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388 ' ' T.llukutomi.'
                           ttt        tt                              '             '
      '
                            PREFACEv
                                                            '                                                                 '    '
   It is Well l<nown that so-called ``earth-pressures'' appears in some tunnel-

ing works or in sol[ne mining worl{s and leads into unexpeeted difliculties.

These typieal examples were recorded in Tanna tunnel, Atami line and in
Hanaol<a mine, Akita Prefeeture. All of these pressures are even now explained

onlyaseffectsofgravity. ' '
   But there are several questionable subjects conneeted with these "earth-pres-

sures" .within some wet clayish zones or masses, in which one finds some
eiio]'mous powerfui stress upon the entire eutting surfaees, of tunnels･ ,

   [{]he writer of this paper, who has long been interested in any topies eon-

cerning underground water, beJieves that so-called "earth-pressures" iwithin

such wet clayish zones or masses eontain some unknown faets other than those
Whjeh ean･be explained only by the gravitative effieient causes. [I]hat is, there

must be fourid something to refei' to,the qualities of water and elay themselVs,

in such eases. 'Therefbre, the writer attempted an experimental study On
`` Hydro-expansion''ofclay. ･. ' '''
                   '   The term, `f IE[ydro-expansion " means inerease of tlie total ap.parent volume

Of some materials aeeompanied by absorbing water. In fact, one will recogniZe

that any dry clay shows `` IE[ydro-expansion'' when it has been intensely cOM-

pressedandthenabsorbssomewater. '
                                                       '
. And the experiments teaeh one that theipower whieh appears during
" Hydro-expansion'' is so enorinous as to displace even strong timbering in a

tUnRel･ i [Vhe writer calls sueh posveT "  HyClro-expansive power ''  in tl}is paper･

N
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                              '
                                '
                                                                        '
                    Part I. GENERAL REMIARKS.

            Chapter 1. THE MOTIVE FOR THESE STUDIES.

    7)hese studjes were suggested by some questions about the so-ealled ``earth-

pressure " in the elay zone of Tanna tunnel, At･aini line. [l]he elay zone eroped

out when the bottom heading worl<ing faee reached S,2･64 feet from idhe east

cardinal poiiit on the Atami side, November, 1925. A few days after the'clay
zone xvas excavated, the so-ealled "eartth-pressure" appeared gradually in the
tunnel, and the tiinbering work was destro>red b>r ' its iufiueiice. This pressure,

the author believed a{} that} time, was not; so s.iinple as everv o]]e had copsidered

ul)t･othepresentr. "
    rl"he eJay at, first wheii ts oceurred in t}he tui'inel "ras conipressedin dr,y

state, and had some har(lness and toug]iness. Itseeined to have goocl geologieal

coi)dit･ion, and was easil.v hai}dled in the zone, through whieh no water pene-

trated llke a eoncrete daiii. Therefore ail of the engilleers and laboreiis hacl

been very glad, be&)iie they knesv the enormous power of itds ``earth-pressure ".

This clay was like a bad (levil, who pnt on a gerLtle mask in the {ta･rk s,roun(L.

    rv[r. Seinosuke OI<ano, Chief Engi]}eer ()f the tunnellingr work on the Atami

side .related his several trial excavat.ions in thjs ejay zone.

    (1) Normal timbering,, usjng pb]e tree timbers each {5-8 ineiies in diameter

and boards of th.e'saine inat,erial e,ach 1.2 inehes in thiekness was easilv
                                                                         tt.
destroyed.

    (2) Next, the above normal tbnbering was strengthened by 6 feet span
arch-formed concrete-blocks of 1 foot in. thiekness, between points g,200-9,OOO

feet the east cardinal poii]t of Ataini side.

    (3) Restrengthened inner xvaH. of the above timberibng "'ork isrith 30-pouiid-

    All of tl)em are not strong enough 'to resist the ``earth-pressure " of elay.

    rL"he course of the tunllel xvas altered a,nd an attempt･ made to find 'some

new indirect braneh route.

    Again, hoMrever, the cla>r zone situated on the new line, appeared to be the

s.arne body, continttous with the first zone. This time, the usual tiinbering was

abandoned from the beginning and iron material was usea. ･

    (4) T-beams, 5×6 inehes were used. Here the engineers found upwa･rd
creaping from the bottom at first, the "earth-pressure'] of the walls became

large, and the whole tunnel became dang'e.rous in the epd. The design in this

ease mi.ght resisLed a eompressive power of 20 pounds per squa,re inch at, least･

    (,h> Shields were used in wet muddy part of the clay zone. T,he}r were
tried on the other line, the drainage tunnel, in the fiuid clay zone. T'he shield

was fitted together each segenent to withstand l',O pounds pressure per square

ineh･ Bu(i these were eompressed flat by the "earth-pressure", and dang'er
a･rose also in this cases.

  "
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    (6) Again the retaining walls were strengthened with cacrete-bloeks in the
inner side of the shields.

    Tbe final result,s were all the same and caused the engineer$, who had
engaged in the battJe against the ``earth-pressure" in the clav zone t,o know
t,hat even an endless Iong time, great human posver tmd a Iarg6 amoui]t of ex-

pense were no use for this war, but･ on]}' all in vain.

                                                                             '
    Next, Plates (.Pl. I-Pl. III') $how some operational aspeets in t･he cla.v zone,

at･ tihe point 8,900 feet and nearby part of East･ (At/ami) side. A]1 of the t,imber-

ing works are construct･ed of iron material. 1'lates I, II and III are pictures

showing the normal eollstruct,ions before the ``earth-1)ressure'' appeared in the

tiunnel and plates I', II' and III' show how these were defbrmed by the " earth-

pressure'' in t･he elay zone.

    Thus it seemed t･hat the ela.y zone would prove an insupera}.)]e varrier to

t･he construction of the tunnel.

    The present writer's observations at the spot on the "eartl)-pressure'',

aroused some question on the relationships between clay. and water.

      ....,,,/,,,W･Si,-i ..･ .,

     t;ttt tttttttttt
                   ''/. I.a        ''t''"';"/""'''"･.. ''fi"f;.1

     -F' ,
  it tt/ tt/tt!                    ･11/･, ･t:s-
                      ge.
                   '                   tt ttt

                       1

    'x･ )

Pl. I. 30-peund-rail- timbering

    work in norina･1 sta･te.

Pl. TI. I-1;･eam timbering

      in normal state.
woTk

Pl. It. The rails bent bv ``
         ppressure ".

earttl-

Pl. IIt. The eonstruction deforined

     by "ea･rth-pressure."
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Pl. III'. Segments of the shieJdg buckted

       by '` earth-pressure ".

29, 1

Pl. III. Normal eonstruction of shields.

    The faets, wl'Lieh he eould find in t･he tunnel, were as follows:

    (1) The cla.v was eompressed and occurred in dr.y･ stiate, when it was ex-
ctavated at first.

    (`2) No defbrmation or change in volume svas fbund for a lonsr time, if the

ma,terial "ras kept in the same state.

    (3) After a fexv da.ys when it was excavated, and jf it absorbed water then
the ``earth-pressure " appeared gradually, (not so suddenly as ``Bergschlag'').

   (4) Its thrust on timbering might be 8,OOO pound (about 4 t,ons) per square

foot and more. But the highest limit of the "earth-pressure'' was absojutel.v

unknown in tunnel.

    Aceor{'lingl.v, where the clay in question oeeurre(1 in the tunnel the fearsome

powerful ``earth-pressure" appeared when it absorbed water. Thas, the writer

was led to study the relationship between clay and svater jn line his long in-

terest in an>' subjeets eonneeted with ``underground wat,er ".

                Chapter II. OUTLINE OF FIELD-WORK.

    Observations on the mode of oecurrence of thi.s clay were carried on from
the beginning to the end, while the tunnel was excavated through its zone. A

geolgical map of the tiunnel was made at Iast as in Pl. A'.

    Anotber field-work was the measurement of humidity, observed b.v, a standard

hygrograph for, a "reek. The humidity was fbund to be constant in the tunnel
(betweenS,969-`.).030feet),f)7-100,%. '

    The temperatures of "ratTer and air were reeorded for the same clays b.v, a

thermo.cr-raph atthe same I)Iace. The former was 190C and the latter also almost

constant, 190-200C.

    Tben the cla.v was taken as samples several･ times to stud.y in the laborator.v.

The samples were cut off carefuIly in uniform size (each 1 cubie fooO and packed

in a few sealed boxes in site at once, and sent tt) the laboratory.
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                      Pl. !V. Geolegical Map of the Tunnel.

    Most of them were chosen in the tTumiel between the pojnts of 19 miles lc'F)

chains to 19 miles ]6 chains 30, but some were for reference taken from t,he
outerop (')f the clay on the surface (N()nakayama) in t･he vi(tjnit.y of t･his tunnel.
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    In conneetion with the above statements, some uniformation on the geologjeal

occurrence of this questionable clay is pertinent.

    (1) The clay i's a ]<ind of some residual clay, within whieh augite andesite

and its tnfaceous agglomerate have been Rttacked by bydrothermal action irt
site.

    (2) rl]he effeat of hydrotherrnal actjon extended mostly along some weak

portion (tliat is, craeks, fissures; fault･s or other crushed zone) in andesite and

agglomerate.

    (:-l) 'Pherefore, this cla.y distributes in the tunnel as some irregular masses,

})ut its general fbrm may be a contJnuous great zone connected undergrou-(l.

    (4) [rhe boundary bet,ween the cla.vish part and unehangable pavt of andesite

and agglomerate is mostly indistinct, but is sometimes dist,inet with a sbarp
plane, like a fault scarp.

    (5> gome underground water can be found wjthjn the cla.v zone, throuhcrh

whieh a fault has sometti.me eut and distiurbed its strticture. But there is only

a small quantity of water in it, when the clay is kept in normal state.
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                           '
      Chapter IIL PREPARATIONS FOR THESE EXPERIMENTS.

    St first, a small special chamber, in which these experiments ivould k)e
carried on, was built in the laboratory. The author eould make the conditjons
(huinidity; temperature; darkness; ete.) in the charmber like tthose iii the

tnnnel, if neeessary.

    'I'his chamber is still used as. a dark-room fbr some other purpose. Its base-

area is 2.×1.4t) m. and the height of its inner side is 1.9m., constructed of iron
plates with four xvindows on one side and a door on ariot,her si(Ie. (See Pl. XT.)

          Pl. V. The small special ehamber in which mosttof these experimenbs

                        wereearriedoninthelaboratory. ' -
                                                             '

    In this chamber, while the experiments were carried on, almost all the
neeessairy articles were arranged; for example, an aqueous vapour generat/or and

a hydrograph; an electric heater and a thermograph et･e.

    Other pnel.)arations for these experiments includes a cornpression t･esting

mtiehine, whieh was used to make the test pieces of cla,y. (See PL VI.)

