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    Dynamic penetration test was investigated theoretically and experimentally,

from a standpoint of the driving equipment, ie., rammer, driving rod and driving

point etc., and not from the foundation soil penetrated by the driving point.

Fundamental equations were introduced, which give strains created by the impact

at the supported end, as an application of a longitudinal vibration problem of
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a straight bar, in which one end is supported elastically, and the other is struck

by a rammer longitudinally. Many factors affecting penetration resistance may

be explained; for example, effects of rod length, rammer weight and its drop

height on exerted strains at the end of the rod. Laboratory experiments were

undertaken to show the correctness of the fundamental equations, the resu!ts

of which have been in close agreement with the theory.

                  Part. I TheoreticalInvestigation

                      1. Fundamental Equations

    The dynamic penetration test can be regarded as an impact problem of a bar,

where one end is supported elastically and the other is struck longitudinally by

                a rammer, when the foundation soils are assumed to be
                elastic. The soluti6n of a similar kind of problem with one

                end fixed, has been given by Boussinesq and St. Venant,

                the details of which are fully explained in the references 1),

                2) and 3). By an addition of a following boundary condition

                at x=O, in Fig. 1,

                               EA 0U =pu
                                   ax

                to the case of the fixed end, instead of zL ='O, at x:='O, the two

                functions of longitudinal stress wave, F(at+x) and f(at-x)

                can be acquired in the same manner as in the special case

                of the fixed end, in which;

                    E==Young's modulus of elasticity of a penetration rod

  JEzfidfuuadaha" A=sectionalareaoftherod
    Fig.i. z{=elasticvertlcaldispiacementintherodatadistance
  Longitudinal C from the supported end as in Fig. 1
  impaetofrod. P=forcenecessaryforproducingunitdepressionat
              x=O in the elastic body which supports the end of the rod in

              place of the ground soil. This material will be referred to as

              a k-body hereinafter.

    F(at+x) =stress function in the elastic rod, travelling downwards from

              B to A in Fig, l
    f(at-x) ==: stress function in the elastic rod, travelling upwards from A to

              B in the same figure

           t==time measured from the instant of impact by the rammer

          a=propagation velocity of stress wave in elastic materials
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               ::= J/VErg , where g is the acceleration of gravity and r is the

               density of rod material, while compression is assumed to be

               negatlve.
    When the two functions of the stress wave are obtained, the strain at

any point and at any time may be calculated as follows;

                       6u                          == -f' (at-x)+F' (at+x) (1)
                       Ox

The stress and the total force created by the impact at the point and at the

time are accordingly calculated as E aZC and E/I .a.lt..

                                   6x                                               Ox
    Origin41 forms of the fundamental functions fand F are different for each

vibration perlod as seen in the references 1), 2) and 3), and also the equations

for the strain due to longitudinal impact are different for each period of

vibration. The periods of vibration a£ c:=ntLRI are divided as follows, substituting

Tl for c into equation (1);

    1-a the earlier part of the first period (1-R)<T<(1 +2), which corresponds

         to the time interval from the arrival of the first downward stress

         wave at point C in Fig. 1, until the reflected longitudinal wave reaches

         thepointforthefirsttime, .
    1-b the later part of the first period, (1+R)<T<(3-R), which corresponds

         to the time interval from the arrival of the first reflected wave at

         point C, until the second downward wave of longitudinal vibration

         reaches the point C in question,

and in the same manner for the second and the third period,

    2-a the earlier part of the second period, (3-2)<T<(3+2);

    2-b the later part of the second period, (3+2)<T<(5-R);

    3-a the earlier part of the third period, (5-2)<T<(5+R);

    3-b the later part of the third period, (5+R)<T<(7-2);

and so on. The vibration periods of the stress wave at the points x =O or

x=l can be obtained by placing 2=-O or 1 into the above periods, although

3<T<3 in the earlier period 2-a for 2==O means T=3 and it gives the displace-

ment u or the strain aU at the instant of T:=::3.

                    Ox
    The strains exerted by the impact at any point C in Fig. 1 for each period

are as follows; the process of determining the original functions of f and F

will be omitted here, because the detaiis are fully explained in the references

of 1), 2) and 3);

    1-a (1-2)<T<(1+R), the earlier part of the first period
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         aOxU=--ilil･e-a･e7("-iYm . (2)

   1-b (1+2)<T<(3-2), the later part of the first period

         oaxU={IiZ[(Mea-e-ct)e-(Tu'i)lnb-MeP.ermki(Tri)] (3)

                                                  '
   2-a (3-2)<T<(3+2), the earlier part of the second period

         ggg = -IllZ[(Adea-e-a)em(rmi)!m-M(A4+2a)e-cr･e-(r-3)int

             re27Mn e7cr･e-('-3)!M･(T-3)+[MeC2mR)kl-AdeP}erklCT-')] (4)

   2-b (3+2)<T<(5-2), the later part of the second period

-gSt-:=:-IliZ[(Mea-eu")e-(T-i)!m-M2((1+liiti)e-a+(2cr-1+16-9qSq2)ea]en(T'r3)ien

     +2M(Merrrve-a)e2(T-3)1',b.(T-3)-M.eP.e-kl('Ti)

        m
     + M2 Ie-P - (1 +16-9qS q2 + 2p) ee]e-ki("-3' + 2klM2ePe-ki(rn3)･(T-3)] ( 5 )

   3-a (5-2)<T<(5+2), the earlier part of the third period

g--l;i- := {Iill [(Mea-e'cr)e"(Tuni)/m- M2((2cr-i 16-q3 q2) ea + (i + kt )e'tt] e-(fm3)!m

    HAOenev(1Ii2qq+),q2+121q-+q4,92cr+2a2]e-('-s)im

    +M2'-iltllr(ecr-Iiil)re-cr)em("m3)i"t･(T-3)-4tl)tilz2e-a(-3iq-+qg.8+a]erm(rms)im.(.-s)

      2M2    - 2･e-"eTCr-fi)IM.(T-5)2-Me8.e-ki(T-i)
       m
    + A42 (e-p - ( 1 +1 6tgg: q2 + 2p) epi e-ki(r-3)

    +A42e-P･(1fl12iqq;,91-2BM]eLk`('-5'+2klM2･ee･em"i(T-3'･(T-3) (6)

   3-b (5+2)<T<C7-2), the later part of the third period
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= -liL [(A4k7or -e-cr)e-('ui)i"b - M2I(2cu-1 +1 6imqqt q2) ecr + (1 + t-S il.) e'a) e-(T-3)!"b

 -M2((1fl12qq+),92+1219-+qtq2cr+2cr2)eHcr-(1+20(ql++5q#7i+rm2q?,93+q`

 -t(lqha+q4)qli--ecr+2cr2M)ect]e-(T-5)im-.Stl-Adi(-i.e"a-eq)e-(rHS)inb･(T-3)

 --il,iM2((glq--+qg2+ev)e-a-(-2tl9=+qgi-crM)ea.leT(r-s)i"b-(T-s)

 -27Mn,2(e-a-Mea]e-(T-s)!m.(T-s)2-A(fep.e-ki(T-i)

 +M2(e-p-(.i+i6-..q.g+,g2+2p)ep]eneke(r"3)+M2((iIii2gq"),Jq2-2pM)e7p

 -(!+299i++5ag71+-2q?,q3+9`+ftitl--2:9,･p+2p2M)ep]e-th`(rus'

 +2fellt42ep･e-ki(TL3)･(T-3)+M2I(kl.4(.-i-2:)q,+4klpM)e6-2klA{fe-P]

  xe-kl(TLS).(Ttu5)-2kL'l2M3.e･B･eukl('rm5)･(T-5)2] (7)
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      Fig. Z. Strain-time curve for centre of rod.
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where

             a:=:2kn (dimensionless)
             P:=:2fel (dimensionless)

             fe=P!EA (cm-i)
            m=:G!rAl (dimensionless)
            q=klm (dimensionless)
            G = weight of rammer (kg)

            M=(1+q)1(1-q) (dimensionless)
            V ==: velocity of rammer at the lnstant of lmpact (cmlsec)

    Fig. 2 is an example of straln-time curve for 2=O.5, m=2,5 and g=10.

    In the various problems of dynamic penetration test or pile driving, it is

necessary to know how much stress or total force is exerted by the impact at

the point of the end of the rod and not at the other part of the rod. If strains

are determined, stresses and total forces are easily calculated as mentioned before.

Then the strains at the supported end can automatically be obtained by placing

a==P==:O in equations (2) to (7), as follows;

    1. 1<T<3, the first perio(l

    -g--teq={I;LM2[2(qi(Iiils9-,)e-(rHi)!m---:?l･}---e-ki(Tri)] (s)

    2. 3<T<c5, the second period

    -ggtgt--==-Ilt;M2[2(qi(litzii/f)e-cf-i)io'b+61!:g2er(v-3)!m+mE9+q)em(Tm3)!m･(T-3)

          --Lil･;ii---e-kt(r"')-6gilli:q,2e-ki(T-3)+2kie-ki(T-3)･(.-3)] (g)

    3. 5<r<7, the third period

oO
." = -l; A(f2[2(qi(li)g)eT('hiynb +6gl:g2e'(rr3)i"b +i9g li51q;)Ii3-Oqg3); 2q`e-(T-s)!ni

      + 4q e-(T-3)h,b.(T-3)+.8q+32tuqnv2+8q3e-(r-s)lm.(r-s)

                               m(1+q)(1-g)2        m(1+q)

      +-fitlz,-2-iq-q)e-(r25)!"b･(T-s)2--i4..e-A:i(T-i)H6glgg2e-ki(,-,)

       10q+54q2+3093+29`e-nt(Tms)+2kle-ki(T-3)･(T-3)

            (1+g)(1-g)3

      +2kl1?112Z-s+i9re-ki(T's)-(T-s)-2kzl2A4ermki(T"s)･(T-s)2] (lo)



    TheoreticalandExperimentalInvestigationsonDynamicPenetrationTestApparatus 151

    4. 7<T<9, the fourth period

oO
." = ¥ M2[2(91(li)Y)e-('ri)im + 6g::g2e-(v-3)!?n +10q {15-4-qq2)li2q; 3);2q`.-(r-s)f"t

