  of  wav6  bending and  springing  stresses.  The  extreme  value  for 20 years  of  springing

stress  of  237OOOdwt  tanker  is estimated  about  4kgfmmZ.

              1. Introduetien

  Springing  has been investigated by  many  re-

searcbers  beth  theoretical!y and  experimentallyi)-i6}.

A  predictien of  springing  response  of  full scale

,'ships,  however,  is diMcult since  there are  still  some

,dithculties
 and  uncertainties  in estimating  the wave-

･exciting
 iorces, wave  spectrum,  damping  of  vibra-

'tien
 etc, quantitatively  by  theoretical  procedures

a.nd  model  experiments,  The  authers  studied

･springing
 by  theoretical  calculations  and  model  ex-

periments  in'the preceding  paperiO). In thispaper,

Tesults  of data analysis  of  model  in irregular waves

,anti those of  full scale  experiments are  sbown.

    2. Results of  Model Experiments in

  
'
 

'
 Irregular Waves  

'

  In the  previous  reportiO)  the model  experiments

'were
 described which  were  mainly  carried  out  in

regular  waves.  The  results  in irregular waves  are

shown  hereafter. The  i}iodel  is the same  as  was

used  in regular  wavesiO),  which  consists  of  7 seg-
'ments

 connected  by  flexible bending springs  so  as
'increase

 the  bending fiexibility oi  hurl girders.  The
mQdel  is 7 me'tres  leng and  other  particulars  are

shown  in the previous  reportiO).  The  model  is
'towed

 in the see-keeping  tank  of  Nagasaki  Technical
'Instifute,

 Mitsubishi lleavy Industrie$, Ltd. Four

,-different wave  spectra  have  been  providedi in the
-texperiment,

 i.e., the spectra  I, II, III and  IV  as
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     Fig. 2 Time  history ef  springing  response  oi

 Fig. 3 shows  the relation  among  various  stochastic

values  of  measured  springing  stress  amidships.  The

abscissa  is taken  as  VE  values.  Eis  ameanvalue

of  squared  amplitudes  of  springing.  All the data

well  coincide  with  the  straight  line representing

the  Rayleigh  distribution.
  Calculatlon of  the springimg  acceleration  in four

wave  spectra  mentioned  above  has been  carried  out
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model

     vV                    in irregular waves

            by  means  of  the  orclinary  linear randorr}

model  vibraL'ion  theory-such  as  used  by･

            Goodman-where  the  frequency  re-

  sponse  characteristics  of  springing  obtained  by  the

  experiments  in regular  wavesiO]  are  used.  Fig. 4

  shews  the relation  between  calculated  and  measured

  springing  response  in various  wave  spectra.  The

  abscissa  is taken  as  v'E  values  of  springing  ac-

  celeration  amidships  calculated  by the method  men-

  tiened above,  and  the ordinate  is taken as  the

  ineasured  maximum  acceleration.  As  mentiened  in

  Fig. 3, the  dnta  should  be  on  the straight  lines-

  i.e., the measured  maximum  stress  should  be pro-

  portional to calculated  VE''- stress-  iftherandom

  vibration  theory well  applies  to the  springing  phe-

  nomenon.  The  propertionality is not  so  well  as  is

  in Fig. 3. 0n  the  whole,  however,  the data show

  the  tendency  of  preportionality, exceptin.or  the data

  in wave  spectrum  IV  which  represents  very  rough

  sea.  The  reason  of deviation for the case  of

  spectrum  rV is supposed  to be  the  appearance  of

  whipping.  As  shown  in Fig. 2, the time history

  of springing  acceleration  shows  sharp  pulses in

  spectrum  IV, whereas  there is no  pulse in speetrum.

  I which  represents  milder  sea  states.

    In the irre.crttlar waves,  the  wave  bending  stress.

  is induced in addition  to springing  stre$$,  and  the

  combined  stress  of  both of  them  is important  from

  the  point of  view  of  lengitudinal $trength.  Table 1

  shows  the relatien  among  these  three  types  of

  stresses  in the  model  experimenL  It is seen  from

  this  table  that the rrns  of combined  stress,  Rpt{Scc),
  is less than  the  sum  of  rms's  of  wave  bending'

  stress, RMSc-,  and  sprlnging  stress,  RMScs),  and
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Tab!e  1Measuredstress  of  model  inirregularwaves
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/1.07

,equal  te the root  of  sum  oi  square  of  these two, i.e.,
RMS(c) =VRMScw)2+RMS(s)Z.  It is also  seen  that
'the

 maximum  combined  stress,  amaxco,  is less than
the  sum  of maximum  wave  bending  stress,  amax(w),

and  maximum  springing  stress,  emax(s).  Therefore
':the

 following expressions  are  derived from  Table  1.