    Many new apparatuses were made for special purposes for these st･tidies, but･

among t,hem a few have finall.v served.

    'I"hev will be decsribed afterwards as necessary.
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P. VI. The 60-tons-compression testing maehine.

Chapter IV. MOISTURE RATIO
 OF THE CLAY IN

AND CHEMICAL COMPOSITION
TANNA TUNNEL.

(A) Moisture Content of the Clay in Natural Sate.

a) Stzmples of clay takeft, in Tttvzna t't,e･ibnel, April.

at oo'iginal eo'mp7'ess･ion.

19ro and kept

Table 1.

Nos. of sarnples and
 points where they
   were taken.

No 1. 0uter wallof
 mainroute (a)

No.2. Ditto, (b)

No,3. Ditto. (c)

Average

E
E
1

  Weight of
samples, at first.

i
:

-

Weight after
dehydration.

gr.
20.00

20.00

20.00
L
l
:
f

gr.
18.00

17.50

17.50

l
l

/

Diminished
 weight.

gr
2.00

2.50

2.50

1

Percentage
of moisture.

 gr.
,IV.OO

l2.50

12.50

11.67
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'

Table 1.-(aontinued)

Nos. of samples and
points where they
   were tal<en.

 No.4. Inner
     .- mamroute
 No.5. Ditto.

side of

   <d)

   (e)

Average

 No.6. 0uter
   branch route

 No.7. Ditto.

'No.8. Ditto.

 No.9: Ditto.

wall of
(f)

(g)

(h)

(i)

Average

  Weight of
samples,･at first.

 gr.
20.00

20.00

20.00

20.00

20.oO

20.00

Weightafter
debydration.

 gr,
16.50

l7.75

, 17.75
 ' 17.50

    16.00

    16.70

'

Diminished
 weight.

gr.
3.50

2.25

2.25

2:25

4.00

3.30

Percentage '
of moisture.

%
17.5Q

ll.25

14.37

  11.25

  12.50

' 20.00

  16,50

15.e6

'

t.

t

b) Samples of so7?zewh･at

         in

                    Nwet,loose Clay, zvhich

Tanna tunnel, Ap?'il,

        Table 2.

exhibited

19sc.

" ea7'th-1)7'esszeo'e ''

Nos.ofSa･mp]esand
point-s,a･twhei'ethey
weretal<en.

'"'eightafter

dehydration.
Diminished Percentageof

moisture.

No;10.0uterwallof ･gr. gr. o/e

abranehroute(f) 10.00 ,7.55 2.45 24.50
'

])g'o.11.Ditto.(g) 10.00 7.40 2.60I 26.00

'No.12,Ditto.(h) 10.00 7.00 3.00 30.00

No.13.Ditto.(h) 10.00 6,60 3.40 34.00
'

'ly'o.14.Dieto.(i) 10.00 7.10 2.90 29.00.
No.15.ibittof(i) tt'le.eo 7.20 2.80

N'o.16.Ditto.(i) le.oo '' 7.05

-t'r-'fttt

2.95 2g.oro

Average l
c.ts.71

s

(a)k･

(b)ik

(Qx

/

7
x

l

        r      "     -  /
/ 'tt
      x     t    t   t  t'
 l
 t
t

  (e)
.x

 =-
      - : l--

--

 s   s    x     .x       Xx
-" s. X   K    s     x      x       N
        N         N

.･ (d) ･:
.x ny･

t

Pl. VII.

    The

N
x
x

'

'

'

'

i

 -:1,,

( S)5

(k5x,.'

..'
4 ,:(f)

' ･: ,･ ･x '･

                       t.
         Maintunnel. ''
A cross seetion, cut through a part of the main Tanna
points (a)-(i) show se'veral ptaces, where the samples of

tt- t -
･x(l)

    Brancit route.

tunnel and a branch route.

clay have been talcen.

,

t･

/ /.i

'
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                           '                                 '                                    '                                    .t   ' In making these measureinents, dehydr,ation of clay was very delicat,e. After

 many tests, the sainples were put in an Acme electric heater I<ept at 900-loOoC.

 temperature for 8 hours and then in a, desicater for 21 hours. These tempera-
 tures and time were, the writer found, absolutely necessary for bringing'10-20 gr.

 of t･l]e clay to a constantly dry state. '

                                                                  '                                                               '    Now aecording to the above data, sornething is known of the mojsture eon-
                         'd`tios? 08X,ige.C.iS.,Y,.i", iW.";,a,l,Sg¥`:in i..,,',,,lt of the 6iay is ialger than tilhl

 of the upper.

' (2) The average moisture content of the e!ay aroundthe branch route is'

 larger than that of the main tunnel side.

  , (3) The percentage of moisture of the clay taken and 1<ept at its initial

 compression in the tunne] is 10.00-20.eO% but the somewhat wet 'losse clay in

 which the ``earth-pressure'' has already begun to appear is 24.50-34.00%.

    These measurements give one some idea about certain natural eonditions of

 the ¢la.v in.the tunnel, on which some investigations will be .reported later.

                                          '                               tt                              '                                                    '                                                             '                                                          '                                   '                                                                    '   '                                                 .. /         (B)ChemicalCompositionoftheClayinTannaTunnel. '
                               '         '                     '                                                             '                                                         '                                   ' chaiiSisa):XideSi8filll:.ieesCii6Yel?aiTnasnSoa. tUmiei, taken at points between ig miles i,s

                                 Table 3.

Nos, o£ samples.

  'SiOL,

  AI,/03

  'Fe2Q3

  Cao
  MgO
  ?205

  MnO
  K2,O

  Na,,]O

  CI
  s
  S03 '

Ignition lose

Tota･1

No.1. I- No.2.
      ,

 %
70.68

9.82

 7.06

 O.89

 2.49

 O.24

 O.22

 O.22

 O.15

 2.62

i'

l
I
I
I

I

 %
62.59

12.14

7.54

 1.10

2.73

O.21

O,36

5.88

O.05

 6.98

100,39
E
l 99.58
)

No. 3.

 %
62.45

8.94

8.82

 1.13

4.96

0.21

O.28 '

7.76,

 O.34

5.22

100.11

N6. 4.

 %
65,81

13.89

 l.64

 2.18

 1.92

 tl'.

 0.16

 2,46

 O.G4

10.86

99.98

No. 5.

,%
61.77

11.98
    t
5.87

O.99

 2.26

 O.13

 o
 2.89

 8.94

 o
O.03

 1.02

 6.32

IOO.98

Avera･ge-

64%62

11.35

 6.19

 1.2- 4

 2.87

 O.16

 O.20

 5.63

 o
 O.l2

 1.02

 6･4o

e
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                                     '
    Chemical eomposjtion ()f the above samples was analyzed b.v Mr. Kakiti
Hayashi, Engineer of Hokkaido-tio.

    At several outcrops of the surface residual cla.v attackecl by hydrothermal

action, many fine g.ypsum crystals are seen b.v naked eyes. Hot springs sur-

rounding these outcrops of clay eolltain a large quantjty of CaS04, Therefore,

hydration or dehydration ma>r, the writer has suppcsed, exert some influence

on crystalline wat,er of gypsum or such. other easily solubie matteTs. According

to the above analyses, however, the quantity of CaC> or S03 is neg]igib)y small

and other soluble composition in cold i･vater is also smali. These faets teaeh

one that the volume change of the clay by hydration or dehydration i:na.v be
summarized as follows: "negligibly little or no chei[niea,I aetion oceures in this

ease at least, and physical setion, sueh as capillarit),r etc., must mostly relate

it.'' rl"hese eonsiderations "Till be examined afterward and next the experimentai

worksearriedoninthelaboratorywillbeclescribe(l.. ･ ･･

                                                           tt                                                             '                      '
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                   Part IL PRELIMINARY TESTS.

     Chapter I. PRELIMINARY TEST ON HYDRATION OF CLAY.

    rPhe above deseribed measurements showed that tbe initially compressed
clay in natural state had obtained 10-20% of svater in Tanna tunnel and t,he
somewhat svet clay 21.50-34.00g6. The cl.ay in the tunnel, there,fbre, gains much
water after a few days and the so-called " earthLpressure " appears gradually in

jts wet part. It is known that aqueous vapour is full or saturated (100%) iri

the tunnel and Iiquid water (underground water) is also plentifu]1 around the

elay zone. Tliten in what state is the water by whieh the cla.v becomes wet,,

aqueousvapourorliquidwater? ' ･                                    '
    The above questions will be taken ul:) as follosvs:

    (A) The relationship between the clay and aqueous vapour;

    (B) The relationship between the elay and liquid water.

    These relationships were observed in the small special chamber "'h'lch was

alreadv been deseribed.
      :,

          (A) Observations on the Relationship Between the Clay

                           and Aqueous Vapour.

    Observation method-Samples were hung down by fine silk threads in the
small special eham}?er, in whieh aqueous vapour "Tas almost fnll (90-laOe6

humidity t'ecorded b.s,' a hy, grograph),

Pl, VIII. Ssmples hanging in tbe small ebamber full of aqueous vapour.
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（a）　‘‘鞠dl？・α認。η．

　　　　　’

（・1ろ…吻助・‘・・…7騨の・7θ卿蜘一BZ・廊、
　　71αたθγあ盛π万α6読‘？・αz86αごθ，

　　　　　　　Table　4．
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喪q・．・f・・mp1…

、Veighむ・f　samp1・s　t・1・e・・

　at　firsも．

Weight　after　l　hr．　a1｝d
　‘‘Hydrous　R鵠tio，，．

After

After

After

After

2hours．

3　hours．

4　hours．

5hours．

，△£ter　6　hours．

AftQr　7hourS．

After　8hourS．

After　　g　hours．

After　10　hOUI’s．

珍

After　ll　hourS．．

After　12　hours，

Afむer　13　houfs．

Aiter　14　hOUrs．

After　15　hours・．

After　16　hours．

After玉7　hOUrs．

After　18　hOUrs．

After　19　hours．

After　20　h曜s．

After　21　bours，

After　22　hgurs。

After　23　hours．

After　24　hours．

After　25　hours．

9　．’