      +14q+202g+588q3+404q`+70q5+2q6e-(.77)lm
                  (1 + q) (1 - q)5

      +.(lq+q)erm(T-3'im･(T-3)+;q(1++32qg/21+-8i9)ie7(T-s)im･(T-s)

      +12q+144I2(l22q8)li+-lqg,4q`+12q5eT(T-')im･(T-7)+;,i.i(41q=q-)em(rTs'/""･(}-5)2

      +4q;z#(81q;/ )1,2q3efi(T-')im･(r-7)2+38n9z,((11-2Iifl;)i),em('-')!"b･(T-7)3

     - 1 e-ki(.rmi)- 6q+2g2e-kt(.T3) 10q+54q2+30q3+2q`e-ki(,-,)

        M 1-q2 (1+q)(1-q)3
     rm14q+2o2q2+588q3+404q`+70q5+2q6e-nt(r-7)+2kleuki(rrm3)･(T-3)

                   (1+q)(1-q)5

      +2kllllli9ilii,-92e-ki("Hs)･(T-s)+2kll+289+(1102qq+),28q3+q`e-ki(T-7).(.-7)

     --2k212A4e-k`<T-5).(Trms)2-2k2122+16q+14q2emki(T-7).(T-7)2

                         - (1-q)3

     +4k313 3(1(itq;i, e-ki(T-7)･(T-7)3] (11)

    By the equations (8), (9), (10) and (11), the strain at any given moment,

hence the stresses and the total forces at the elastically supported end can be

calculated, when weight of rammer, drop height, rod length, mechanical proporites

of rod and condition of k-body are given,

             Z. Comparison with the fixed end problem

    Boussinesq and St. Venant have given the following results of the strains

at x=O in the problem of longitudinal impact of a bar with a fixed end:

    1. 1<T<3, the first period

    (6a:Zc{)...,=-2{IiZe7(rM')iM . ･ a2)
         k=oo

    2. 3<T<5, the second period
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    (oaJZct),=,t=-2-IIiZ[e-('r-i)1"b+e-(T-3)lm-727te-(v-3)lm･(Tww3)] (13)

         k=oo

    3. 5<T<17, the third period

    ( oO:tct )...o= - 2 {IIZ Ie-(t-i)i"' +e-(r-3)/m +em(TLs)lm - £ e-(tm3)!"t.(T-3)

         k=oo
              -74neM(T-5)IM'(T'-5)+72n,e'(TM5)IM'(TH5)2] (14)

    4. 7<T<9, the fourth period

    (glit).=o:=::-2-IIiZ[e-(v-i)!'"b+e-(ru3)/m-t-eJ(T-5)im+e-(r-7)/m-7?zen(r-3)/m.(T･ww3)

         k=co
              - 4 e-(rrms)/,n.(T-s)-.Se-(v-7)lne.(T-7)+ 2.e-(r-s)lm･(T-s)2

                "Z "Z 77Z"
              +79t,eu(r-7)i"b･(T-7)2-374tz,e-(fH7)!"e.(T-7>3} (ls>

    Substituting k= oo, which means at the same time q=' oo, into the equations

(8), (9), (10) and (11), the above four equations are easily obtained and this

shows that the equations (8), (9), (10) and (11) are applicable to general cases,

while the equations (12), (13), (14) and (15) are applicable to special cases.

                         3. Strain calculation

    Fig. 3 shows some strain-T curves for 3 kinds of m and q, which demonstrate

the functions of m and g in each case. In the horizontai direction, the curves

show the function of q which is proportional to the elastic property of the

k-body. q is klm as defined before, but it can be transformed as follows;

                        9== klM = kl rSil ==k rGA

    When the weight of the rammer and the dimensions of penetration rod

are known, q is proportional to k, and thus q may be considered to be pro-

portional to the elastic property of the k-body. On the other hand, in the

vertical direction of Fig. 3, the curves demonstrate the function of m, which

is reversely proportional to rod length when GlrA is constant.

    From Fig. 3, it may be said that;

l. The duration of impact becomes longer, as the value of m increases, and

shorter, as the value of q increases. The impact ceases at the instant when
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           Fig. 3. Strain-time curves for several combinations of m and g.

the strain changes its sign from compression to tension.

2. The impact strain jumps soon after T==1 or 3, but not exactly at T=1

or 3, whereas in the case of the fixed end it jumps exactly at T=1 or 3 to

              2V                  , as clearly seen in the equations (12), (13) and so on. Thisthe extent of
               a
shows that sudden changes of stress occur at the time of the arrival of each

stress wave having a downward direction in the case of the fixed end, and

afteritinthecaseoftheelasticend. '
      ,
3. The travelling distance of the strain wave before changing its direction

becomes shorter as the value of m decreases and that of q increases.

4. The peak values of the strain become larger, as the values of m and q

lncrease,

5. While m is smali, the maximum value of strain occurs in the first
period, and its absolute value is the same for a given value of q, irrespective

of the values of k, l and m, where q is kbn as stated before. The time of

its occurence, however, becomes later as m 2ncreases. These are very interesting

andareexplainedlater, ･
6, As the value of m increases, the maximum strain takes place in the second

M=2
g=4

m--2
gg4o

m=2
Z=40o

.t

4

m=1
Z--4,

m=1
e-4o

M=1
=4eo

2 4

m--･o･s

e=4
m=e･s
f-40

m--a-5
7-4oo
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or third period. The value of T which gives the

combinations of m and q is shown in Fig. 4.

    The characteristics of strain curves in the

Venant's fixed end theory are minutely described

csle,

i

maxlmum

case of

in the

strain for various

 Boussinesq and St,
reference 3).

s

"

v -

4.

4･

3･5

3･O

2･5

2･O

1-S

1･O

ip"2･S

' m - -

2･o

l･6

la
ci"tR

"rk
la
Nts' 9 Q" ym"

1･2S

1･0

0･8
o-6

O･3

oil h

O.10,2a5aSa712 J5-110 2ososo7olea2oo3ao see1uamua

Fig. 4. Values of :, which give the maxlmum strain.

    What is usually required in a practical dynamic penetration test is the

maximum strain created by the impact at the elastic end. These maximum

strains can be obtained in the followlng two manners.

    Strain in the first period

    It is easy to find a peal< value within this period, and if this value is

larger than that for the second or the third period, it can be regarded as the

maximum strain for one assumed condition of dynamic penetration. A peak
value for the first period of vibration can be calculated by the equation (16),

which can be obtained by differentiating the equation (8) with T and rendering

the result of the differentiation zero.

        (oO:ZcC-)... = ll[ (12+qq e-i:-}iq'og i{nv2-a-A4eui"iogiT?rq] (16)

              1<r<3
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The value of T whlch gives this strain is also acquired as follows:

                         T=1+M log 2 (17)
                                1+g                                         1+q

    The strain by the equation (16) will be the maximum for the whole period

of impact, if it is larger than the peak strains occuring in the successive periods

of vibration. The equation (16) shows that the strain in the first period is

a function of q only, when V and a are assumed to be constant. Then it may

be concluded that the maximum strain at the elastic end, when it occurs in

the first period, is independent of rod length l, since g is kGlrA as shown

before, and independent of l.

    It is also clear from the equation (16) that the maximum s£rain, When it

appears in this period, is the same for a certain value of g, irrespective of the

values of k, l and m, as stated before, insofar as the values of nz and q are

less than a certain magnitude.

    The equation (17) shows that the time at which the strain jumps is not

at T=1, but a little after T=1. Numerical calculations for the second and the

third period also show that the strain jumps after T==3 or 5. If q==oo is

substituted into the equation (17), T is calculated as a unity an(l it corresponds

to a special case of the fixed end.

    Strain in the second or the third period

    It is not easy to obtain a peak value for the second or the third period,

and the trial method of calculation is only applicable to these higher periods,

while the peak value for the first period can readily be obtained by the equation

(l6).

    Fig. 5 shows the maximum strain curves for various combinations of m

and g and the bottom curve of them corresponds to that of the first period, which

is independent of rod length under a certain condition of m and q. For example,

when m is less than 2, the maximum strain is independent of m, insofar as g

is less than 8.4. The curves which branch out from the bottom curve belongs

to the second period, and the greater part of those for m=3, 4 and 5, also

belong to the same period, whereas a portion of these curves contains the

vibration of the third period, in which g has a comparatively smaller value.

Numerical calculation has shown that the maximum strain had not appeared in

the fourth period insofar as the values of 7n and q in Fig. 5 are concerned,

    The characteristics of these curves will be explained in Part II with the

discussions of the experimentai test results, while experimentation was not

undertaken on wave velocity a, and this term is shortiy explained.
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                          Fig. 5. Strain-m,qcurves,

                                                             '
    Effects on the strain at the end of the rod due to wave velocity a are

those affected by the mechanical properties of the rod material, namely Young's

modulus and the density of the rod itself. Then it can easily be understood

that this term has almost nothing to do with the dynamic penetration test,

because the values of E and r do not vary insofar as only one type of test

equipment is used during the investigation. But in pile driving problems, several

kinds of materia} are used, and so this term must have a significant meaning.

It may be predicted from Fig. 5 that steel pile can transmit impact forces to

the end of the pile far better than concrete or wooden piles under the same
coridition of impact,

                  Part. II ExperimentalInvestigation

    Laboratory experiments were undertal<en to show the correctness of the

fundamental equations concerning the basis of dynamic penetration tests or pile

driving, from which the present author expects to draw some conclusions on

various factors affecting the test results of dynamic Penetration or pile driving.

    As it was previously mentioned, the foundation soil is assumed to be elastic,

and so in this experiment some elastic materials which were called 1<-bodies

were used as an elastic support of the rod in place of soil which would be

penetrated by the sounding rod or driven by piles.

pt
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   Theoretical and Experimenta! Investightions on Dynamic Penetration Test Apparatus

                   1. Test equipment and methods
    (1)Rodsandrodsllpport '

    Three kinds of rods were prepared as shown in Table 1, from which

general purposes of the investigations on types and properties of driving

can be seen.