        RMScc)=O.75{RMScs)+RMS(w}}

        Rpt{S(c)= {Rts[S(s)2+RMS(w)2}iX2
        cmax(c)=O･77{amax(s)+amaxcw)}

        amai(c)=1.07{amax(s)2+omEi(w)2}i/2

         3. Full Scale Experiment

  Springing response  has been  measured  on

scale  ship  during

The  ship,  Ship A, is a  237 OeOdwt  tanker

particulars are  shown  in Tab!e  2. Her

usually  between  Japan and  the Persian
casionally  between  the  Persian Gulf and

The  measurements  have  been

Qf  an  automatic  data acquisition  ancl

system  controlled  by  a  mlni-computer.

of  the system  and  the  measurement

reported;9)  and  ornitted  iCrom  the present
Fig. 5 shows  an  example  of  the  record

'i]rocessed
 data. This  shows  the timeipewer

 spectral  density and  the  histogram

measured  springing  stresg.  The  system

Table 2Mainparticulars  ofShip  A

(1)(2)(3)(4)

kindLppBD oil  tanker class
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matically  begin ineasurement,  data

recording  such  as  shown  in Fig. 5.

    4. Results of  Full Scale

  Table 3 shows  the frequency  of

springing  stress  amidships  (rms)
number(B}b)  measured  on  Ship A

year voyage  in ballast condition.

are  few data in higher Beaufort
expected,  there is a  tendency  that

stress  increases for higher  Beaufort
these data the  mean  value  (ps) and

deviation (s) have been  computed

number  and  shown  in Fig. 6. In

dark  spot  indicates the  calculated

ior the sister ship  of Ship A. In
Fig. 6, the  calculation  has been

H ts iai tu *k  th'mjS( za eg 141 ?

processlngand

Experiment

    occurance  of

 versus  Beaufort

   during  half a

   Though  there

  numbers,  as  is

    the  springtng

  number,  From
    the standard

for each  Beaufort

  this figure the

  sprlnglng  stress

 the upper  part of

  cairiecl  out  by

rneans  of  the  linear random  vibration  theory  men-

tioned in the model  experiment.  In this calculation.
the wave  spectrum  is assumed  to be  ISSC-spectrum,

und  the frequency  response  function of  springing  is-

tal<en  as  shown  in the  previous reportiO),  It is seen

that  this calculation  undere$timates  the  springing

stress.  Another type  of calculatien  has been  carried･

out  and  compared  with  measurement  in the  lower
part  of  Fig. 6. In this calculation  the  irregular sea.

has been  replaeed  by  equivalent  regular  waves  and

the  springing  stress  in resonant  condition  has been

calculated.  The  detail of  this  approximate  calcu-

lation is shown  in the  previous reportiO).  There  is,

nD  logical justification that  the  stress  calcuiated  in

this manner  can  be equivalent  to pt+3s  of  stochastic

stress  but it is plotted  in thelower  part  of  Fig. 6･

oBIy  for reference.  It is seen  that  neither  method

Table 3 Frequency  ofspnnglngstress  (rms)obtained by  full scale  experiment  on  Ship A
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          o
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  Fig. 6 Relation between Beaufort  no.  and

         measured  springing  stress  of  full scale

         ship  (rms)

can  estimate  the springing  stress  accurately.  A

part of  this discrepancy  is attributed  to  the  in-
accuracy  of  the frequency  response  function of  the

springing  in.actual $hips.  Another, and  probab]y

greater, rea$on  would  be the inaccuracy of  the  wave

spectrum  in the  region  of yery  short  wave  length.
Therefere  the  refinement  of  these item  is recom-

mended  in the future study.

  The  data ef springing  stress  in the service  voyage

oi  Ship  B2i), a  l53 OOOdwt  tanker,  are  also  shown

in Flg. 6 for comparison.  Mean  value  of rms

springing  stress  of  Ship B  is larger than  that of

Ship A, in spite  of  nearly  the  same  value  of  pt+3s
for both  ships.  The  difference is considered  to be
in the difference of  ship's  headings relative  to the
wave  direction. Ship  B  was  nearly  in head  seas

throughout  all the  voyages  whereas  Ship  A  en-

countereci  various  heading angles.