Aftey　26　houi’s．

After　2ア　hOurs．

After　28　hour忌．

阜fter　29　hours・

After　30　hours．

No，1。

9r．

135。0

135．0十1．0

　0．75％

136．G十〇．5

136．5十〇，

136．5十〇．7

137．2十〇．4

　1．92％

137．7十〇。1

137．7十〇．4

138．1十〇．2

138．3十〇．1

138．4十〇．2

　2．60％

138．6十〇．4

139．〇十〇．3

139．3十〇．4

139．7十〇。1

139．8十〇。2

「3．73％

140．0十〇．3

140．3十〇．3

．140．6十〇．2

140．8十〇．2

．141．0十〇．1

　4．51％

．141．1十〇．2

1荏L3十〇．4

141。7十〇．3

142．〇＋0．2

1422十〇．3
　5．55％

142．5十q．3

142．8十〇．ユ

142．9十〇，4

143．3十〇．3

ユ43．6十〇．2

　6．51％

No。2．

9L
100．0

100．0十1．0

　ユ．00％

曳101，0十〇．2

1012十〇

　101．2十〇．7

102．0十〇．1

　　2．OD％

102．1十〇．2

1．2．．1十ρ．2

192．3十〇．3

102。6十〇。05

102．7十〇．1

　2．80％　　・

102．8十〇．3

103．1十〇．3

103．4十〇．3

103．7十．0。1

103．8十〇．2

　4．00％

1Q4，6＋0．2

104．2十〇．2．

104．4十〇．2

104．6十〇．2

104，8・十一9．1．．

　4．90％

104，9→一〇．1

105。0十〇．3

105．3十〇。4

105，7十〇．1

105．8十〇．4

　6。20％

N6．3．

9笑’・

84．0

84．0十〇．8

0．95％

No．4．

9r・

77．0

㌃　　77．0十〇．6

　　0。78％

84．8十〇．1

84．9十〇．3．

35．2十〇．4

85．6十〇

1．90％

85．6十〇．2．

85．8十〇．3

86．1十〇．2

86．3十〇．05

86．35十〇．25

　3．09％

86。6十〇。1

86」7十〇．3

87LO十〇．2

87．2、十〇．1

87．3十〇．1

3．92％

77．6十〇．35

77．95十〇。05

78．0十〇．3

78．4十〇．3

　2．26％

馬　78．7十〇

　78．7十〇。1

　78．8十〇．2

　79．0十〇曾1

　79．1十〇．1

　　2．11％

79．2十〇。2

79．4十〇．2

79。6÷0．2

79．8十〇

79．9十〇．4

3．76％

97．4十〇．2

87f6十〇．1

87．7十〇．1

87．8十〇．2

88．0十〇．2

5．00％

88．2十〇．2

88．4十〇．3

88。7十〇．．1

88，8十〇．2

89．0十〇．3

6．30％

106．2十〇。3

106・5十．0・1

．106．6十〇．4

107・0十Q．3

107．3十〇．2

　7．50％、

89．3十〇．2

89．5十〇．5

89．7十〇．3

90．0十〇．3

90．3十〇．3

．7．85％

79．9十〇．4

80．3十〇．1

80．4十〇．1．

80．5十〇．2

80．7十〇

4．80％

　　80．7十〇．2

　　・80．9÷0．4

　　81．3十〇

　　81．3十〇．2

・　　815十〇．7

　　6．75％

82．2十〇．2

82．4十〇，1
　し

82．5十〇．2

82．7十〇，2

82．9十〇．4

8．18％

／
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Table 4.-(C'ontinz`ed)
1

Nos. of sa･mples.

'After 31 hours.

A£.ter 32 hours.

.After 33 hours.

After 34 hours.

After 35 hours;

A£ter 36 hours.
After ' 37 hours.

After 38 hours.

After 39 h6urs.

After 40 hours.

'

After 41 hours.

After 42 houys.

After 43 hours.

After 44 hours.

Atter 45 hours.-

After 50 hours.

No. 1.
l

143.8+O.2

144.0+O.2

144.2+O.5

144.7+O.3

145.0+O:5
 7.92%

145.5+O:5

146.0+O

146.e+O.1

Z46.1+O

146.0+O
 8.22%

No. 2.

107.5+O.1

107.6+O.2

107.8+O.6

108.4+O.4

108.8+O.2
 9.00%

E

l

109;O+O.I

109.1+O.1

109.2+O,1

109.3+O

109.3+O.2
 9.50%

146.1+O

146,1+O

146,1+O

146.1+O

146.1+O
 8.22%

l

146.,1+O.

109.5+O

109.5+e.2
 ,109.7+O

109.7+O
log.7+b

 9.70%

109.7+O

No. 3.

90.6+O.1

9e.7+O,1

90.8+O.4

91.2+O.2

91.4+O.4
9.29%

 9l,.8+O.1

 91.9+O
 9t.9+O.2

 92.ltO
 92.1+O.1
- 9.76%

t

92.2+O

92.2+O

922+O
92.2+O

92.2+O
9.76%

92.2+O

No. 4.

83.3+O.1

83.4+O.e

83.4+O.4

83.8+O.2

84.0+O.3
9.48%

84.3+O.1

84,4+O
s4.4+6.2

84.6+O
84.6+O.i
10.00%

84.7+O
'84.7+O.1

84.8+O

84.8+O

84.8+O
IQ.12%

84.8+O

'

'
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(b)

      Some Experimerital Studies on " Hydro-expansion "

                                               tt                                  '
 '
" Uyd7'ation'" (Abso7'bi"g Agueo?.es Vmpozto') -Test

        ･/ ReyzelarlyFarmedbyCo"?paTession.

               , Table5.

of

of

Clay.

 '
       .t
Pbwdered Olay,

401

Nos. of samples.,t
 '  ･ /1

i Weight
     taken

    Weight
      t;

of

at
sample.
first.

   ftfter
Hydrous

1 hr. and
Ratio "

,

1

'

'

After

After

After･

After.

After

'A£ter

After

After

After

2 hours.

3 hours.

4 hours.

 5 hours.

 6 hours.

 7 ,hours.

 8 hours.

9h   ours.
     'IO hours.

After

After

A'fter

After

'After

11

12

13

14

15

hours.

hours.

hours.

houi's.

hours.

After

After

After

After

After

16

17

18

19

20

hours.

hours.

hours.

hours. ･

h ours.
    '

T

After

After

After

After

After

21

22

23

24

25

     'llours.

hours.

hours.

hours.

hours.
--

After

After

After

After

After

26

27

28

29

30

hours.

h ours.
 'h OUI'S.
  '     'houtis.

hours.

No. 6.

 gr.
53.10

-

53.50
 OL84%

53.60

53.80

53.90

64.6o

 1.79%

55.00

54.25

54.40

54.50

54.60 '

 2.92%

     '54.75

54.85

54.95

56.00

56.00 ･
- 3.86%

55.'15

55.20

55.35

55.45

55,.55'

 4.71%
nnettt /  55.65

  s5.65

  55.70

  55.80

  55.95
   5.46%

56.00

56.10

56.15

56.15

56.40
 6,31%

No. 7･

 gr.
'52.75

53.15
 O.75%

53.40

53.60

53.80
5'

3.85
 2.08%

54.00

54.30

54.45

54.70

54.75.

 3.79%

54.85

55.00

55.20

55.25-

s2I?g%

55.40

55.40

55.60

55.70

55.90
 5.97%

55.95

56.10

56.le
s6.26

56.30
 6..72%

56.40

56.50

56.50

56.55 ･

56.80
 7.67%

No. 8.

 gr.
52.80

53.30
 O.94%

53.50

53.65

53.76

53.90
 2.68%

54.00

54.50

54.50

54.60

54.70
 3.59%

54.90

55.00

55.20

55.25

55.25

4,64%

55.40

55.40

55.60

55.70

55.85
 5.77%

55.85 ･

55.90

56.10

56.15

56.30
 6.62%

sg14,

56.45

56.45

56.50 .

56.75
 7.48%

No. 9･

 gr.
45.30

45:80

 1.10%

46.00

46.10

46.40

46.50
 2.64%

46.60

46.95･,

47.10 '･

47.15

47.30
 4.41%'

47.50

47.70

47.80

47.85

47.90
 5.73%

48.00

48.00

48.25

48.35

48.35
 6.73%

48.45

48.50

48.55 '

49.85,

48.85
 7.83%

'

48.90

48.90

49.00

49.00

49.20
 8,60%

No. 10.

 gr.
'38.20

3?lg2%

38.70

38.85

39.os ･

39.20
 2.61%

39.70

39.50

39.60

39.6s

      '39.65･'
 3.7996

40.10

40.30

40,50

40.55

40.55
 6.15%

4'

O.6O

40.70

40.80

40.90

41.10
 7.59%

41.10

41.10

41.25

41.25

41.25
 7.98%

41.35

･41.40

41.50

41.50-

4g:,68%

No. 11.

 gr.
36.90

37.30
 1.08

37.50

37.70

37.9Q ･
      tt
38.00
 2,98%
'3'8.10 "-

38.40

38,55

38.60

       '38.70
 4.89%

'

39.20

39.50

39.90

39,9'5

40.00
 8.4096

40,05

40.10

40.10

40.20

40.20
 8.94%

40.20

40.30

40.40

'40.40

40.45
 9.62%

'

40.50

40.55 ･,
40.60

40.65

40.70
10.29%

'
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          tt
                t/t 51-(Oontinuecl)

Nos. of samples.

A£ter

After

After

Aftet

After

After

After

After

After

A£ter

31 hours.

32 hours.

33 houTs.

34 hours.

35 hours.

     '
36 hours.

37 hours.

38' hotirs.

39 hours.

40 hours.

After 41

After 42

After' 43

After 44

Aft･er 45

     '
After 46

AfteT･47

After 48

After 49

After 50

hours.

hours.

hours.

hours.

hours.

hours.

hours.

hours.

hours.

hours.

After

After

After

After

After

51 hours.

52 hours.

53 hoursl

54 hours. '

55 hours.

After

After

After

After

Aftpr

After

After

After

After

After

56 hours.

57 hoars.

58 hotirs･

59 hours.

60 hours.

61 hours.

62 hours.

63 hours.

64 hours.

65 hours.

No. 6.

56.40 '

56.50

56.55

56.60

56.60
 6.69%

56.70

56.70

56.90

57.00

57.00
 7.44%

57.05

57.05 ･･-

57.10

57.10

57.10
 7.63%

57.10

57.10

57.10

57.10

57.10

57.10 '

57.10

I

I 57.Io

No. 7.

56.90

56.90

-56.95

57.00

57.10
 8.24%

57.20

57.20

57.35

57.50

57.50'

 9.00%

57.50

57.60

57.75

57.75

57.80
 9.57%

57.80

58.00

58,10

58.10

58.20
10.33%

    tL
58.20

58.25
      '
58.30

58.45

58.65
11.18%

58.75

58.80'

59.00

59.00･

59.10
l2.03%

59.20

59.20

59.30

59.40

12.60%

       i
No･ 8･ i

       i'

ny.o. g. I No.

 a f       ' l-
10.

  ttttt t

i
i

56.85

56.90

56.90

56.90

56.90
 7.76%

49.30

49.0,O

49.30

49.40

49.40 '
 9.05%

  41.70

  41.75

  41.75

  41.85

･･ 41.85
   9.55%

l
l

E
E

No. 11.

t.

57.00'

57.10 '

57.20

57.30

67.8o

 8.52%

I'

I.