                          TABLE 1.'1Test Rods
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the

rod

Series
Desig-･
nation Lengthandjoints Weight Diametre Section Material

e

2e
P 2xe

equalto

W-Series
ineach
deslgnation

mm
IO.48

circuiar

dvawn

pipe

steel

3e
3xe
4xe'

e :I:l2e 1

2xe
-t

mm
10.48

circular

solid

bar

steeiL 3e

al'trtfrt

3xe
:

4xe
-

e

2e
,

w 2xe --

equalto

P'Series
ineach
designation

mm
Ie.48

civculav

solld

bar

steel
3e
3xe
4xe

    Rods of P-Series were made of steel pipe with an outside diameter 10.48 mm,

whereas those of L and W-Series were made of round steel bar with the same

diameter. When any discussion is made on the effects due to the types and

properties of rods, the P-Series will always be taken as a standard, because

a penetration rod in common use is not made of solid bar, but of steel pipe.

    Rods of LSeries, when they have the same designation as P-Series, are

of equal length to the P-Series, but differ in weight; for example the rod

lengths of both P and L-Series with the same designation 3l are equally 299.4 cm,

but the weight is 1,206 gr. for the P-Series and 2,020 gr. for the L-Series. From

this, the effect on the measured strain at the end of the rod due to the weight

of rod can be examined.

    On the other hand, rods of W-Series are of equal welghts to the P-Series,

when the designations are common to both P and W-Series, but different in

length; for example the length and weight of W-Series with the designation

of 31 are 176.8cm and 1,202gr. respective}y. This might indicate the effect

due to the length of rod.
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    There are four lengths of rod in one Series, which are designated as l,

21, 31and 41. Moreover there are 2 types of rod in one length for one Series

of rod, for example 21 and 2xl, with the exception of the one assigned as

standard with the designation l. The rod with the designation of 21 and 31

have no joints, and are in lengths 2 and 3 times the standard length l, whereas

the rods of 2×l, 3×l and 4×l have several joints, but they are exactly the
same as the corresponding jointless rods, except for the screw joints. From

this, the author intended to examine some effects on the strain at the end of

the rod due to the existence of joints.

    Several rods are shown in Photo. 1; from left to right W. I, W. 21, W.

31, L. 21, P. I, P. 3×l respectively, in which the first letter shows the series

and the second shows the Iength of rod and whether the rod is jointed or not.

    Test rods were supported by rod supports as shown in Photo. 2 at one
to three points according to each length of rod to prevent transversal vibration

and to hold the rods in an exactly vertical position. The part of a rod support

                                 whichtouchedtherodwas made

.

ee

-¥

I'2s

nyta

ee -tgs#

PhoGo. 1. Test rods.
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frictionless to

placement for

           carefully

permit a free vertical

a rod during impact.
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ee

i.'
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ee
,twy-

ue-
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Photo. 2. Rod support.
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    (2) Rammers and knocking

    Four cylindrical rammers were

weights were O.25, O.5, 1 and 2kg.

varied every 10cm from 10 to 50 cm,

    Photo. 4 shows the knocking

whose guide rod and surface of contact

with rammer were carefully made to make

the impact by rammer transmit completely

to the test rod.

    The heights of these rammers were

made equal for the convenience of their

manipulation in which the operator drop-

ped successively a rammer from the height

of 10 cm to 50 cm, using the marks on
the stem of the knocking head as a guide.

    (3) K-body
    The value of k, which is related to

the mechanical property of the k-body,

may be calculated as follows:

    k=-P .-. 1.E'A'=E'.a'.-!
        E,4 E.,4 l' EA l,
,where E', A' and l' are Young's modulus

of elasticity, the sectional area and the

    To make the value of k large, it is

oi E' or A' of the k-body, or to decrease
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    3. Rammers.

  head

     prepared as shown in Photo. 3, whose

    respectively, and their drop heights were

       and were operated manually.

   head,

'I.ee
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        Photo. 4. Knockinghead.

Iength of the k-body respectively.

 necessary either to increase the values

  the values of E or A of the rod or
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the Iength of the k-body l'.

    To make it small, E' or A' must be made small, or in another way E, A

or l' must be made Iarge. E and A, however, were fixed as stated before,

since they are Young's modulus and the sectional area of the rod. Then E',

A' and l' of the k-body are the only variables which can produce a value

for k.

    Two materials were selected as the k-body, one of which was a block of

steel in a cylinderical form, whose modulus of elasticity was assumed to be

2.1×106kglcm2. This was of course regarded as the larger va!ue of k, which
would correspond to firm foundation soil. The other material was a block of

rigid polyvinyl chloride, whose Young's modulus was determined by a test as

8.4× 10`kg!cm2 as shown in Fig. 6. This material was intended to be a repre-
sentative for a smaller value of k, which would correspond to soft foundation,

Photo. 5 shows the k-bodies of all kinds mentioned above.

sve

4eo

soo

?g 2oo

gvr ..

1

///'!-/ff.)2'

Z"o,

,,s
z,fr"s{･
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.tny/t2:+'//d
Xa

pt.l,.7･//1/i/!1/vv

'-t,/i;.,tftltlll!ll(.//

ntoJlE'=B･64x!O"igltmi

･･ 2"=7.61,,
tiS-=B,vae
.･4ny=S･/5.
-St,=S･75-

MeanE'=s(t/xto"V/cnt'

1

///t7'

raao 2VOO

                "szrdmrx/oLo
              Fig. 6. Stress-strain

    Referring to the sectional area

the stress transmission from the end

area of the k-body is made much
a large va}ue of k. On the other

smaller for the opposite purpose

reason of which is that buckling

sidered diflicult to make such a slender

these difliculties, the sectional area

of the rods for the L and W-Series,

/

satze nvo stzao 6oao 7aaa

curves for rigid polyvinyl chloride.

 of the k-body, it becomes dithcult to analize

   of the rod to the k-body, if the sectional

  larger than that of the rod for obtaining

  hand, it is not desirable to make it much

to the forgoing one on the value of k, the

in the k-body may happen and it was con-

     block stand exactly vertical. To avoid

 of the k-body A' was made equal to those

   which was A=A'=O.863cm2. The rods
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          y"-. .' --

'

n a

of the P-Series had different

for one kind of k-body, since th

    As to the length of the

In general, a smaller value

For obtaining a smaller

which makes it diMcult

other helps. For practical

equipment, these three lengths

    The k-body made of
of rigid polyvinyl chloride

values of k for each k-body

                                             161

                          '     tt tttt tt .t  ' ''L. 't '" 1't .
   '                    tt                  . t tt/        '
                 tt

                       -,    i'l sg'i 'i ..

      ttt .  '    '
  '               ,"/.
               '

     Photo. 5. k-bodies.

    values of k from the other two varieties of rods

     eir sectional area was different from the others.

  k-body, three lengths of 5, 10, 20 cm were prepared.

  of k is more difllcult to obtain than a larger one.

value of k, the length of the k-body must be large,

to Iet the k-body stand exactly vertical without any

   purposes and convenience of the experimental

     were chosen.

 metal with 5cm length was named M-5 and that
  10em in length was called V-10 and so on. The

   and rod are shown in Table L.

  TABLE 2. Values of k

Material

 Steel

 Vinyl

1

/

1

1

l" (cm)

 L)O

 10

  5

 LJO

 IO

  5
/

"
/

/

1

P-Series

O.050,15

O.100,30

O.200,60

O.O02,OO

O.O04,OO

O.O08,OO

L, W-Series

  O.085,79

  O.171,58

  O.343,16

  O.O03,42

  O.O06,84

  O.O13,69

    The
designed

end
tool

of the

with

 rod was connected carefully to the

an H shaped section, designated as

k-body with

 H-body as

a specially

shown in
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Fig. 7. The thickness of the part of the H-body which connects the end of

the rod with the top of the k-body was made as small as possible, so as not

to disturb the transmission of strain and not to deviate from the assumed

boundary conditions Qf elastic support. Photo. 6 shows the V-10 k-bocly and

other equipment under test.

e
"

T
R

rod

rats

ras

2t

pt5
ma8

g
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RL

kS S-.t=l

A-AacSf

Fig. 7. H-body (unitinmm). Photo. 6. k-bodv under test.

TABLE 3. Values of m and q for rv[-s

Series

P

Desig-

natlon

l

21

31

41

L

W

l

2t

31

41

l

21

31

41

  k
(cln 1)

 l
(cm)

kl

O.343

 tJ

 JJ

 l)

 96.5

198.C)

299.4

396.(}

33.11

67.95

102.74

132.46

G=2kg
72Z L q

G=1 l<g

in ql

G=O.5kg G=O.25kg

11t q "'t 1 q

4.938

L).5001

    1
1.657

    l
1:)34i
    ]

163.5

17u.7

170.8

163.5

2.469

1.250

O.8L)9

O.6L)5

81.8

   1
85,4

85.4

85.4

1.L)35

O.625

O.414

O.313

O.201

 JT

 lt

 rt
L

96.5

l98.0

L)99.41

396.0

19.36

39.72

60.06

77.43

O.201

 Jt

 1)

 t)

 59.3

118.5

177.9

237.L)

11.90

23.77

35.69

47.58

3.063

1.499

O.991

O.766

59.3

59.5

59.5

59.3

i
1 1.531

O.750

O.495

O.375

29.6

L)9.8

LJ9.7

L)9.7

1

`

L
/

O.766

O.375

O.24S

O.188

5.013

2.497

1.665

1.253

/

59.6

59.41

59.4

59.6

2.507

1.248

O.833

O.624

29.8

29.7

29.7

29.7

1

s 1.253

O.624

O.416

O.312

40.9

42.7

42･}.7

42.7

O.617

    1
O.313

O.L)07

O.157

2- O.4

21.3

21.4

21.4

14.8
   l
14.9
   l
14.9i

14.9･

14.9

14.8

14.9

14.9

O.383

O.187

O.124

O.094

7.4

7.4

7.4

7.4

O.627

O.312

O.208

O.156

i

,

1

7.4

Z4

7.4

7.4
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    The values of g for every type of test rod and three types of k-body (M-5,

M-20 and V-10), are shown in Table 3, 4 and 5 respectively, in which these

three cases of k-body are repeatedly used in the following discussions of the

test results.