  !n the previous  reportiO)  the authors  proposed  the

                  Table 4 Comparison ef  springing

Vibrations (2nd repert)  23I

simplified  relation  that  the  sprmging  stress  per  unit

wave  height is preportional to the parainetre  P
definect as  follows (formula (7) in the  report),

  
Pn

 :'cbg
B2ff

 
3Bi)

 (LiW )" exp(-

 
"22

 Ld.)

                                         (5)
where  n:6

       Lw:  wave  length of  eflcountered  wave  reso-

           nant  with  2-noded vibration,

       L, B, D, d and  CL: length between  perpendi-

           culars,breadthmoulded,depthrnoulded,

           draft and  block coeMcient  of the ship.

Therelere the springing  stress  amidships  a  is given
as  follows*).

                        du
                  

o=kPl-il-
 (6)

where  k: empirical  constant,  Hb: wave  height.

  This  relation  means  that, uncler  the  same  sea

condition,  the  springing  stress  ferthe  different ship
is equal  if' the parametre  P  is equal.  In Table  4
the  parametre  Pfor  Ship A  and  B  is shown  together
w{th  their pt+3s value  of  springing  stress, which  is
regarded  as  the  practical upper  limit of  sPringing

stress.  It is seen  from this table that the  parametre
P  can  be  used  as  an  index for springing  response.

  Results of  combined  stress  measured  on  Ship A
are  shown  in Figs. 7 to 9. Relations between wave

bending  and  springing  stresses  in combination  and

combined  stress  are  presented in Fig. 7 as  for the

root  mean  square  and  in Fig. 8 as  for the  maximum

value.  From  the  figures, tollewing expressions  have
been deriyed, as  expected  by  the  model  experiment

and  partially expectecl  by the  results  of  the Great

ship

ABAIB

Lpp(m) × B(m)xD(m)

304x52.4 × 25.7

268 × 53.6x20.0

i

  d (m)l

l
   9.758.70/

Vik (knot)

*) Formula  (7) in the  previous report  has not  the

  same  expression  as  formulae  (5) and  (6) in this

  report  but has the same  meaning.  If Lth is

  replaced  by  natural  frequency  of  2-noded  vibra-

  tion and  ship  speed  ancl  exponential  function is

  approximated  by algebraic  function, formulae (5)
  and  (6) tend to formula (7) of  the  previous  report,

  when  n=4.  n  is increased by 2 corresponding

  to the model  test  in regular  waves  of  the  previeus
  report.

 stress  of  Ship A  and  Ship B

                                     .....

                              RMS(s)*)

16.516.01i

M  (cpm)

33.336.0

P
4 51l  6**)I

          i-'r"u"'
          !1.56 × lo-s            O.39
                  1

1.52xlo-e

1,03

O.47

     iO.40

 l O.55
     Ee.9sO.85

O.60O.581.03

*)
 kg/mm2**}  Beauiertno.
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RMS(c).RMS

RMS(w)=RMSofcembined

 stress

of wave  bending stress

         1 
'2

Relation between  measured

stress  and  two  components

<rm$>

< kglrnm2)
combined

of  stress

x

8 Relation between  measured

  values  of  combined  stress

  components  of  stress

LakeriG)

maxlmum

 and  two

RMScc)=O,8{RMS{s}+RMScw)}

RMS(c)={RMScs)2+RMScw)2}i/2

amai(e)=O.8{amax(s)+amaxcw)}

amaxcc)=1･05{amai(s)2+amai(w)2}r12

C7)(8)(9)CIO)

  Equations  (7) to (10) for the full scale  ship  and

equations  (1) to (4) for the model  ship  coincide

each  other.  Maximum  values  of cembined  stress

rneasured  on  Ship  A  have been rearranged  in the

following expressionsi7).

  amax{c)2==amaxcs)2+2ramuxcs)amax(w)+amaicw)2

                                        (11)

  for r='l  aunax(c)=umax{s)+amaicw)  (12)

  fOr r=:O Umaxco=  {amax(s]2+amaicw)2}i!2 (13)
  Fig. 9 shows  the correlatioll  of  combined  stress

3r

=EE2JV

 :t:gi

        e
        0

     8

  %o  e

     eo

o

e

o

   o

    
  Fig. 9 Parameter  derived from

         maximum  value  of  combined  stress  and

         its histogram

and  parameter  and  its histogram.  It is concluded

that  r is less than  1.0 and  its mode  is O.O to  O.1,

and  censequently  the maximum  combined  stress  is
!ess than  the sum  of  the maximum  values  of  wave

bending  and  springing  stress.  Fig. Ie shows  the

relation  ameng  the  measured  statistical  values  of

springing  stress  of  the full scale  ship,  which  indicates
the good agreements  with  the theoretical  Rayleigh
distribution similarly  to the  result  of the model

experiment.  These  results  give  a  temporary  ex-

pedient  for the prediction of  the long-term distrlbu-
tion of  springing  stress.