[

I
I

57.40

57.40
     l
57.6o

57.65

56.65
 9.18%

57.65

57.70

fi7.85

57.90

57.95
 9.75%

57.95

57.95

58.10 '

58.20

58.35
10.51%

58.35

58.45

58.45

58.60

58.75
ll.26%

49.50

49.55

49.60

49.70

49.70
 9.71%

49i70

49.70

49.85

40.90

50.05
10.48%

50.15.

50.15

50.25

50.30

50.30
11.03%

50.40

50.40

50.40

50.55

50.64
11.81%

'

50.75

50.85

50.85

50.95

51.00
12.58%

51.10

51.10

51.20

51.20

13.02%

41.90

41.90

41.90

42.00

42.05
10.07%

42.05

42.･10

42,10 '

42.10

42.10
10.20%

42.15

42.T5

42r35

42.40

42.40
10.99%

42.50

42.50

42.50

42.50

42.6Q
IL51%

      '

 40,70

 40.80

 40.80
'

 40.80

 40.85
 le.7o%

58.75

58.75

5880
58.85

l2.55%

40.85

40.85

40.90'

40.90 -

40.95
10.97%

40.85

40.85 '

40.85 ･

40.85

40.85
IO.70%

     '

40.95

40.95

41.05

41.10

41.20
11.65%

41,20

41.20

      s41.20

41.30 '

41.30

IL92%

l
l

42.70

42.70

･42.80

42,95'

42.95
12.43%

42.95

42.95

43.00 ,

43.10

12.82%

41.40

41.40

41.40

41.50

41.50
12.46%

41.55

4L55

41.55

41.55

12.60%

l

i
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Some Experimenta1 Studies･on " Hydro-expansion "

              Table 5.-(Cbntinzeea)

of Clay. 40b)･

Nos. of samples. No. 6. No. 7.
No. s. [ No. g. No. 10. No. 11.

After 66 hours.

Atter 67 hours.

59.40

59.45

58.95

58.95

51.20

51.20

i 43.10

  43.10

41.55

41.55

After68hours. org.4or 58.95 5L30i 43.10 41.55

After69hours. 59.65 58.95 51.301 43.10 41.55

After70houTs. 57.10 6gL65 58.9,5 43.10 41.,55

13.oso/o 11.640/o 13.249o
ttttt

Aiter80hours. or7.IO 59.65 58.95 51.30 43.10 41.55

                        s
                     T.-

                     g
                     64
                     ftu 2
                     s･

                     tOO 10 20 JO 40 50 60 70 80
                                -m"' dydration time
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                               di Hytrvitt'on time

     Fig. 2. Curves showing Hydration (absorbing aqueous vapour) of the Ta･nna powdered

       ' clayregularlyformedbycompression.(seeTable5.)

                              SUMMARY (A)

    Observation on the relationships between the clay and aqtieous vapour.

    <1) "Hydration'' (absorbing aqueous'vapouT) of the clay (aJ in initially

compressed natural state and also (b)in artificial]y compressed powdered state
                                                                    '                                                                      'show almost similar results. ･ .
                                       '    (2) Weight ehanges of the samples owing to this ``hydration" eontinue

gradually foralong time, and then stop. '
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404 T. Hukutomi.

    (b') The final ``hydrc)us ratio" of eaeli sample is questionable in this case.

Beeause it/ can be recogiiized that all o.f these samples have not completel.v

absorbed aqueous vapour, and the inner parts of them are still in {/lry state as

befbre, while the outermost superficial parts are wet. These wet outer zones

form thin layers (5-8mrn. in thickness) just like watertight films with micros-

copical bubbles ainong cla.v parbieles proteetred no longer against hydration.

Therefore, at norrnal atmospheric pressure and temperature even 100% of aqueous

vapour in the air is not･ be absorbed eompletely into ela,v.

    (.tenerally s})eaking, most weathered surfaces suffer, they $ay, the influence

of aqueous s'apour and so forth. But the infiuenee of aqueous vapour atT norma]

atmospheric pressure must be a fit topic to study experimentally.

    [I]he term ``h.vdration '' or `` hydrous ratio " in this ease, therefore, has not

meant/ real complet･e hydration or hydrous ratio.

    (B) Observation on Relationship Between Clay and Liquid Water.

    Observation methods-(a') normal hydrous ratio measurement (that is, samples

are putL in water complet･ely), and (b') they were allowed to absorb water fi'om

eaeh one face, (thatr is, sarnples are put on wet quartz-sand layer eovered by a

sheet Iarge filt･er paper and sat,urat･ed with Iiquid wateer). (see Pl. IX)

Pl. IX.

    of

 Hydration (absorbing liquid

the above (A) test, (that is,

beforehand; each hslf part

    each another half one

water) -test. Sarriples-equal samples as these

each sample hud been cut into two parts

was employed for the former (A) test,

utilized for this (B) observation>.
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Experimental Studies on " Hydro-expansion " of Clay,

                                             '            tt ttt -Z7Jy/ a;･ozts katio Measzt,re77zent of initiall.v Cb7npuressed

 Olaz/-Blocks 1keken in fZ}Mnna Tzmnel'.

       '                      tt
                           '                           /t            '                                         '                Table 6.
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Nos. of sftmples.

Weight of samples taken
 a`t fiTst.

           1
Weighti after 1 hr. and
 Hydrous [Ratio ,(%)

After 2

After 3

,After 4

After 5

hours.

h ours.
     'hours.

hours.

Aieer 6

After 7

After 8

After 9
After, IO

hours.

hours.

hours.

hours.

hours.

s

After 11

After 12

hours.

hours.

No, lt.

,gsl, -

142.0

 6.76%

143.7

144.5

145.2

i48I6,7%

146:O

146.0

146.0

146.0

146.0

 9.77%

146.0

146.0

No. 2t.

gr.
98.8

107.1

 8.40%

108.6

le9.3

I09.3

1'O9.3
 10.62%

109.3

I09.3

109.3

I09.3

109.3

109.3

109.3

No. 3t.

gr.
83.3

90.3

 8.40%

91.4

92.0

92.1
     '
92.1
10.56%

92.1

92.1

92.l '

92.1

92.1

g211

92.1

No. 4t.

gr.
76,4

8g1603%

84.4 '

84.7

84.7

84.7
10.86%

  84.7

' 84.7

  84.7

  84.7

  84,7

84.7

84.7

No. 6).

gr.
53.0

56,5
 6.60

57.0

57.1

57.2.

57.2

 7.92%

  57.2

  57.2

  57.2

  57.2

  57.2

, 57.2

  57.2

no

  t
 iR･

 ,V.y'

g
  ig.h

  s

                                 '                               '                                             '                                                              tt/t               '     '  '
eAhlal
ngfe tMh,aesFraeegoPglengiz8Wde.re exammed after 4s ho"rs and after 72

Nexteurvesshowtheaboyeres.ults(seeTable6)･ .

                                                                  t/                        '                                 L                                                             '                               /t t             tt                      '                                                '                                                         tt              '                '                                                                '                                   '                                                     '                      '
i5

                                       T io

                                       v
                                       ･,k-

                                       b                                       s

                                             ''O
O 5dydraltOiont!' itili5di. 20 Z5.' ,. H7v",a/tongLitie.

  /        Fig. 3. Curves showing Hydration (ftbsorbing liquid watdr) -test of the

                    Clay-blocks in natural state. (see Table 6.)

                                       '                                                  '                                   '                                  tt                                              tt
                          '                              '
               '                                 ttttttt -t
                        '                      '               '                          '                                                              tt
                                   '
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'
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'
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7

--.trm.---- ---------
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'
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(bi) Hydiration

   Pbrmed

(Abso7abing tLigzeul Wateo')

           t ttttby (]lomp?'ession, Abso7'bing

       .t
               Table 7.

of the Pbwcleo'ed

 VVdte7' .1?`om one

()Zay Regzelargy

 Face.

 tt

'

'Nos.'ofsa･mples. No.7t. No.8'. No.gt. No.IO'. No;11t.

Weightofsamplestaken gr. g.r. gr. gr. gr.

atfirst.' 52.6 52.7 45.2 38.0 36.8･

Weighta£ter1hr.and 58.9 59.0 49.9. 46.6
HydrousRatlo(O/o) 11.970/o 11.95ero 25.009o 3I.310/o' 26.63%

After2hours. 64.6 64.3 63.0 53.4 50.4

After'3hours. 64.75 64.45 63.4 53.6 50.6

Aftet'4,hours./ 64.75 64.45 63:5/. 53.7 50.65

Afteur5hours. 64.75 64.45 53.9 50.65
23.e9% 22.29.%il 4o.g2o/o 41.840/o 37,630/o

After6hours. 64.75 64.45 63.9 53.9 5065

After7hours. 64.75 64,45 63.9 53.9 50.65

After8hours.' 64.75 64.45 63.9 53.9 50.65

After9houTs. 64.75 64.45 63.9 50.6,5

'After10hours. .64.75 64.45 639 53.9 50,65
41.370/o

''

･/

AfterIlhours. 64.75 64.45i
lti63.9

･53.9 50.65

After12hours. 64.75 64.45 63.9 53.9 50.65'

AfteT48hours. 64.75 64.45 63.9 53,9 50.65
ttt

t-...t..

After72hours.･ 64.75I '64.45 63.9 53.9 50.65

    IR this

appeared.
case, N6Se 7,-11! of samples deformed and their volume-ehanges

g
g tso

s･

S iO

T

o/o

.-.----:

trNo.IOii--tt-
+- -16L6z6: '''s:6

No,9

No.]l

tt

'tt

No.7
･･

mp-psptfiy

4o

'5O

20

10

o

-e -t-- ---t7No,6 Ll---"- --to

`
.t

'

g -

''

o

Fig.

                ' 2cig l-

                              :/l, 15

                              g ,,E

                              v'
                              'N                              "                              .tsh                              es 5

                                 o
5 10. 75 20 2s O5 10 IS 20                                '                 '       'tlydrationtioie-iv '' ' /tVYdra!L'ontinte--pt

 4. Curves showing Hydration (absorbing liqinid water) -test of powdered

      Clay･regularly formed by eompression. (see Table 7.)
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                                                               '
               '                                                                     '                                    tt                                                     /.                        ISUMMARYOF(B). ' ･' ,
                                                  '                                                 '                                                                     '
                                                   tt                                                        '    Observation on the relationships between the clay and liquid water.
                                        tt
    (1') IHIydration (absorbing liquid water) -tests of the clay (a') in initially

compressed natural state, and (b') i]i artifieially compressed powdered state' show

almostsimilarresults. . ･. , .. .･･
  ' (2') Weight changes of the samples owing to hydration (absorbing liquid

uTa,ter)oecursuddenlyforshorttime,tindtheRstop. '
(Al,bg?') These h>rdrous Tatios (B)b') are larger ehan those in the former ease

       '                                                       'w6tn(e4sts). Inner Parts of.eacl} samp.le are the same aF pheir o}iter surfaee in

   '   (5') Volumes of Nos 7'-11' of samples expand apparently as foli?ws

                                                             '    , .Table8,.･Volume-ehangeduetoHydration.'･ ,
                  /    '

i,Nos.ofsamples.