                  TABLE 4. Values of m and q for M-20

G--2kg G=11{g G=O.5kg G--O.25kg
Series

Desig-

-11atlOll

k(Cm-1> l(cm)

lel

-j g mlq ml g m lq

       l

      21
P
      31

      41
   l'

l o.os6

i"
11 Jl

I
  )t f

 96.5

198.0

299.4

396.0

8.28 4.938 40.9

16.99 2.500 42.7

25.69 1.657 42.7

33.11 1.234 40.9

2.469

1.250

O.829

O.625

L

l

21

31

41

i
O.050

 tl

li "

i" 1

 96.5

198.0

299.4

396.0

 4.84 3.063 14.8

 9.93 1.499 14.9

15.01 O.991 14.9

19.36 0.766 14.8

1.531

e.7so

O.495

O.375

W

i

1

l

21

31

41

i o.osoi

I )1 1
     l

1"
j･ "

 59.3

118.5

177.9

237.2

 2.97 5.013 14.9

5.94 2.497 14.8

8.92 1.665 14.9

11.90 1253 14.9

2.507

1.248

O.833

O.624

20.4

21.3

21.4

21,4
   I

1.235

O.625

O,414

O.313

10.2

10.7

10.7

10,7

0.617

O.313

O,207

O,157

5.1

5.3

5.3

5.3

l

7.4

7.4

7,4

7.4

O.766

O.375

O.248

O.188

3.7

3.7

3.7

3.7

0.383

O,187

O.124

0,094

1.9

1.9

1.9

1.9

7.4

7.4

7.4

7.4

1.253

O.624

O.416

O.312

3.7

3.7

3.7

3.7

O,627

O,312

O,208

O.156

1.9

1.9

1.9

1.9

TABLE 5. Values of m and q for V-10

G==21{g G=1kg G==O,5kg G=O,25kg
Series

Desig-

,llEltlOn

k(cnl-1) l(cm)

lel

,?4 q "z
lg m[ q ??z l g

P

l

21

31

41

l O,O07

     i  "1/1 l
1'i1"Il･ ,, ,
l

 96.5

    1
198.0
    11
299Ai
396.0 ii

O.661 ii

1.356 /'

2.051l

2.644I

    1
4.938 l 3,26

2.500i 3.39
    l
1.657I 3.39

1.234     3.26

2.469

1.250

O.829

O.625

1,63

1.70

1.70

1.65

 1.235i

 O.627 li

     )
 O.4141
     1
 O.313 :･

     li

o.si6il'

    li
O.848 li

    'O,849 ii

o,s28 i･

    i
O.617i
    I
O.313l
    I
O,207

    1o.i57 i'

O.408

O.425

O.425

O.415

L

l

21

31

41

Wi
I

l

21

31

41

    L
O.004i

 "i    lt
 " l･

 )1 l
    I

 96,5 11 O.386

198.0 O.792,
         'I
299.4 1.198

396.0i 1.544

    i 'l3.063i 1.18 ,1

1.4ggi1.19 lil

    t 1/o.ggl
l 1.19 liii'

O.7661 1.18
    i

o.oo4[

 ･･ li

 "i
    I

 "i

 59.3

118.5

177.9

237.2
1

O.237i 5.013

o.474 1 2,4g7

O.712 1.665
    j1i'

O.949 1,I 1.253

    l

   I
1.19 i

L18 I
1.19 i

1.19

1

/

1.531

0.750

O.495

O.375

   ･1o.sg l/l･

   i1"
   1O.59･
   l
O.59 il･

O.ss ii

    i
O.766'

O.375

O.248i

O.188i
    1
    /

    ll,
O.296 ii

    I
O.297 i,

O.297 ･l
o.290 ii

o.3s31

O.187'

O.124 i

,

O,094.

O.148

O.148

O.149

O.145

'j

2.507

1.248

O.833

e.624

O.59

O.59

O.59

O.59 i,

'1[

Ii

'

1.2s3 ,i

    i
O.624 li

O.416I

O.3i2i

O.298 ii

    t
O.296 ili

O.297 il'

O.296 Ii

    11

O.627

O.312i

O.208i
o.ls6I

O.149

O,148

O.148

O.148
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    (4) Base material

    In the introduction of the fundamental equations, it was assumed that the

k-body should stand on rigid material in which no deformation might occur.

It follows that the material on which the k-body stands should have an infinite

modulus of elasticity, but such material can seldom or never be found. At the

same time it should have a cornparatively large mass to resist impact and to

show no displacement. Two materials, stone (10 × 10 ×6 cm3, granite) and hard
steel (equal in size to stone, carbon content O.6%) were chosen for this purpose,

since it was found dithcult and expensive to prepare such a material that had

a much higher degree of elasticity than steel and in addition had a suficient

mass. (Photo. 7 and 8>.
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                 size and about 150 kg

in weight. This andesite was expected

to add mass to the base materials and

was cemented to a rigid floor of the
laboratory.

    The test on the stone base was
named A-Test and that on the steel base

was called B-Test. Granite is lower

than steel in modulus of elasticity by

one tenth to one third. It might natu-

rally be expected that the test results of

the B-Test should be larger than those

of the A-Test, because the boundary

conditons of the experiment in the B-

Test were closer than the A-Test to the

assumed condition, even though by a
littleamount. Itmightalsobepresurned

that much smaller values of strain would

be obtained in the A and B Tests than

those calculated theoretically. These

condition of the basement vL'ill be

    These base materials were fixed by

surface completely smooth and horizontal

37 × 51 × 26 cm3 in

Mre Shrtvn tZage
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   Fig. 8. Schematic diagram for

          measurlng equlpment.

certain epoxy resin, making thelr

upon a massive stone of andesite,

       Photo. 9. k-body holder ancl H-body.

   Iosses or discrepancies partly due to the

discussed later in detail.

      The k-body was made to stand pre-
  cisely vertical by two transits set roughly

  at right angles and was situated exactly

  on the base material by an adjustable

  k-body holder as seen in Photo. 9.

      <5) Strain measurement

      Fig. 8 shows a schematic diagram for

  the measuring equipment of impact strain

  which consists mainly of a wire strain-

  meter set and a cathode ray osciloscope.

  There are some other methods of measur-

  ing impact strain 4), 5), but the above

  mentioned instruments were decided upon,

  since they were not diMcult either to
  prepare or to operate and furthermore they
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£ould be kept in good working condition as they were operated only in the
laboratory, where the air was rather dry and the temperature did not change

much during the test.

    Strain gage

    As seen in every reference book in elasticity, the frequency of the longi'

tudinal vibration is a!21 in the impact of a rod, one end of which is freely

supported and struck longitudinally on the other, whereas it becomes a/41 when

the rod is fixed at one end instead of the free support. In the present problem

of the elastic support, the frequency may be estimated to vary from a!21 to

a/41.

    The propagation velocity a of elastic longitudinal waves has approximately

a value of 5,OOO m!sec for steel and the length of the shortest test rod in this

experiment was 59.3 cm of unit length l in the W-Series. Then the maximum

.frequency in this test might be calculated as 2,170 to 4,330 cps.

    The strain gages used in this experiment were K-1 by the Kyowamusen

                                              ss
                                       /2 f2-
                   y se
                   "ts {
                                     g`ige d,,v&trg "etbts,{ggige

                                 Fig. 10-1. Position of gage atintermediate point.

                                           (P-Series, unit in mm)

                                              5S-                                           l2. 2o-- 20

                                   st
                                        gqge gage Fig. 9. Position of gage at rod enCL.

        CP-Series,thesameforL, Fig.10-z.Positionofgageatintermediatepoint.
        W-Series, unit in mm) (L, W-Series, unit in mm)
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Fig. 11. Names and number of gages for each rod.
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Co. with a length of 1.95cm, a resistance of 120 9, a factor of 2 and a paper

base, A strain gage with a paper base is said to have enough fidelity to

vibration frequencies up to 50 to 100 Kcps 6), 7), hence this type of strain

gage may be regarded as having sufficient ability in turning the strain exerted

by the Iongitudinal impact into unbalanced electric voltage.

    Fig. 9, 10 and 11 show the details of the positions, names and the number

of these strain gages which were applied to each rod. The strain gages of

No. 1, 2 and 3 by which the strains at the end of the rod were intended to

be measured, could not be adhered to the real end, as seen in Fig. 9. This made

it necessary to convert the strain measured by the existing gages to the sought-

after strain at the real end. For this purpose, the theoretical strains at the

points where the gages were adhered, were calculated for various combinations

of m and q by the equations (2) to (7) and comparing these values with the

theoretica} ones at the end, the coefficients of correction for all the rod series

and the k-bodies were obtained as shown in Table 6, A measured strain

multiplied by a corresponding value･in Table 6 would give the amount to be

added to it to acquire the real strain at the end. The variations of these

coefficients according to the values of m and g are very interesting, but they

were not included in the present paper, because it was considered that they

had no dlrect relations to this investigation.

    The straln gages at the intermediate points were used to examine the effect

of the joint on the strain to be measured at the end of the rod. The inter-

mediate points of adherence in the P-Series were placed slightly farther apart

from the joint than those in the other two series to avoid the welded part of

the screw jolnt as shown in Fig. 10-1.

    At the end of the rod, three strain gages were set, whereas only two were

used at the lntermediate points of the rod, the reason of which was that the

strains exerted at the rod end were far more inportant than those at the

intermediate points in the present investigation. The strains were measured

independently by each set of gages at one position of the rod and the mean

values were taken.

    Bridge head and switching unit

    Bridge head (Photo. 10) was a Wheatstone type for DC current and the

2-gage-method with a dummy gage was applied to remove the effect of

temperature.

    As shown in Photo. 11 (second from the right), a switching unit was used

for connecting strain gage and strainmeter to each other continuously with 8

elements.



TABLE 6. Coefficients of Correction (in%)

Series

    il
Desi.a"

    ii
nation li

Metal k-body

M-20 :
1

M-10 M-5

:
1

Rarnmer weight (kg)

2 1IO.5
 1

O.25 '21 1 fo.5

 1

P

!

j

l

21

31

41

rl

i
1.9i
  1
1.si
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Photo. 10. Bridgeheads

Co.

                  Photo. 11. Meabunngc{ppdratus

Strainmeter and cathode ray osciiloscope

A strainmeter MS-02 made by the Matsushita Communication Industrial

was used, the specifications of which shows;

1) rangeofstrainmeasured 1or3to10,OOOxlO-6

2) accuracy 3×10'e3)frequencycharacteristics DCto10kc(-3db)

4) amplification 32db
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    The range of the theoretical strain from the impact was calculated as 1.0

to 3.3× Vla, which would reach 280 to 2,100×10-6 when the propagation
velocity a was assumed to be approximately 5,OOO m!sec and the rammer velocity

V at the instant of impact was considered to be 1.4 to 3.1 mlsec for 10 to 50 cm

drop heights of the rammer, based roughly on the formula of V2gLl. If the

strain to be created should decrease to 114 of the theoretical value due to

various losses, the range of strains to be measured would be 70 to 500×10-6
and so the MS-02 strainmeter was regarded as suflicient for the purpose of

this strain measurement in its sensitivity and range.