  Fig. Il shows  the  ca!culated  long-term  distribu-

tion  of  springing  stress  for which  the  short-term

ciistribution of  springing  has been tentatively as-

surnedi  as  Rayleigh  distributioni5) and  the fellowing

procedures  have  been adopted.

             Q== 2] exp  (- o2fEi)qi  (14)
                 i

where  Q: probability of  exceeding

       a:  springing  stress  arnidships

      Ei: mean  value  ef squared  amplitude  feri
       E:  2 RMS(s}z

'.OscrWL

measured
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  Fig. 11 Long  term  distribution of  springing

          stress  ef  Ship A

        t: suMx  refering  te stress  Ievel

       qi: irequency  of  stress  level i

  The  stress  level and  its frequency  for the  calcu-

lation mentioned  abeve  have been evaluated  by
Table  3. Table  3 also  shows  the  frequency  of  each

Beaufort  no.  experienced  on  Ship A. which  is nearly
the  same  as  those  oi  log records  for abeut  three

years oi  other  ship  engaged  in Japan-I'ersian Gulf
route  except  the higher Beaufort  ne,  than  8. The
long term  distribution shown  in Fi.a. . Il, therefore,
could  be compared  to that  of  ships  on  japan-PG

route.20

 years
responding

voyages  are  in ballast condition
distribution

however,
lnto  account

state)  and

  Fig.stress

 by
of  springlng

half anumberpredicted

20 years
noted,and

 nosponsether

 replaced

tion ofvalue,

  Theexpenments

be  eva!uated

stressescombined

 stress  is less tha.n the  sum  of  the  two

eomponents.  Statistical values  of  springing  stress

seem  to  have  characteristics  similar  to  these  ot

theoretical  Rayleigh clistribution in practical use.

The  expected  maximum  value  ef springing  stress

of  the  ship  is estimated  te be about  4kgfmm!.

Theugh  the linear theory  and  the  present procedures
might  be applicable  for the rougb  estimation  of

springing  response,  further investigations are  needed

to complete  the  theoretical  procedure  for the  precise
estimatioii.  Non-linearity of  wave  exciting  forces

 gl ･B sL skl}l' sl z k'e gy : ('io)                                '

 12 Extreme  value  of springing  stress  of

    Ship A

 The  expected  maximum  springing  stress  for

  eould  be evaluated  about  4kgfmm2  cor-

    to Q of6x10-e  provided  that  the  half of

                     . For the long term

     of  all  vibratory  response  oi  the  ship,

  i't would  be necessary  to have to take

      of  the higher  Beaufort  no.  (severe sea

   the  effect  of  whipping.

12 shows  the  extreme  value  estimation  of

   Gumbel's method  using  maxirnum  values

  
'
 stress  measured  on  Ship  A  for about

 year. A  return  period of  Fig. 12 means

 of  measurements.  It is- concluded  that  the

   maximurn  value  ef  springing  stress  for

   could  be near  4kglmmZ,  It should  be

however, that there  are  few  data of  springing

 cenfivrmation  of  the  regular  springing  ye-

in rough  sea  where  springing  would  be  ra-

       by  whlpping.  Then  for the  prediic-

  long  term  distribution and  the  extreme

further investigations are  necessary.

     5. Conclusiye Remarks

results  o[ full scale  experiments  and  model

      show  that the combined  stress  ceuld

      from  the  wave  bending and  springing

 by  the present procedures  ancl that the
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and  the  effect  of  whipping  should  be  taken  into

acceunt  to cover  the  all  vibratory  response  of  the

ship  in waves.  In severe  sea  state,  whipping  stress

is considered  to be more  important  for the  strength

of  ships  by  comparison  of  the  present results  with

the  stochastic  predictien  of  whipping  stress2e).  Leng
term  distribution of  springing  stress  presented  here,
however,  might  be used  to estimate  the  inHuence

of  springing  on  the fatigue strength  of  ships.
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