No.7L･, No.8f. No,9L No.10L No.11t.

Volutne-ehange(original

弛rms)(29mm3.)�

(2.5><1
.5xO.5)�

(2.5×2
.0xO.5)�

(3.5X2
.0×5.0)�

(3.0x1
.5×6.0)�

(16X4
.0xO.5).

Volume-expansion".R
cfttio(O/o)�

.O073� .O099･� .Ol86� .O121�
.0

.2961

                             '                CONCLUSIONS TO THIIS CHIAPTER.
                           t/          (HYDRATION PRELIMINARY TESTS OF CLAY).
  '                                                                  '                                                                    '                              '   In this chapter observations have been made (A) on the relationship between

he [Vanna tunnel elay and agueoqs 'vapour and (B) on the re!ationship between

he clay and liquid water. Comparision between the above (A) and (B) observa-

ipns may be sumnLarized in the following Table 9. ,
                                                    '  .As seen' from those observations, a certain elementary knowledge about the

elationships among the elay and aqueous vapour and liquid water in limited

onditions has been 6btained. . .                                       tt                                                             '                                                         tt                                             '                      tt                            tt t  (A) [Vhe clay absorbs aqueous'vapour, but it needs a rather long time and

oreover its "hydration" stops in normal atmospherie pressure and tempera-
ure. before.the inner･part of the sample beeomes completely wet as on its
                                                     '               '

                                                                     '  'Nrolvtme-change is not visible finally in this ease. .'. i

  (B) The cla>r (eaeh sample is Iil<e those us'ed in the ffbrmer observa,tjon)

bsorbs liquid xsrater (190C. in temperature) relatively very quieldy and begomes

                               t tt       '                                    '                          '                                                            '                                                                '                                                '                                           '                                                                '                                                                     '                                                           '                                   '                                      '                                       '                 '  '                       '                                           t.                                                    '                                                                '                                '              tt tttt tt            '                      '            '                                                          '                            t /, .           ttt                                             ''   '                       tt     '        '                                                                  '            '
                                               tt                                              '
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Table 9.

             T. tEIul<uto}ni.

                    '              '
Coi[nparison of the Above (A) and (B) Observations.

      '
(A) Observation (clay a･nd vapour)

"Hydrous i l
 Ra･tio"･ I'

(B) Observation (clay anCl'water)

  Nos. of
.. Eam?leE.

No･ 1
No. 2

No. 3
No. 4

No. 6
No. 7
No. 8
No. 9
No. 10

Nog 11'

Time at when
`` hydrat. ." stop,

38 hours

'42

40

42

43,

69

66

68･

64

61

l･

ij･

ei

i"i

i

Nos. of
sampleE

8.22%

9.50

6.76

10.12

7.63

13.08

11.64

13.24

12.82'

12.60.

No. It

No. 2t

No. 3'

No. 4'

No. 6'

No. 7i

No. 8t

No. 9'
No. Iot

No. 11t

Time at when
hydrat. stop

6 hours

3

4

4

4

3

3

6

5

4

Hydrous
Ratio.

9.77%

10.62

10,56

10,86

7.92

23.09

22.29

41,37

41.84

37.63

eompletely saturated untill its hydrous ratio beeomes eonstant and reaehes the

m･aximum limit. When the sample is not so compact as a shale or tuff, it
deforms and changes itsL volume apparently owing to oversaturation. Further
?adg$ng water, then the clay may become fluid and tal<es no definite east at

is aiWttihnecntlythieeeCoOgl:lzreedSSfidy dnraYkeCdlaeYyeasb.SOrbing Iiquid "'ater) " h?tdro-expa?sioii "

                     tttt t                      tt
    Then, further investigation on "hydro-ex})ansioii" of clay NsTill, therefore,

becarriedoninthelightoftheaboveresults. ･ "
t,,,tS,a
dPil･P,ieih,Of･.a,'.tifil:li!lil,Y,e.'i:,,Pi'.eS,S.etd,.POWdered elay apd iiqui(l water shail be

''

" iiy2iio}leknpflaUnes.oe,ei ,9foafqcUleaOyU.F VaPOUr wilJ be negieeted in eonsideration on the

                                                          '                                              '          '                                                  '                                                              '                                    '                                                 '                                         '                      '     ,.'', .･e'           '' ' Chapter II. PRELXMINARY TEST ON HYDRA.URIC VOLUME
    ･ CIHANGES OF ･SEVERAL INMALLY COMRRESSEI) CLAY. '

  ' These tests are only some primitive simple examination, in whieh one ean

easi!y reeognjze the phei}omenon " [EIydro-expansion, '' of the elay, by the nal<ed

eye through the glass tubes. .
    (A) At first･, 50gr. eaeh of powdered dry clay was taken in six mesh
cylinders (No. I; No. II; No. IU; No. IV; No. V･aiid No. VI,) all of the
apparent volumes of the clay were measured 40 cc.

,., ES,g, Xka,rmsS.80Szzr81Sgi?g8.X,'Xr%,a}t]lli6gd.,lo ,ILzz?y.isi tiie -esh cyii]ide]ts

                                             '                                           '                                         '
                                  '                             '                                   '                         '                                            '       '             ' '                                               /t                                      '                                                   '                              '
                                                 '                                     '                         '                                '                                        '

-
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No. I

No. II

No. III

No. IV

No. V

No. VI

Experimental Studies on " Hydro-expansion

  (slightly compressed) . . . . .

  ----t-t--- -･ ---e-
  -･- ----ti--------
  -----i-----t----
  ------t-----e---
  (most intensely eompressed) . .

tt

.

.

.

.

.

.

of

.

.

.

-

.

.

Ctay.

. 40cc.

. 39ce.

. 38ce.

. 37cc.

. :.36cc.

. 35ce.

409

           Pl. X. First dry powdered elay, 50gr. each weight and compressed

                        to 40 cc.-35 cc. in apparent volume.

    (B) Seeond, some quantity of water C19 temperature, whieh is common
temperature in the tJunnel) is gently poured into tThe mesh cyiinders, and the

clay allowed to absorb iyater thoroughly.

    No"' one. can see exactly some volume changes of clay through the glass
tubes. and these resu]f,s were as fo11ows:

          No:I IOec.(indryst･ate)---.40.10ec.(inwetstate)

          No.II :'}9ee.(,, ,, ,, '1---40.15ce.(,, ,, ,,)

          No.III :-l8cc.(,, ,, ,,)-.40.2Ucc.<,, ,, ,,)

           No.,IV 37ec.(,, ,, ,,)-.40.25ce.(,, ,, ,,) ,
           No.V ;:)6cc.(,, ,, ,,)---40.30ce.C,, ,, ,,>
          No.VI ;.lt)cc.(,, ,, ,,)-40.40ce.(,, ,, ,,)

    Thus, the phenomenon, ``Hydro-expansion" of cla.y was recognized and
t,he larger ehange appeared'in the stronger compressed samples. (see PI. XI)

    (A') The preliminary test deseribed be]ow was soniewhat different from the

former one. This time, all of the dry powdered clay (･V)Ogr. in weight) was

most intensely compressed in the mesh cylinders, until eaeh apparent volume

'
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Pl. XI. Samples of wet powdered c]ay, eaeh ehanging apparent volume from
     Lower black lines on mesh cylinders show first surfaces in dry state and
                   after the absorptiori of vvater into the clay powder.

the (lry

upper

 conditioti.

ones

beeome
ria]s (or

uniform (b'5cc.) and then $ome several

 dry clay) in the mesh c.vlinders, such

loads

as :

were put on
(see I'l. XII)

th e test mate-

No. I'

No.flV

No. III'

No. IV'

No. V/

No. VI,

---}"et"--
----------
----------
----------
----------
--tt------

   U gr.

  5U gr.

 100 gr.

 t.)OO gr.

1000 gr.

3520 gr.

load

Ioad

load

load

load

(no load)

(lead shot)

(lead shot)

(lead shot)

(lead shot)

(gun-metal)

,

Pl. XII.

     in
Intensely compressed dry clay-powder 50gr.
volu[ne upon which several lead were put in

each in weight and 35 ce.
the mesh cylinders.
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    (Bi> Soine guanttit.s.T of' "'ater (190 in teinp.) wa$ gently pourecl into the

inesh cylinders, and the clas a]Iowed tTo absorb watier thoroughly. At this time,

some several loabs were put･ on each sample of test material in the i:nesh cy, lin-

(ler, exeept No. I', therefore, one can see somewhat･ diiferent volume changes

firom tLhe former t･est (B), such as: (see Pl. XIIII) ,.

       No.I' ....:')5cc.(indrystrate)--.1(,).41cc.<inwetstate,}

       No. II' . .. . ;)'･5 ce. (in dr.v state)- 35.25cc. (jn wet stat6)

       No. III' . . . . 3;5 ec. (in dr.y state) . 37.8`.). ec. (in wet state)

       No. IV' . . . . :-l`V) cc. (in dr}' st･ate) - 36.3'Rce. (in ivet state)

       No. 'NJ' . . . . :)'5 cc. (in dry state) ---:b 3i)il.2Scc. (in wet state)

       No. VI' . . . . 3･T, ec. (in dry state) --. 35.0U ce. (in wet state)

    Pl. )C[II. Wet state of the intensely compressed elay, on which vftrious loads were put.

                    t.
                  CONCLUSION OF THIS CHAPTER.
    (ON "HYDRO･EXPANSION" PRELIMINARY TESTS OF CLAY).

    The above facts teaeh one that (1) some eompressed cla.y changes its ap-

parent volume when itr absorbs wat･er, and that/ its volunie change is not the

same, if compressive power is difl'erentt. (2) Moreover, one can recognize tl}e

phenomenon ``Hydro-expansion'', in whieh soine ``expansive power'' appears

strongly enough that some load is pushed ul'} in the mesh ct,vlinder, but･ it･s

power has a certain limit.

    These preliminary tests give one some general idea on `` Hydro-expansion "
of clay whieh will be studied afterward (in ?art･ III) in detail.
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          - PartlXI.MAINEXPERXMENTS.

    Observations were made in detail of the phenomenon, `` Iilydro-expansion''

of clay, and deseriptions follow of such features as:

          (1) ........ RelationshipbetweenE and O;
          (2) ........ Relationship between .EJ and Q;
          (5') ........ RelationshipbetweenE and P;
          (.4) ........ Relationship among E,Pand S;
          (5) ........ Relabionship among E, Pand K;
          (6) ........ Relationship among .E], O and Q;

          (6) ........ Relationship amollg E, P and U;

          (6) ........ Relationshipamong E,Pa･nd Q;

      where E--"Hydro-expansion"
                 O == initial compression

                 Q = quantity (in qrams)

                 P=: pressure or load on test material

                 S= size of dry powdered clay-grain (not particle but a small

                     Illass) .
               /･ K == kjnd of test material (as Tanna elay or Hanaoka elay ete.)