    The fidelity to the vibration frequency of this strainmeter could also be

considered as suthcient for this test as discussed previously. The MS-02

strainmeter is shown on the right in Photo. 11.

    The specification of the cathode ray oscilloscope CT-510A by the same

manufacturer was as follows'
                           ,
    1)sensitivityofthemaximumverticaldeflection O.OIVdclcm
    2)frequencycharacteristics DCto50kc(-3db)

    3)screendiameter 130mm
    4) sweep range lsec!cm to O.3ysec!cm
    It is shown in Photo. 11 (the third from the right, with the recording

camera). The most important points of interest in this apparatus were that

this oscilloscope had a high sensitivity in vertical deflection and was equipped

with a DC amplifier as was in the case of the MS-02 strainmeter.

    Recording Camera

    A Canon III Camera and X-ray 35mm film were used. The photo-
oscilloscope unit CO-133-W by the Canon Camera Co. was also used as shown

in Photo. 11 and was found to be highly satisfactory.

    The view of the complete apparatus is shown in Photo. 12.

    (6) Method of observatlon

    The knocking head, test rod and k-body were so made as to stand exactly

vertical by the two engineering transits as mentioned before. Strain gages,

bridge heads, switching unit, MS-02 strainmeter, CT-510A cathode ray oscillo-

scope and camera were properly connected and carefully adjusted. Whereupon

a certain known strain was inserted into the oscilloscope by appropriate mani-

pulatibn of the strainmeter, which was recorded as shown in Photo. 13-

    The magnitude of this calibrating strain was decided so as to be slightly

larger than the expected maximum strain in one set of the tests, which were

found by the trial test on the largest drop height.
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    For one gage, the rammer was continously dropped 15 times by manual

operation, at the rate of 3 rounds of 5 blows each, in which one round was

initiated at H=10cm and terminated at H=50cm, during which the camera
was left open. The sweep range of the oscilloscope was so adjusted that the

vertical deflections exerted by the above mentioned 15 blows were completely

caught in one film. Each deflection by one blow did not have a curve for

strain-time such as those in Fig. 3, but rather a single vertical line. The curved

line corresponding to each condition of impact might be obtained, if the oscillo-

scope spot should properly be swept so as to coincide with the frequency of

the longitudinal elastic wave, but it was not necessary to determine the exact

vibration curves, because the present purpose of the investigation was to measure

any maximum cornpressive strain both at the end and at the intermediate point

of the rod under various conditions of impact. This method of measurement

has saved much time and expenditure.

                        Photo. 14. Camera reeord.

    The 15 vertical lines in the lower part of Photo. 14 were the electric

signals proportional to compressive impact strains created in the rod, which

made it possible to determine the magnitudes of strain by both measuring

their lengths from the horizontal zero line which can be seen on the brilliant

band in Photo. 14, and comparing these with that from Photo. 13, in which

the magnitude of strain was known.

    At the end of the rod, strains were observed by 3 gages in regular order
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as stated before, and thus at least 9 values of strain were obtained for one

height of the rammer drop, while 6 values were taken by 2 gages at the

intermediate point.

    The microreader in Photo. 15 had been used for measuring the deflecting

length of the spot from the zero line, in which the magnifying ratio was about

2.5 times and it was ascertained that the instrument did not produce any dis-

torted projection.

ewee

                         Phot). IS. Mieroreader.

                            2. Test Results

    Some of the test results are shown in Table 7 to 12. Those for the end

of the rod on both 2l, 3×l, 4×l of the A-Test and 2×l, 3×l of the B-Test

were omitted, and those for the intermediate point on 31, 3×l, 4×l of the

A-Testwerenotshown. '
    In the test of the rod Iength l and 31 for both A and B Tests, the sign

of infinity (oo) in the column of the k-body means that in this case the k-body

was removed and the rod was made to stand directly on the base material of

stone or metal. This method of test should correspond to the boundary
condition of impact for the fixed end, but it was considered that the elastic

properties of the base materials, together with the foundation of the larger

block of andesite and the concrete fioor, might not be suflicient for the purpose

of this experiment. Thus the test results of this method could be expected to

be relatively Iarger than those by the ordinal tests with k-bodies.



TABLE7. Test Results, l, Rod End, A-Test, (× 10-6)

Series k-body
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TABLE 8. Test Results, 31, Rod End, A-Test, (× 10-6)
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TABLE9. [E]estResults, 2× l, Intermediate Point, A-Test, (×10-6)

Series
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188

167

186

183

202

166

139

128

I
F

220

217

207

158

140

136

30

289

288

225

249

222

204

4o I so

327

328

280

279

269

225

216

213

265

209

181

178

I
[

267

267

245

173

161

158

251

242

288

222

198

197

329

315

296

192.

177

167

376

342

324

301

287

252

282

275

311

247

220

246

367

349

330

244

210

199

HNa

m=di.
9
:

x
i
>
a
o
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TABLE IO. Test Results, l, Rod End, B-Test, (× 10-s)

Series

P

L

W

1{-bocly

 oo

M- 5

M-20

V-10

 oo

M- 5

M-20

V-10

 oo

M- 5

M-20

V-10

G=O,5kg
H (cm)'

le

l

L

195

185

149

123

 172

 140

/ 117

i 97
[

163

133

109

110

20

268

264

212

184

238

189

158

129

30

339

300

253

205

297

239

191

153

226

190

152

147

277

227

184

177

40

388

347

302

222

352

270

212

169

302

254

216

209

se

419

384

324

234

393

315

240

200

329

281

235

244

G;:;11<g

H (cm)

10 20

228

237

224

163

220

187

169

142

307

208

192

164

I 3o4

 353

 327

 2I6

294

261

226

205

396

302

268

220

30

414

439

398

264

367

328

274

243

494

351

320

257

40

499

484

454

329

418

385

312

284

543

428

359

303

50

567

545

509

365

476

446

366

309

600

501

413

347

G=:2 kg

H Ccm)

10

389

338

333

242

302

285

246

229

392

393

304

190

20 30

537

508,

479

309

444

381

360

308

563

513

398

255

644

630

551

349

565

456

402

353

724

559

488

317

40 50

726

716

681

419

667

547

476

441

837

677

565

354

802

780

762

468

828

621

546

504

946

750

611

376

TABLE II. Test Results, 21 Rod
  '

End, B-Test, (× 10-6)

Series

P

L

W

k-body

M- 5

M-20

V-10

M- 5

M-20

V-10

M- 5

M-20

V --1O

G== O.5 I<g

H (cm)

10

174

162

106

20

243

215

145

30

290

250

168

40

318

276

193

50

339

305

206･

G::;1kg G=2kg
H (cm)

149

111

 78

142

125

105

212

153

108

207

174

158

256

174

133

248

203

188

286

203

162

271

216

199

io l 2o

303

222

176

280

222

214

198

176

163

183

155

128

173

150

140

274

251

219

264

216

157

260

229

188

30

318

291

239

314

252

186

308

269

209

40

352

319

257

347

286

196

340

299

253

50

382

336

284

382

311

209

355

320

279

H (cm)

iol 2o
  E

30

270

261

184

225

190

lzi8

262

208

161

388

363

291

315

272

181

373

296

210

482

432

351

385

328

221

,ol

554

486

395

50

620

559

414

"l'

442

398

248

450

370

263

536

462

292

seo

432

285

594

515

33g
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TABLE 12.
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Test Results, 31, Rod End, B-Test, (× leuz6)

Series

P

L

W

      I

k-body l' l

      '

G= O.5kg

io I 2o

(IIgoC:)4o I so

G=1kg

'10
20

H. (cm)

Mee 5

MH2o 'i

V--10
     ii

221

153

132

 96

288

214

172

124,

  i30l 40

343

259

197

148

392

288

216i

169,

  i
431I 208
318i 188

2421 147

  I.
187 i 106

lf 272    376
   I
 256    321
 208    282
 141I 16s

   I

401

380

316

189

50

f G=2kg
ff (cm)

i
I

 oo

M- 5

M--20

V-10

 oo

M- 5

M-20

V--]o

t

,l

172

148

113

 65

 175
l･i 136

  99

l･ 77

l

L
'

244

209

153

101

i

 300

 257
l

 181

 123

  1
242I

199

138

110j

  [

292

230

163

136

3s61 4o6

301.I 321
2o3i 2is

1471i 163

/

i

168

139

143

 85

338

262

186

156

L

l

   272233

198. 247

187   231

   144112

   214'
370

289   154
211･ 136

   130 l'178
      l

285

227l
19i

163 i

310

285

234

212

344

295

263

164

372

332

273

234

lol2oi3oI4o

   270452

   215416
  l
   209346i

   159207

389

326

293

185

413

364

296

278

2i9

175

159

125

244

207

195

168

347

316

286

239

293

253

220

146

354

299

270

211

430

383

343

277

348

3Q7

272

187

503

366

326

264

468

433

376

323

417

352

307

225

551

410

366

296

50

556

490

418

344

433

370

330

255

612

472

422

330

    In the test of B, the ramrner wjth O.25kg weight ancl the k-bodies of

M-10, V-5, V-20 were not used, and moreover the measurements were not
made on al} the intermediate points of the rods, because the B-Test was only

aimed to ascertain what better conditions of the base material might yield

a larger strain than the other, whieh could be one of the verifications for the

correctness of the fundamenta! equations.

                    3. Discussion of Test Results

    (1) Drop height

    The fundamental equations from (8) to (11) for the maximum strain at

the end of the rod are always accompanied with the term V which is the

rammer velocity at the instant of impact, When the rammer is dropped from

the height of H) V may approximately be assumed to be X2gH. Then it can

be considered that the maximum strain at the end of the rod should not be

proportional to H as usually indicated in the existing dynamic pile driving

formulas, but rather to the square root of ll1 The observed strain for 5 dyop

heights should make a straight line and pass through the origin of the coordinate,

when plotted to the square root of H.