                               '
    and U(=hydration) is always measured through these experii:nents, with
reference to the relation between IZ] and H.

    Moreover, E(-- Hydro-expansive power) is observed, "Thich is the most im-

portant subject and is the most noteworthy topie in this paper.

    It will to found that E is always aceompanied by ``fiydro-expansjon''
and that it shows an enormoiis power in certain cases.

  Chapter I. RELATIONSHIP BETWEEN E("HYDRO"EXPANSION")
              AND C(INITIAL COMPRESSION GXVEN TO
                           TEST MATERIAL).

    It is known that the natural elay showing some strong ``earth-pressure ''
in Tanna tunnel did not have unifornzL t,exture (porosity or coi:npactness). [I"here-

fore, the pores among the particles of clay ean be ehanged by any of several

compressive powers within fairly wi(le limite. 'It is, however, unknown how
strong compression existecl or had been infiicted upon the elay-mass or elay-zone

in the tunnel. But it may be possible artifiejally to duplieate the natural con-

dition of some clay-texture.

    Accordingly, a large nuinber of test pieces of several different porosities

were prepared fbi' the experiments. 'I]he relationship was observed between
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E(``Hydro-expansion'') and a(initial compression on test pieces eaeb of whieh

he]d some compressed energy as "latent plastieity'' in their bodies).

    Teljt ]4ttte7"ial. K(kind of clay): perfectly dry powdered elay (specifie gravity

2.h"5) tal<en iri r.l"anna tunnel was used. S(size of elay-grains): Lmder O.Ol cm.3

    Test Ptece.g. 'l]he above material was taken into a gun-metal cylindrieal
tube, of whieh the inside diameter, 2R wa$ 2.7 em. (2 (the quantity of materia])

making eaeh test pieee was al.1 the same, as Q== 12.5 gr. The powder in the
e:ylindrical tube was eompressed without any binding material by a (')'O ton com-

pression testing machine. The test pieees were made of equal cylindrieal plate-

formecl clay-mass (tl]eir diameters 2R=:2.7cm., the same as that of the gun-
metal tube). The thiekness P of eaeh test piece was different aceording to the

several eoi):Lpressive powers a}i, such as D.=:2.4--,O.8cm. It js neeessary that

,the compression time be continued during one hour or more for eaeh test piece.

If not so Iong a time is used, the textures of the test pieees may not be unjform

or it may impossible to make unifomn stTandard test pieees, whieh show always
eertain regular results in any tests.

    7lesting Appao'atzes. ``Hydro-expansion'' of elay, Hukutomi's ``H}rdro-ex-

pansion'' testing apparatus js used. Its eonstruetion can be seen in Fig. 5, in

whieh a is a cylindrical tube made of gun-metal same as the one that was used
formerly for )znaking a test pieee; b is a box made of brass-plate, in whieh the

e}rclindrical tube is settled; c is a piston moving veTtieally in the cyliudrical

tube; d is a beam conneeted with the top of the pist()n on the one side to wh]'eh
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Fig. 5, Construetion of " Hydro-expansion " testing appa･ratus.
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is atfixed a registering peii on tl}e other side; e is a sharp wedge holding the

beam at some point, not at the middle, but the Iength ratio of the piston side

to the pen. side==1:5, like a deformed ehemieal balance;f js a registering pen;

sl is a cylindrical registering clock-work drum; h is a dish or a seale fixed on

the top of t･he piston t･o pnt some load on it.

    A sheet of brass wire netting wit'h two sheets filter paper is inserted tmder

the base of the e.ylindrieal tube t･c let some water soak into the inside nf t･he

tube throtrgh the net and pal)er. (see Pl. XIV and Pl. XV)

Pl. XIV. Several parts of the " Hydro-expansion "

.,

ix. i･'･

ge

"gl

testing apparatus.

           Pl. XV. An outer view of the

    For one experiment, 3 sets of
are always used in order to obtain a

possible. ''

" Hydroexpansion " tesbing appara･tns.

Iike `` H.ydro-expansion '' testing

mean result or to gain as correct
apparatus
results as
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                                                        '                      '         '                               tt                                                '   Beside that apparatus, a eheiinieal balance; a registering thertnometer and

barometer; and a registering hygrometer ete. are prepared in the previously
mention small speeial dark xoom, in which all of the conditions can be made

liketheconditionsinanyeertaintunnel.･ ･ .
    Testing Ti'eatment. At first, a test pieee is put in the eylindrieal tube and

the piston is brought eompletely into touch with the upper surfaee of the test
llgZet:; .[llh,eal,{Li,e, b,e.a,iasE ii.eLd.,lio.m'ft:.,li}r,ai with a reguiator at the end ffehe

                             tt?.U,a,",`l.ge,.O.f,,,PU,lft.W,,arsr,.ki98.C,,`ZM.P,e,r.a,-. '. '7.' '

                                                      '                                    - ./ t.1                                                 '                                                     '                                                       ti
                                                        '
no hydrostaticaJ pressure. Some water is
allowed to sink through the brass net and

two sheets of filter paper under the base
of the eylindrical･tube, uThieh is aflixed

by 4 nu.t to a thiek gun-metal plate. (see

Fig. 6)

   And then, if "Hydro-expansion" of                                            @
clay appears, the thiel<ness of the test pieee

beeomes gradually''larger and Iarger until , i

itmay'reachtoitsmaximumthickness, t,                                             tlakrr
whieh we will be indicated on a sheet of .                                             }{$･
the registering paper tied round the drum. '

The record will always show a tin[Le-rela-
                                         Fig.tion and 5 times thereal ehiekness change. ･

An example of the recorded eurve on the
registering paper (see Fig. 7) shows that

the phenomenon, " Hydro-expansion," had
finished after 5.20 hours, or the thiekness.

ehange of the test piece reaehed 'its maXimum

imum thickness el was reeorded as: d ==
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      6. Vertical section of the main part

    of the " Hydro-expansion " testing'

    paratus. a is a test pieee plaeed

    cylindrical tube. b is the brass

    is a piston put on the test pieee.
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     within that time, and the

1.0415em. ' ･
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   The phenomenon, "
usual case, on one

fole, one can see only
very convenient and

through all of these

of some boundary effeet

"7dratiorc tbula --"ts '
dm. dn. nyar -v. .an- --. pm'"! nv th. -N. M. -- "P- -N mp. Vth- Clain tpt'

             -mm$
              ke
              h

                 '               'An example of the recorded eurve on the registering paper.

      Hydro-expansion" of clay in a tunnel, appears, in
innereuttingsidewithinaelay-zoneormassivebody. [['here- -
     the natural thiel<ness change in a tunnel. Thus, it is

 satisfaetory to I<now the thiekness change of any test pieees

 experiments. But care must be taken against the oceurrenee

      between the inner side of the cylinderieal tube and

                                                      '                           '                              tt                   t                                '             tt                                    '
               '                                    '                                '                                    '
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                                                          '                             t/ tovtter side ot a test piece. Il]hereforg, the inner surfaee of the c>Tlindrical tube

is polished as smooth as a surfaee of glass. 'I]hen one wilJ I<now afterward that

the bvtndary effeet' can be pegleeted for soi:ne enormous "expansive power," if

a test pieee is intensely eompressed initially. ,
rf6llo{.i.ZtgRveaS tlg8s･: Iii tliiS eXPerimeiit (Chapter I), all gf the te.st pi.e.ces had the

                                                                 '                                  '
     -lii ::',r'-E,ki]gd.?f,l,ege,¥n,?･igepm.]'.ptopts-.si,¥y,iec}i:.,T.ltrmigey"nei;,:=i"

     (2 ...(quantityofdryelay)=:12.5gr.==:Qi .'. '.
                                                           '    2R .. .. (diameter oftest pieee)e2.7em.-dn-2Ri. , ,.
         tt･ But sonie differenees were found their thicknesses or in'volumes･of the dry

test pieces, 'and in their hydrations and in volume chan'ges during absorbing
X'iaeleeeik'.ae(esOerpd8aagilteOltolle SeVeral iiiitial compi'essiE'e powers exerted upon the test

                               '                                          .1                                               tt t                                                              '    '                                        '     .･Table 10. ''A table showing the irelatiqnship between a and E.

Nos.

    I
   II
   III

   IY
    v
, VI
  VII,

 VIII ,

   K

  x{l

 XIII
  XIV

O tOll

L

 o.ooo

 O.O03

 O.O05

 O.OIO

 O.050

 e.125

 O,500

 1.000

 2.000

 3.000

 5.000

10.000
i7.boo

.23.oqo

CI kglem.2

  o.ooo

  O.524

  O.873

  1.745

  8.730
 21.s2o

 87.26Q

174.520

349.040

523.560

872.600

1745.200

2966.840

4013,960

(Y)

D' cm.

2.40

2.10
2'
.OO

1.90

1.60

1.15

1.06

1.01

1･.OC

1.00

1.00

O.95

O.86

O.80

V cc.

 13.752

 12.033

 11.460

 10.887

  9.168

  6.590

  6.074

  5.787

' 5.730

  5.730

  5.730

  5.444

  4.928

  4.584

v%
 .o.oo

12.50

16.67

20.82

'33.33

52.08

55.38

57.92

･58.33

58'.33

58.33

60.41

64.17-

66.66

(p)

R' gr.

6.50

6.2s

6.03

6.02

4.75

･3.37

3.35

3.31

3.25

3119

3.06

2.78

2.55

2.40

h%
52.00

.50.24

48.24

48.16

38.00

26.96

26.80

26.50

26.00

25.50

25.50

22.24

20.40

19.20

(ct)

d cm.