    Fig. 12 and 13 show some of the relations between the observed strain
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and the square root of the drop height, in which A and B are the type of

test, while P, L, and W are the designations of the test rod. I and 31 stand

for their length, and kg shows the weight of the rammer. In these figures,

straight lines were fitted'so as to pass through every plotted point as far as

possible by approximate estimation and this seemed to have been satisfactory

and successful except ln several examples, but these lines were not drawn to

avoid the confusion of the figures. These lines were at the same time prolonged

to in'tersect the horizontal axis whose origin was shown by a small circle, and

the ab-scissa of the intersecting point was examined, from which it cou}d

positively be said that the points of intersection gathered near the origin,

    A similar tendency could also be found in other conditions of impace, which

demonstrate that the test results on the drop height can be said to coincide

approximately with the theoretical prediction on the present problem under

discussion.

    The drop height is generally kept costant in ahnost every kind of apparatus

for dynamic penetration tests, and so this subject of investigation has no direct

effect on this method of sounding. But it may contribute to the theoretical
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improvement of the dynamic pile driving formulas, especially when the ediciency

of impact due to the drop height comes into question.

    (2) Effect of rod length

    A penetration index Al) which is the number of blows per certain depth

of penetration, should be reduced for larger lengths of the penetration rod,

compared to shorter ones, when it penetrates into a foundation soil with the

same resistance to penetration under the same conditions of driving 8), 9), 10).

    Under the constant weight of rammer, the weight ratio m decreases in

value when the length of the rod is lengthened, for example m becomes 2.5

if the length of the rod, whose weight is one fifth of the rammer, is made

twice as Iong. 'The value of q is not changed by the length of rod as shown

before; it follows that the difference between the ordinate of the "z==5 curve

and the m:=::2.5 curve for a' certain value of q in Fig. 5 is the theoretical

decrease of the created strain at the end of the rod clue to the elongation of

the rod by 2 times, the weight of rammer and the strength of k-body being

constant. Thus the full lines in Fig. 14 were obtalned to show these theoretical

decreases of strain due to increase of the length of the rod for various values
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                Fig. 14. Theoretical rate of strain decrease at rod

                        end due to increase of rod length.

of q, making the case for m=5 the standard of comparison. The weight ratio

of m=5 corresponds approximately to the Standard Penetration Test by Terzaghi

and Peck with the 3 metres length of the sounding rod. The dotted or broken

lines in Fig. 14 are the coethcients to be applied in reducing the N value

according to the length of the rod, given in the reference 8), 9). Some similarity

can be seen among these three kinds of curves, although the curves in the above

references were not always based on theoretical investigation.

    If IV is assumed to be proportional to the created strain at the end of the

rod, it can be said from Fig. 14 that:

1) the rate of decrease in the created strain due to the increase of the rod

length differs according to the value of IVI This means that the reduction of

N should be determined by N itself, together with the length of the rod, because

N is assumed to the proportional to the strain and the strain was shown to be

a function of q in Fig. 5.

2) the rate of decrease becomes constant, when the Iength of the rod exceeds

a certain limit, which means that the coeflicient of reduction is unchanged in
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such a condition. But this theoretical conclusion may be considered to be

opposed to the actual circumstances, and it must be examined by !aboratory

experlments.

3) the rate of decrease becomes small as q decreases, which shows that the

reduction of N should be small when the penetrated soil layer is not firm,

even ,when the rod..iis very long.
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                                                            tt                                        '
    These theoretical conclusions concerning the effect on the strain created at

the end of the rod due to increase of the rod length were examined in accor-

dance with the results of the experiment. As mentioned before, there were

four categories of length of rod for each rod series in this experiment and

efforts were concentrated on the measurement of strain at the ends of the rods.

The test rods of the L-Series have the same characteristics with those of the

W-Series in their material and cross section and so forth, except for their Iength.

Then it could be possible to plot the test results of both series together and

to divide the rod length of the L-Series by the unit length of the W-Series,

by which the rod length of the LSerles could temporarily be considered to be

61 in spite of its real number of 41, whereas the division of the rod length

would remain 41 for the P-Series.

    Fig 15 and 16 are two examples out of the plottings done in this manner

and the curves were drawn free hand. Except for k-body M-5 in the B-Test,

the strain seemed to decrease regularly according to the rod length. Based on
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              Fig. 17. Experimental rate of strain decrease at rod end

                       due to increase of rod length (H==30cm).

these curves, rates of decrease are shown in Fig. 17, in which the thin curve

lines show the theoretical rate of decrease for corresponding values of q. From

these curves, it may be concluded that:

1) theoretical conclusions concerning the rate of decrease due to the increase

of the rod iength were also found to be almost correct by the experiment.
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2) the rate of decrease did not eease to increase for each value of q as indicated

by the theory, but continued to increase in the experiment. This might show

the existence of other kinds of }osses of impact which were not involved in

the fundamental equations of strain.

3) the rate of decrease obtained from the results of the experiments was larger

than that from the theory,

    The actual coefllcient of reduction due to the increase of the rod length

should be determined either by laboratory experiments using soil samples in

place of elastic k-dodies or by statistic treatments of the test results taken in

the field. On such an occasion, the present theoretical and experimental con'

:kUeSicOoneSffigin.entths.iS SUbject can serve as a fundamental concept for determining

    (3) Rammer weight
    It can be shown that the soil resistance at the end of a pile is proportional

to the rammer weight in accordance with the slmple formula for dynamic pile

driving by Sander. Discussions were made hereafter as to whether the strain

at the end of the rod increases in proportion to rammer weight or not.

    In this experiment, 4 rammers were used as inentioned before. Fig. 18,

19 and 20 show the increase of strain due to the increase of the rammer

weight for several conditions of impact in the A-Test. Fig. 21 shows the ratio

of the increased strain to the strain of G::::O,25kg, which indicates that the

          60o
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ratio increases as the length of rod becomes shorter and aiso the rammer

weights heavier, and that it seems to be independent of the drop height.
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             Fig. 19. Rammer weight ancl strain (L-Series, U=30cm)
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    The theoretical increment of strain due to the increase of the rammer

weight can easiiy be calculated from Fig. 5, keeping the rod length constant

and changing weight of rammer from O.25kg to 2 kg. Similar ratios based

on these theoretical values were also calculated in the same manner as in the

forgoing case, and the following ratios were obtained, one of which is shown

in Fig. 22.

                (ratio .of strain increase by experi.ment)

                  (ratio of strain increase by theory)

From this figure and others which are [not shown here, it can be seen that

the ratio of increment was larger by experiment than by theory,

    The experimental results indicated that the strain at the end of the rod for

the length l by the 2kg rammer was approximately 3 times as much as that

by the O.25 kg rammer, which showed that the strain at theend of the rod rose

only 3 times in spite of an increase of rammer weight by 8 times. Therefore,

the soil resistance at the end of piles might not be proportional to the rammer

weight as deduced from Sander's or other similar types of dynamic pile driving

formulas. The condition of the pile end comes near to an elastic state in the
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last stage of driving, which may agree approximately with the assumed boundary

condition of the fundamenta} equations in the present investigation.

    (4) Effect of Joints

    The transmission of impact stress to the end of the rod may be interrupted

by the existence of joints, even when the jointed rod is completely straight,

because screw joints make points of discontinuity in rods which may produce

certain amounts of energy losses, and the rods cannot act like continuous material

of an elastic body. It may naturally be assumed that there will be some loss

of energy in longitudinal impact, if the rod shou!d happen to vibrate transversely

for lack of straightness caused by the joints. It is very difficult to deal theo-

retically with this problem, and this subject can only be examined by the results

of the expeiments.

    Fig. 23 and 24 show some of the following values

        ' C-D
                      × 100                 c'
in wich C is strain at rod end for jointless rods and D is for jointed rods, in

the same series with equal length and weight. If a disturbance of strain trans-

mission as a result of joints occurs, the value is to be positive, but it does not

-20

"--za m /

v

.-'

rff.so
m

g.

ff'f'

/¢'`"
-SC

ff=so m l
//.- /

f-
."-'

vr-lo

=yg m
/･,l

(-'
<

l

7..l--

g

if=30 m
7!rP-..

-.//-/
sp

-r-7z

u'

-

"=so cm .42
'

.7'



188

R
"N

"b

1

+2o

"to

'×

N.
'x'

1 xx 'x'

5eri
xx

-.
･2'

"20

'-
""x

s.
xt-.

L5leti

s

-5

M-20

!
'

-IO'

-p5ett

s

'

ra 2o 3o 4e so
- Dmp deight
           Fig-

Shigeru KITAGO

/ 'x'

'x'

's.

x / xx

x

Seri s

o･

s -
MC70

'
'

'Nx
lei-s

1
L5k'ri

s

va-veN

N.
･,<-

'

."

P5eri

s

 IO 20 30
 Urcmp

Z3. Effect

t-t

--t

- - N

-20

tlO

o-ro-20-ioo

seri s

0･

-' '

t20

-10

-20

N
--t

h
-

seri s

tR-2oN

-2
M-･

t

'

+to

"o

-10

-?v

iil-Lio

PSen

s

 ro 20 30 40 50
-------- ,Dmp ilet9frt

   Fig. Z4. Effect

ua

of

 L
5kerres

       P
     5et es

SV 10 20

joints (A-Test,

th.
･> -/ x'

/ x.

WSeri

s
'

1

-

M-5
-20

.-.
'x'

LSeri

s
,NYpt

'

'

'x'

s
tHt

't-t

sspSeri

-s
--

30 40

21 and

ro

2x l).

tO 20 30 40 SO
H(cslt)

of joints (B-Test, 2l and 2xl).

.e---
'k>b

'

s
7

iS
.(ssl-

14{Nt

Seri.-

s

2 Kg

/' Nx
'

r'es

t-.

'

l x'

tL..