-O.483

-O.100

-O.070

-O.O18

 O.O13

 e.215

 O.258

 O.269

 O.272

 O.275

 O.275

 O.276

 O.260

 O.255

e%

-20.13

L 4.76

- 3.50'

- O.95

  O,8Z

 l8.70

 24.20

 26.63

 27.20

 27.50

 27.50

 29.e5

 30.23

 31.88

t

" (a)

  (7)

  U ==
  e, ==

  D =:

  'V =

  v:
  ll･ wwny

                                                '                                               /･.... `f[E[ydro-expansion'1,'' (i(9) ..,.. Hyctration;
. . . . Volume change of test pieees in dry state according to th.e

      , several initial compressions.

initial eompression given to test pieee;

initial eompression per unit area;

thiekness of dry test pieee;

volume of dry test pieee; ･

pereentage of voluine ehange;

MVgieight of absorbed water;

                '                 '
i

'
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                                                 '                                   '                                                        '                                 '                   '                                                               tt t      h :=: pereentage of weight ehange during hydration, "hydrous ratio ";

      cl::=thiel<nessehangeoftestpieeeduringhydration; .
      'e h--= pereentage of volume ehange during hydration. . '
                                                      '                                                     '                         t ttt                                  '' In Table 10, No. I is a cylindrica/1 plate test piece given no initial com-

pression or O-- O; its thiekness in tlte dry'state D -"ny 2.40em,; its volume in

the same state V== 13.752ec.; the･weight of hydrated water ff== 6.50gr.; the

hydrous ratio or the weight pe]rcentage of the above h :52.00%; its thickness
change ･during hydration cl == -O.483cm. (that js, the thicl<ness of the wet test

pieee after absorbing water shows some contraetion or settlement of the powdered

clay and thiekness in this case D-cl :2.40-O.82 == 1.57 cm.); therefore, " I{[ydro-

expansion " ratios e == -･20.13 % (cl. 1001D or -O.483×100/2.40).
   From No. II to No. IV, ehe test pieees compressed under several weal< initial

stresses show some negative " Hydro-expallsions."

   From No. V to No. XIV, these are, however, eompressed so intensely before

hydration, that their "Hydro-expansions" always appear as positive. Among
them, from No. VIII (a ==1 ton; D == 1.01 em.; h= 26.50%; e== 26.63% to
No. XIV (c -- 23 tons; D ----- O.80em.; h =19.20 %;e-` 31.88 %), it ean be seen

  ttthat their "IIydro-e.xpansion'' ratio e increases gradually and the hydration
Tatiohdeeteases'graduallytoo. ' ' ･' '   Aeeordingly, the two curves, which represent e and h, are drawn lil<e ,straight

ljnes direeting upward and downward symmetrieally, within a certain limited
condition, and the eurve, whieh represents v, runs like a straight line parallel

tothatof``IE[ydro-expansion"ratige(seeFlg.8).,･.'･. ." .- ..

                                                 '          '                                             '    '. .70                                                              tt
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                                                  tt                                                           '    it･was al.re.ady known･that the phenomenon, i`IHydro-expansion" of clay,

appears when the c]ay has initially been strongly eompressed, but one may
presume that this phenomenon does not appeai`, if the initial compression has
been so ex,tremely strong as to e]imjnate any pores among the clay partieles.
In such a case, no or a little hydration is rneasured on some specimeii like

some old hard eompact roek (as elay-slate etc.).''Therefore, one can recognize

thath-N-Oande==O,.ifa==co. ' '' ,                                                              '                                       '    These studies are, however, directed to an investigation of the phenoi[nenoR,

"Hydro-expansion'' of clay, within certain limited conditions like those in the
Tanna tunnel. [l)hus, the above test resultS may satisfl}r the purpose. Some of

these results will be examined again afterward in a later chapter in several

         '                                                                   '                              '                                  '                                        '
              " SUMMARYOFTHIISCHIAPTER.
                 '                 '                                               '                 tt                               '    The experiments deseribed teach at Ieast the fo11owing faets.

                                                '                  '    (A) There are some defihite relabionships among ll7(Hydro-expansioi}." of

clay), H(hydration) and several a(initial,compressions). '
    (B) Some loose clay may contraet itself during hydration, that is, no or
"reak initial eompr6ssion allows some clay to expand negatively by absorbing

water. So that, some part of elay zone or mass in a tunnel ean be loosed and

made free from any positive ``Hydro-expansion" by destroying its textyire.

    (C) If some ``H}rdro-expallsion " of elay appears in a tunnel, it must have

been already given a cerbain limited'initial eompression, not too weak nor too

               t.
    (D) Study of the relationships among e(``Hydro-expansion'' ratio), h(its

hydrous ratio) and a(initial eompression) bring always certain definite identical

result･s, if a definite quantity of some definite 1<ind elay is treated in the same

                                    '                                          '
                              tt   (E) In these above experiments, `fHydro-expansion" of elay is expended'
freely, that is, if these exist no loads put on t･he test pieees, just as when no

timbering works in a tunnel check the eXpansive power, the "Hydro-expan-
sign" ofs elay pushes out the cutSing surfaee within the cla>r zone or mass

without any resistance, toward the inside of the tunnel., ･

                     '                  tt t
 Chapter XI. RELATIONSHIP BETWEEN E("HYDRO"EXPANSION")
             AND Q(RUANTITY OF TEST MATERXAL).
                             '                                '                                                   '                                          '                                                       tt                                                '        '   In this chapter, is reported some relationship between E and several (2
under. the same eondi,tions, suc' h as: K(1<ind of ma,terial) ----'clay tal<en in the

Tanna tunnel; 8(size of clay-grains) == undey O.Olem3. and (jnitial eompression)

--- 1 ton, or C' (initial eompression per unit area of a test pieee) = 83.68kg/cm2.

r'

f

,
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       ttttt tt       '                                                                       '      Test ]fute7'ial. Material was all the same els that treated in the preeeding

  ehapter. - .., .                                                                 '  poxN,dTelerSdt {iliae>C,eS<l,erlentatkhLSn,CasSuee'hSeaVsel'al qUan?ities'of test.materiai completel>r dry

                                     '                                                       '                                        tt      ' Qi=6.2optgr.;Q2-pm-12.5gr.;Q3--aj2oHgr.or'Qi:Q2:Q3"==1:2:4.. /
                                                      '
      The forms of test pieces were all the same as those treated in Chapter I,

  but their thieknesses and diameters of the'cylidrieal plate-formed test pieees

  we'te different from the former ones.

      2R(diameter of the eyjindrieal plate) =3.9em. -ku 2R2 ･
  ..12. 2(lh4i.cklleSs of the test pieee) --O.3em.; O.6cm.; 1.2cm. or Di:D2:D,

                                                                       '                    t t.                                                '                                                      '                                                            '    . Testinst Al?pa7'atzes. The same as used in Chapter I, but the inner diameters
                   '  of the c>rlindrical tubes of She " IEIydroT,expansi6n".testing apparatus were dif-

                              '  ferentfromtheformerones. ,' ' .                                     '                         '      2R=3.9cm.-pt2R2･ '･
      7lesting T]'eatonent. The same as the former treatment.

      71est Reszelts. Table 11 and Figure 9 show the results of the tests.

  valuffhorfe2heOfreesauCl?s.kind Were teSted and In this table there shown the mean

                                             '                                                     '                                                                      '                                           .t .t               tt             '                                                              '                                                       '                           -t                                                                      '' '･ Tablell.Resultson'reldtionshipsamongQ,hande. ..

l

Nos.

xv
 XVI

XVII

Q gr.

6.25

l2.50

25.00

P em.

O.3

O.6

1.2

(B)

J!l' gr.

3.33

s.22

8.62

h%
53.28

41.76

34,47

(ct)

d crp.

O.134

O.185

O.189

e%

44.67

30.83

15.75

and

   Q -ha quantity of test material in dry state;

  D --- thiel<ness of test pieee in dry state;

  Zr := weight of absombed water;

  h=:hydrousratio;. , .
   el =thiel<ness ehange of test piece during hydratioil;

   e =pere"eRtage ,ot' volume ehange,during hydration. ,

                        'As is seen from the above table (Table 11), the test pieces No, XV, No. XVI

No. XVII are each sueh as:

   Qi: Q2: (I}, :: 6.25:12.50:25.00 "-･- 1:2,4,

  Di; D,: D, = O.5:O.6:1.2 == 1:2:4,
  .lill:lilli:Hli =:3.33:5.22:8,62 =1.:1.57:2.58,. a

   '

       '                              '     '                                          '                                      '          ttt tt                     tt                                 tt        '                     '                                              '                                    /.
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       h,: h,: h, == 53.28:41.76:34.47 ==: 1:O.78:O.6s,

       di: a,: d, ==: O.134:O.185:O.189 = 1.:1.38:1.41,
       ei: e2: e3 -- 44.67:30.83. :15.75 == 1:o.67:O.35.

                             '    Thus, the relationships among Q or D, H) h, al and e are not always pro-
 portional, that is, .El' and el are not unifoTm, or h and e represent also no uni-

 formity aeeording to the quantities of clay,material. Fig. 9 shows some of the

 abovefaetsbytwocu!ve(eandh). ., ･ . .
                                                          '                                                       '                         '                                             '                                        '                 '
                                              t/                          ,e' a---k
･'  2R, C', [).Q            ･ Cm KglE,cm, c.tn 9n
 ･ 05,9 85.680.5 6,2S

                               A59 ･8568 O.6 12.5P

             , ' cas.g83.6sl.22s.oe
                     60

               pt                wt
               vA 50                ny "iiR
       . "v               -k"      ･,.' i.].i.ii4b,

               g3t ,,

       . gig2o
       ･ Rto                g, ,,

               q

                      o
                                             '                                        '                        O ,5 10 15 ZO ･25'30
                               '                            tt t                               Quantity(Q)gr. ', '
                                                        '                                                         '                         .t                                             tt            Fig. 9. Curves represent ,certaip relationships among e, h and Q. '･

                g                                          '                         '                                          '                '' i
   ' SUMMARY OF THIS CHAPTER.
                                                             '                                                          tt    From the results of the present that of "Hydro-expansion'i of clay in the
ease when no load was applied on the test pieees during hydration, eonclusions

maybedrawnasfollows: , , ･ ･ .'    CIay of small grains under a certain limiLted size shows'the phenornenon

of ``IE[ydro-expansion'' when it is giVen a eertain definite initial eompression･

The quantity' of absorbed water does not increase at the rate of inerease of the

adMeeOrZiaistes9f teSt Material bUt, On the eontrary, the pereentage of absorbed water

                                   '                                       '                                          '                            '    '                                                '     '                                                            ,  ' '                                    .-                                                               '                                                       '                       '                        '                                                               '                                 '                                                                   '                                          '
                                                                   '                                           '                               '                   ,- /                          '                                                             '                                   '                                             '                                    '                                '                   '                                       't.                                                            '
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                                   '            '                                                  '･ '1{]he inerease of volume due to hydration shows a relation similar to the
                 'above and the .pereentage of volume change,during hydration decreases with the

amountoftestmaterial. . ..   It is worthy of notiee that the pereentages of absorbed water and " IH]ydro-

expansion" are greater in the smaller quantity of test material than in the

greater one. This fact it to be taken into consideration When one wishes to
Zig:laYIIytheiRiseisP. eriMent91 reSult tb a praetical case wiiere a large .amount of clay