's' .-.t

seP,lesr7TI

tO 20 3Z) 40 SO

N

M-

o -.
:･

'N. ,-.
fe"10

Seri s

,2

- -

' '

LSe

ies
t-t

'x

's. ...' tst

-
,- -

P5eri

s

:102030IIOSO



    TheoreticalandExperimentalInvestigationsonDynamicPenerationTestApparatus 189

               vee
                                               vlr: ne q6.

               t20
                                                     M;O
                                                x
                                                     M-5
                 e
                                                  l?:･/o

               -lo ×                                                     /

               +4o

               t2o L- eti

                 o

               -IO
                                                   2K

               t4o
             "             R

            ffsc+20

             eq P- tie

                 ra 2n 3o ua sn lo 2o sc va so Io 2o jm ua ro
               ab Lhopde)!ffhf U(awf

                Fig. Z5. Comparison of A-Test with B-Test (l).

seem to be always positive, judging from thg. above figures and other data on

this subject. i    There are two other data for the discussion of this problem, one of which

is the comparison of exerted strains in both gages set above and below the

joint as shown in Fig. 11. For example, strains measured by gage No. 6 and

7 in a rod of 2×l for each series may be larger than those by No. 4 and 5,
if the joint should interrupt transmission of the strain. The other was the

comparison of the mean values for intermediate points both of jointed rods and

jointless ones with equal length for each series. For example, if an interruption

should occur, the average of No. 4 and 5 gages in a rod of 21 without a joint

would be Iarger than that of No. 4, 5, 6 and 7 in a rod of 2×l with a joint
for each series. But, contrary to the author's expectation, the two comparisons

showed that the one was not always larger than the other.
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    In this experiment, a great deal of care was taken to make the test rod

to stand exactly vertical and to screw the joint as tightly as possible. From

this fact and the above mentioned results of the experiments, it might be con-

pJuded that the transmisslon of impact stress through penetration rods was hardly

interfered by the existence of joints, as long as tl]e rod was precisely straight

and its joint was screwed tightly.

    (5) Comparison of A-{Pest with B-[I]est

A.rt.li!),?e,he,XP,e,r.i,M.fi"`fa.1, r,ehS,],ltZ.gf.:).e.dB,"ll8.S.t.Sh,O."pll:i.b,edlarger than those of the

    In Flg. 25 and 26, some of the values of (B-A)IA are shown in percen-

tages, in which A and B are the results in the two corresponding experiments.

These figures indicate that the test results of the B-Test are almost always

larger than those of the A-Test by aproximately 16 %. This might also indicate
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the correctness of the assumed boundary condition at the end of the rod, and

at the same tlme the fundamental equations which give the strains at this point.

    (6) On the type of rod

    It is discussed here how much force was exerted at the end of the rod

in each kind of series under the same condition of impact. Based on this

discussion, the author intended to examine, what type of rod was most sultable

as a penetration rod, the solid round bar of the L-Series with equal length to

the P-Series, or that of the W-Series with equal weight to the P-Series. The

ratio Si and S,. of total forces in the Series of L and W, divided by those in

the P-Series with the same designation and condition of impact to each other,

were calculated as follows.

                 S,==Ai･um9L' and s,.:=A?v..g2,e-o,

                      Ap Ep A.p ep
where the sufllxes p, l and zv are for the series of P, L and W. A and e

are the sectional area and the strain exerted at the end of the rod. In this

experiment, the ratio of the sectional area, AilA, and A,.!A. were both 1.71.

Table 13 shows the values of Ss and S. which were theoretically calculated.

The L-Series, from this Table, gave forces larger than the P-Series by 20 to

60% and the W-Series by 40 to 60%. '
                TABLE 13. Theoretical Values of Si and Sw

lc-body

M-- 5

M-20

V-10

Sl

Sze

Sl

S?e

Sl

&v
s

' Si

 S?v
     i

Rammer weight
O,5 kg

.iel{gth 'of i6d

l 2J F 31 41

   2 1<g

Length of rod

g

1.53

1.53

I

1.51

1.51

1.55

1,55

1,59

1.59

1,51

L51

1.55

1.55

    l
    i1.59

1.59

1,51

1.51

1.55

1.55

    L
1.59 i 1.44

1.59      1.60

1.51

1,51

F

1.55

1,55

1.29

1.46

l,26

1.36

   I21 i 31
   i

1.36

1.58

1,22

1,42

1.48

1.48

1.36

1.57

1.38

1.40

i'

1.48

1.48

41

1.43

L55

1.53

153

1.48

1.4s

    Fig. 27
results of the

1.2 and 1.8,

shows the ratios of Si and S,,. which were calculated from the

 experiments. The values of Si and sSl, seemed to vary between

which meant that the L and W-Series could create forces 20 to
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80% larger than the P-Series. The ratio

mental Si was found to be almost in unitY

of S,,, which showed close agreement of

    The rods of the L-Series, as stated

the P-Series, and created forces 20 to 80%

weights were larger by 70% than those of

said that penetration rods of solid bar

length can not create forces proportional to

hand, the W-Series with rods of equal

forces, but their lengths were about 60%

considered to be inconven!ent for field

    From the above discussions, it was
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   S?v by experiment.

   of the theoreticol Si and the experi-

    and this was the same in the case

  the experiment with the theory.

 before, have equal length to those of

    larger than the P-Series, but their

     the P-Series. Then it could be

 compared with tubular rods of equal

   their greater weights. On the other

weight to the P-Series created greater

   of those of the P-Series, which was

work.

  concluded that a penetration rod of

'l
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steel pipe was suitable for its transmission of impact force, from the standpoint

of length and weight of rod.

    (7) On the valvae of q

    q is a very important number in the present investigation, This can be

seen, for example, in plotting the strain-m, g curves, which are a basls of this

study and are discussed in the next paragraph.

    Under the assumption of E' =:n,E and A'=:n,A, g will be transformed
as follows'
         ,
                                 G nin2
                            q== rA ' lt ,

and ni==:1 for metalic k-bodies and n,==1 for the L and W-Series. G, A, r and

l' should remain unchanged during the irnpact, but a question arose, as to

whether the statically determined E and E' should change their values as a

result of the dynamic application of impact loads. It is discussed here-after

as to whether the values of g in

Table 3 to 5 calculated from the

statically determined E and E'

are correct or not.

    Fig. 28 is a strain curve for

a certain value of m, in which X

is a theoretical strain for q=po

and x is its experimental one)

Y is a theoretical strain for a

certain value of g and y is its

experimental one. The ratio of

strain decrease from X to x
may be equal to that of Yto y,

because there is no difference

of k-bodies.

    Then

,g

l

between

"

CJ!"
pt'

strain'
y;if×

l

l

Yy
xz

7
'

e
7=oo

f

  Fig. Z8. Relation between q and g'.

these two cases, except for the existence

.IZ=LY7 Y==!X=6X

When m is less than 5.6, X is easily calculated as follows 11).

                      x = -2 -I!ll (1 + e-2i'te)

                               a

Therefore, if 6 can be acquired, then Y can also be determined. When the
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values of strain for infinity in Table 7, 8, 10 and 12 were used as the values

of gy, semi-experimental values of Y' can be calculated. The ab-scissa q', cor'

responding to the ordinate Y7 is acquired as shown in Fig. 28. If q::-Lq', the

statically determined g can be considered suthciently correct for this investigation.

    Fig. 29. is an example of q'!q to examine the coincidence of g and q',

and it was evident that the deviation from unity of the values of q'lq was not

small. There were some cases in which IY' was too large to plot the value

of g'le, which showed that the observed values for infinity were too small.
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    Fig. 29 seems to show that the values of g'lg which are larger than unity,

hold an overwhelming majority, and so q' does not coincide with g. But g'

may on the whole be equal to q for the following two reasons, one of which

is that the number of values for q'!q, which lie between O and 2, amounts to

333 out of 630, so that half of them are close to 1. The other is that the

values of q'lq, which lie between O and 2, can be observed to concentrate

around 1.

    Therefore g' can be said to be nearly equal to g, and the Young's moduJus

for both the rod and the k-body by static definition can be concluded to be
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suflicient for dynamic penetration problems, as far as the results of the present

experiments are concerned. In the next paragraph, statically calculated vaiues

of g were used in plotting the straln-m, q curves.
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    (8) Strain-ni, cr curves

    Strain-m, q curves in Fig. 5 are one of the most important results in this

investigation and it is discussed here-after whether these theoretical curves agree

with the experimental results.

    Fig. 30, 31, 32 and 33 show some of the test results in which rammer

weight G and weight ratios 77z were used as a basis for plotting the curves.
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Strain curves for experimental results were drawn so as to pass through the

upper parts of the plotted strains, which scattered to some extent on a vertical

Iine for any given value of q. The reason for this manner of drawing the

curves was that the experimental decrease of the strain at the end of the rod

due to the increase of the rod length was larger than the decrease calcuiated

theoretically, and then if the test results for the shortest rods were taken as

standard, a strain-m, q curve for the experimental results should pass through

the upper part of the scattered observed strains.
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    In Fig. 34 the values of r, when

                        r = (experimental strains) ,

                             (theoretical strains)

for each value of q are shown in percentages in order to examine the similarity

of the experimental strain curves to the theoretical ones. Both curves can be

said to be similar if r has approximately equal values for all values of q. Fig.

34 indicates that the curves of r are nearly horizontal for almost every con-

dition of impact, and the values of r are nearly indendent of q. The differences

between the maximum and minimum values of ?- in a certain strain curve by

experiment are shown in Table 14 and 15, in which the value of this difference

has plus sign when the maximum value of r can be found on the left hand

slde of the curve and a minus slgn when on the right.
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TABLE 14. Discrepancies in the Values

(first perioa, in

of

%)

r for a Given Value of m

U=10cm U==30cm H::;SOcm
11Z

Rammer
weight

(kg)
LP L W pl L W P LI W

2,5
2

1

 1

-2

2

6

 1

-1

1

1

 3
-6

-3

 7

1.5
2

1

4  3

-2

8 3 3

10
   l

2 5 5

2

3

1.25

2

1

O.5
:

 5
 8

-3

5

11

 4'

 2

 9

-3

1 2 -6

o

2

1

O.5

O.25

3

2

4

-1

 4

-2
-1

 6

-2
-1

-6

 2
 2

3

 o
 3

-3

-4

6

12

8

 1
10

-5

2

9

4

-2

-2
-3

-4

-5

 4

 o

 o
 3

-2
-3

-3

 2
-3

TABLE 15. Discrepancies in the Value

          (second period, in

of r

%)

for a Given Value of m

71Z

5

3

2.5

1.5

1,25

Rammer
 weight
  (kg)

2

2

2

1

2

1

2

1

O.5

H= 10 cm

P

5

8

9

4

l

L
E
i

-1

 o

 o

L

13

3

o

W
12

9

6

4

-1

H:= 30 cm

P L
'

-3

8

9

6

2

3

1

1

2

1

W
15

7

11

2

-1

H=50cm
P L

-3

8

8

1

2

1

o

5

2

o

W
14

7

10

2

o

    The absolute values of these difierences varied from O to 15% and those

with plus signs amounted to 81 examples out of 122, Thus it may be concluded

that both curves were almost completely s!milar, although there was, as a whole,
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a tendency for the experimental curves to have smaller ordinates than the

theoretical ones for the larger values of g.

    Next, the absolute values of r will be discussed. From this, it is possible

to examine the extent of loss of lmpact, and how they were affected by the

length of rod and rammer weitght, together with some other factors left

unchecked.

    Table 16 and 17 show the mean values of r, in which the designation of

m =O means that every combination of m and g which falls into this category,

belongs to the first period of elastic vibration, in which the maximum strain

occurs in that period as already explained ln part I.

              rl]ABLE 16. Mean Value of r, Arranged Mainly
                          According to Values of m (in %)

77'-

5

3

2,5

1.5

1.25

1

Rammer
  (kg)

2

2

i
Mean

 2
 1
Mean

 2
 1
 O.5

Mean

2

o

:  2
 1
 O.5

 O.25

A4ean

  /ttt

pIL
H==10cM.

41

45

46

46

[

39

39

32

34

31

34

37

41

35

38

35

27

31

27

21

27

W

i 28
I
 2247

l,,

44

47

44

46

41

41

32

32

30

31

34

27

21

27

Mean

43

37

46

45

40

35

32

33

31

35

27

31

27

22

fl= 30 cm

P

42

42

43

43

37

37

32

30

32

31

31

24

23

26

L

37

37

34

36

36

28

29

24

20

25

W
44

46

44

45

..
/

38

38

30

33

29

31

31

24

20

25

Mean

43

37

44

44

37

34

31

32

31

36

i

28

30

24

21

Illfi50cm

P

40

41

43

42

37

37

33

33

33

33

L

38

36

36

36

34

30

24

21

25

27

28

24

20

25

w IMean

44

46

43

44

35

35

29

33

31

31

30

25

19

25

42

38

44

43

36

36

31

33

32

34

1 I

27

29

24

20

'rotal

Mean

43

37

45

44

38

35

31

33

31

35

27

30

25

21
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TABLE 17. Mean Value
to Rammer

of r, Arranged

Weight (in %)

Mainly According

Hm10cm J7=30cm H=50cmRammer
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    The values of r varied from 20 to 50%, and the loss of impact, considering

every condition of impact, reached as much as 50 to 80%. Fig. 35 illustrates the

relation between m and the mean value of r, and the details of strain-m, g curves

will be discussed on the basis of this figure and the above mentioned Tables.
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    r and drop height

    All the data on r seemed to show that it had almost nothing to do with

the drop heights of the rammers and this conclusion can easily be predicted

from the linear relationship between the strains and the square roots of the

drop heights, which has already been demonstrated in the above section.

    r and series of rods

    The rods of the P and W-Series had equal weights to each other for

certain designations of rod, and their values of m were equal for a certain

rammer weight. Then the test results of both series with the same value of

m, should make a single curve for various values of q, and Table 16 and Fig.

35 demonstrate that this theoretical prediction was also correct for the results

    These two series have been discussed up till now as if they belonged to

different categories, since it was supposed that the di'fference in the cross section

of the test rods for both series might give an unexpected experimental effect

on the strain at the end of the rod, notwithstanding their identity to each

other from the theoretical point of view, but now it has become unnecessary

to distinguish the test results of the W-Series from those of the P-Series.

    According to the theory, this conclusion should also be expanded to the

series of L which had rods of equal length with those of the P-Series, but had

different weights and values of m. This means that the experimental curves

of r for the L-Series should coincide with those for the P and W-Series, at

least in the first period. In this period of vibration the values of r for the

L-Series can be seen, in Fig. 35, to separate considerably from those of the P

and W-Series, but their amount of difference reached only 5%, and then the

L-Series can alsQ fall into the same category with the other two series as it

may be concluded from the present theory.

    It has been clear from the above discussions on the experimental results

that, insofar as the values of m were equal, there was no need to make any

distinctions between these three types of rods by their length, weight and cross

section, as it can easily be seen from the fundamental equations on the maximum

strain at the end of the rod. This can be considered to be one of the experi-

mental verifications of the present fundamental equations.

    r and 77z
                                                                       '
    Table 16 ane Fig. 35 show that the values of r are nearly equal to each

other for a certain value of m, independent of drop height, the types of rod

and so forth, but for another value of m, the va}ues of r are somewhat different
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from the forgoing one. Fig. 35 also shows that r seems to be approximately

proportional to m when it is less than 3. The smaller values of m correspond

to lightly weighted rammeys or longer lengths of rod. Then it can naturally

be considered that there might occur an excess decrease of strain at the end

of the rod due to the increase of the rod length in the experiment, as compared

with that of the theory. The values of r would be equal for all values of m,

if the experimental decrease of strain due to the increase of the rod length should

happen to have equal ratios to the theoreticai decrease for every value of m,

but the decreases in the experiment were larger in the case of smaller values

of m than in the case of larger values of nz, as previously demonstrated in

Fig. 17, For the larger values of m of 3 to 5, in Fig. 17, the rate of strain

decrease in the experiment can be considered to be close to that reached by

the theoyy. From this experimental fact, r remains nearly constant in Fig. 35

when m is more than 3, in which case the maximum strain occurs in the
second or the third period of vibration, and it can easily be concluded that the

reason why r was approximately proportional to m should be attributed to the

strain decrease due to the increase of the rod length.

    Against this conclusion, the values of r for m=O were different from each

other, but this fact was also attributed to the strain decrease due to the increases

of the rod length as follows. In the category of m=O, which was merely

determined foy convenience, there was a range of m from O.1 to O.8, and

therefore there shou}d naturally occur an excess decrease of strain in the case

of the experiments, at the rod ends due to the increase of the rod length, and

so there were some differences in the values of r, even when m=O,

    Strain cutves and rammer weight

    It ls discussed herein-after as to whether the strain-nz, q curves have their

own peculiar configuration in accordance with the magnitude of the rammer

weights. ･
    In the fundamental equations of the strains at the rod end, (8), (9), (10)

and (11), the strains are the functions of m and q when the drop height of

rammer and the mechanical proportles of rod are fixed, Then it follows that

the strains exerted at the end of the rod should always coincide with each

other, regardless of the make-up of g, (fe ×l×m), insofar as the absolute values

of m and g are equal respectively, if no loss is sustained during impact. On

the other hand, however, it may well be considered that the strain-m, g curves

obtained by using two different welghts of rammers, should have their own

peculiar configurations, because the make-up of q, (kG!rA, see Part I) is

different for these two cases of the two rammer weights even when the two
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values of g and the two values of m are respectively equal, suitab}e values of

k being given, and also there can be, in these two cases, any other combinations

of G!rA and fe for rendering the two values of q equal to each other, keeping

the value of m always constant.

    In Table 18, all the cases in which each group of the experiments has the

same value of m and also the same value of q respectively, are gathered together,

regardless of series, k-bodies, rammer weights and rod lengths in order to

examine whether the strain-7n, q curves should be distinguished at'least by the

rammer weight. The ratios of strains for any value of q to those for the

corresponding values of q in the tests of the P-Series with the rammer weight

of 2 kg are given in this tab}e, which demonstrates that the test results for the

strain-m, q curves need not be distinguished by rammer weight.

                                            Ios

                                           '

                                           -h

       Fig.36.IVLPctirveoftheStandard Fig.37.IVLg･ttcurveoftheStandard
               PenetrationTest. . PenetrationTest.

    The strain-m, q curves in Fig. 5 have been proved to be at least qualita-

tively correct by experimental investigations and on this basis it will be discussed

how these curves are connected with practical problems of dynamic penetration

tests.

    Terzaghi, Peck and Dunham have given Fig. 36 and 37 of the Standard

Penetration Test to show the relation between the number of blows per certain

depth (penetration index, N) and the internal angle of friction (ip) or unconfined

compressive strength (q.) of soil. Now the transitional part of the strain curve

frem the first period to the second for m=2.5 in Fig. 5 was compared against

the well-known Terzaghi and Peck's curve in Fig. 36, and both curves were

found to coincide with each other to a considerable degree. ThiS could be said

to be the same with Dunham's curves. The strain curves for smaller values
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TABLE 18. Ratios of Strain
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of g can be considered to be almost straight and the N-g. curve in Fig. 37

was also nearly straight. Then the theoretical strain-m, g curves could be con-

sidered to be similar to empirical N-ip or .ZV-g,, curves.

    The strains exerted at the end of the rod by impact are of course proportional

to the total forces at the driving point of the penetration rod and it becomes

diflicult for a driving point to penetrate the soil layers in accordance with the

increment of the total forces exerted at this point. As the resisting total forces

at the driving point increase, the penetration index N increases in value. Thus

the strain in Fig. 5 can be transformed to the penetration index N g can also

easily be transformed to the resisting strength of foundation soil, slnce q is

proportional to the strength of the elastic k-bodies. Then it foilows that the

strain-nz, g curves in Fig. 5 can be regarded as a theoretical basis of the

empirical relations between the penetration index IV] and the internal angle of

friction ip of sandy soil or the unconfined compressive strength q,. of clayey

soil, which were given by Terzaghi, Peck and others.

                               Summary

    A theoretical treatment oi dynamic penetration tests was given in Part I,

as an application of the longitudinal vibration of a straight bar, and it has been

proved that the fundamental equations and several predictions deduced from

them were satisfactorily correct by the experiments in Part II. The theory

and experiments included in this paper, however, were based on the assumption

that a foundation soil behaves elastically, despite its inelasticity to a certain

degree. Accordingly, the conclusions in each section can not always be applied

to the practices of this sounding test, without any modification, but there are

not a few case in the problems of soil mechanics, in which a solution of

a problem coricernlRg foundation soil, assuming it to be elastic, is applied to

a practical object, for example Boussinesq's solution of stress propagation in

semi-infinite elastic bodies. Therefore it may definitely be sald that the con-

clusions in this paper may be a key to the solution of practical problems of

dynamic penetration tests or pile driving.
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