                             '                             '
                 tt         '        Chapter III. RELATIONSHIP BETWEEN E ("HYDRO-
           EXPANSION ") AND P (APPLIED COMPRESSXON
 ' ON TEST PIECE DURING HYDRATION). '
                                                                    '                                              '                                          '                                     '                                                       '    In the preeeding two chapters, "HYdro-expansion" of elay waS measured
under no load on the test piece during hydration, that is, the volume-ehange

duetohydrationwaspermittedEreely.withnorestrietion. .
    In the present exberiment all test pieces were eompressed with a definite

load during hydratlon, In this case, tesk pieces well pushing up the applied

load immediately on beginning of absorption in spite o£ its eonsiderable size and

thephenomenonof"Hydro-expallsion"appears. . '
    In regard to the force to overcome the applied load P, the author ,suspeeted

its existence at the same time when h6 found the phenomenon of ``Hydro-
expansion." lle ealls this foree "IE[ydro-exparisive power" or briefiy "expaii-

sive power " reeognizing its importanee in his experiment, This fbyee is denot-

    ExperimeRtal results deseribed'in the pres'ent chapter wili be often referred

to in many. other investigations which will be described hereafter. "I[Iydro-

expansive power'' e is 'measured by the changing of volume of absprbent
material caused by hydration. Moreover by applying load on maPerial dur,'ng

hyClration, the serength of the expansive ppwer may.be known. When the
initial compression whieh is applied to test pieees at the beginning of test is

weak and the strueture of the material does nQt beeome dense, test pieces shrink

after hydration even in the ease of no load. ,In thls ease the expansive force

can not taken be into considera£ion. Tl'iere is also a special case in which test.
pieees do not expand an(1 do not shrink. The inGrease in bull< means the
existenee of internal stress e ,and ma'terial does not inerease in bulk without
the existence of E. [I]herefore, for the investigation of E experinients are to be

earried out ""Tith the test pieces whieh easily show " IE{[ydro-expansion ".

    Among the materials xvhieh,were used in the fovmer tests, material of
Ki and Si having the iRitial compression of at =:1 ton or Cli == 2 tons olr a3,== 3

tons are found to be most fit for the,author's present testing･plant.' XVith
regard to the quantity of materials, choice "ras i[nade of (2i = 6.2･5 gr., (22 = 12.5 gr･

and Q3==35gr., whieli were used in the preeeding test, for the purpose of

referringtotheresgltsinthattest'. ･ . . ,.,
                        i
                    tt                                          tt                       '       '                                   '                                          '                                               '               t ttttt/tt t                                             '                                                          '         '                                                    ' '              '    '                                  '                        '
                                                  '                                      tt tt                    '
                                                              '         '  '                                            '                      /･ ,          '                                           '
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                 '                                                  '                                /･/･/    Thus, test pieces used in the presei}t experiment were expected to' show an

 obvious "IE[>rdro-expansion".' IIowever, it will be supposed that "Hydro-
 expansion'' under a certain load P wM not be lil<e that under no load and
 under a load over a 'eertain definite Iimit it may be restrained ahd not appear.

In sueh case, this certain definite load is to be equal to the expansive pomrer g

 on that oeeassion or greater than it. Then,in the ease of e>P "Hydro-

 expansion"Eeanoeeurandinthecaseofe<Piteannot... ''
    XVhen a strong earth pressure caused by f` IE[ydro-expansion " is observed Qn

inner cutting sides of tunnel or adiL within an absorbent elay zone as in the
Tanna tupnel and IE[anaoka adit, timbering whieh is to protect the tunnel or
adit from this earth pressUre' is to be designed so that the expansive power e is

equal to the resisting power of timbering or, if possible, smaller than it. The
author does not consider that the' praetical design of timbering in tunnel or'
adit within aii absorbent cla:y zone beeomes possible by his investigation but he

believes that this present experiment'must conduee to the complation of the

investigationaboutexpaiisivepo"rer. ･.
    Test ]4ttte7dial. Materjal was Kl and Si such as that treated in the preceding

two tests, namely it was perfeetly dry powdered elay taken in [I]anna tunnel
having the grain size of under' O.Ol conz3. ･
    Test .Pteces. ']]est pieees were all'the same as those of No. XVI treated ii)

the preeeding chapter and had the following quautity, dimensiQn and initia}

           Q2==12.5gr.;. ,
     . ai=:1tonorC{=83.681<g/em.2; .
                                                     '    ･., .'2R2==3.9ctlt; .･ .'
           D2 == O.6 em.. .;
           iSeveral tens of test pieces were inade. '
    Testing A2)pa7'atLts. Cl]esting apparatus was the same as that used in the･

preeeding test, but it was so made that any load P eould be applied to the test

piece during hydration. As a load, shots were used. Three sets of equal
" [[I[ydro-expansion ') testing apparatuses having the eylindrical tube whose inner

ptiameterwas3.9cm.wereusedasinthepreeedingtest. ' . ･.
' Testing Trecet7?zent. The same as the former'treatment excepting the com-

pressionoftesgpieeesduringhydration. '･ .
   Test ReszeZts. Tables 12 shows the results. In ehis table there are shown
the mean values of three results whieli '"ere obtained tfrom ,three sets of Iike

iesting apparatuses. , ' ' , '
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                    '             '            '
Table 12. -A table of the results on the relationship

           za･amonge,handP. .
   '         '
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    Nos,

------- --tt-----

    XVIi
    XVI2
    XVI,
    XVI4
    XVIs
    .XVI6

    XVI7
    NVIs
    XVIg

I

IPi kg!11,95cm.2

/t
o

1

2

3

5

7

10

13

15

 p,I (P)]{g!em･2 ii ffgr. h%

O l 5.22o.os4 l 4.63

O.167 4.20
O.251 i. 3;90
o.4is i 3.so

'O.586 3.68
O.837 3.55
1.088 .j ,...3.43
''
l:2' 55 l 3.33
      1      j

  41.76

  37.00

  33,60

  31.20

  30.40

  29.44

  23.40

  27.44

･ 26.64

(ct) l

- clcM..

O.l85'

O.109

O.064

O.040

O.028

O.O14

O.OIO

oloo2

o-

e%

30.83

IS.17

10.67

6.67

4.67

2.33

l.67

O.38

o

         hJ-P., : A.P/,P,"1/leegiEMi;;lt,ilftZtllZln.Zil,,. il,P#Xww,,Zr?a Of ii 95 em2 of `est pieee

          U=w.eightofabsorbedwater; . '
          2 la:- itihY,･d,rkO.",S,,'a,tilO..ig, 6f the test pie6e during hydrati6n4;.

    , e--pereentageof;volumechangeduringhydration.
                                                        '
    As already mentioned above, test pieces Qf Nos. XVIi to XVIg are all the
same as those of No. XVI used in the preceding test and moreover the test
pieees of No. XVIi are for the case of P== O like those of No.'XVI. There-,
fore, the experimental results obtained from the individual test pieees of No.

XVI are brought into Table 12 as those of No. XVIi,
    No. XVI2 is for the case of LP==1kg or .l]" == O.084'kg/em.2, that is, values

tof the tested results for No. XVIi are those whieh were measured applying the ,

･compression oflkg. on the test pieees during hydration. ' .
    In the former case of P :O, the thiekness change of test pieces during
liydration "a'' is O.185 cm., while'in the ease of P==1 1<g. it becomes O.109 em.

Comparing the two eases the percentage of the volume ehange during
hydratio]t ``e'' deereases from 30.83% to 18.17%. IRegelrding absorbed water

･llz'i,i,)j''di,'t,,d,e.C,r,e,aS£e,,ill,l)'04I7.7ibl'g262tg.r'3S9oo4i6? gr･ and eonsequentiy the hydrous ratio

    In a simjlar rnanner, for other experimental results coneerned xvith Nos.

XVI3 to XVIs whieh are for the ease of P:=21<g., P==3kg., P--5kg.,
P=:7kg., P=･ 10kg. and P==13 i<g. respeetively, it is observed that a and e
･deerease at a certain rate with the inerease of P and at last they reaeh zero at･
.just .P :15 1<g. or .P' == 1.255 1<glcni.2. At P=15kg. absorbed vyrater ``fl" is

,iii.Il33.,ligl',iL]i:,d,li,Yddlll?9",S,,ragi,O.bli,Zldl' beCOIineS 1'1･64gSl. in Fig io the reiationships

                       .-            tt                        '             '                       tt                              ･ . ,/t/t                             '                                                        '                                      t tt  '                                                         '                                                '                    '                                                    tt                      /･                                                   '                                        tt t   '                                              '                                      it                                                1                          '                                       tt t I
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'

         :' SUMMARYOFTHISCHAPTER.
                       '     '    1]he"eoRclusions to be drawn ierom th'e results of tlte present test ma>r be

                                              'summarized as fo11ows: '
    I. Absorbent materials, such a clay, exhibit the phenomenon of "IIydro- ,
expansion " E by absoTpting water.' However, "rhen a test piece is eompressed

with a load P during hydration,, the "Hydro-expansion'' deereases at a certain ,

rate with the increase of this compressing load P and when this eompressing
load -P reaches to a eertain definite amount, the "Hydro-expapsion" eeases to

appear. Therefore, the "IIIIydro-expansion" E can be completely restrainedi by

means of a eertain definite amount of load. Consequently the present exRpri-

mental result Qffers proof that "Hydro-expansive potsTer" appearing in the

aetual cases, such as tunnel and adit, rnay be eompletely restrained by an ,
artifieially applied load. [l]'he experirbental results shows also the possjbiJity of

themeasurementof"IE[ydro-expansivepower"E. '
    But these experimental were made under the'`definite conditions of initial

compression O,,quantity of rnaterial Q, size of grain S･and 1<ind of m4terial K.

Therefore, as to the 'correlation of these many conditions mueh,further in-
vestigat`ion is neeessary fbr predicting the more general behavior of absorbent

materialsinnature:-'. ' ･, ･   II, Concerning the absorb.end water, the preseht test brought somewhat

interesting results into view. The. pereentage of absorbing water "h" deereases

with the increases of the applying load P and the curve showing,the velation

between P and h is similar to that of .P and e. Tliese two eurves seem to run
           'parallel' with eael] other. But, Er never reaehes zero, in spite of' the faet t'hat

                                                    '       '                               tt. .                                                                       '

                                                                   I
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the applyed load inereases to a certain definite amount and the "Hydro-
expansion'I 'ceases to appear. Therefore, these two eurves never intersect or
                                                           tteoineideattheirends. '' ' ' '
    IEven a natural hard rock absorbs water. Therefore, it js no wonder that
it is impossible to make h -- O for a clay.

    From the results obtiained in Tests I and III, it can be eoncluded that'
absorbent materials do not always expand by hydration. Some loose clay con-
tracts itself during hydration whell it is not so strongly initially compressed.

Even the,hard compaet elay compressed at the beginning of test does not
expand by hydration, when it is eompressed during hydration by a load over a.
certain definite amount.

   In ot}:Ler 'iNrord, even in a ease in wlLieh drainage is impossible the "Ii[ydro-

expansion " can be restrained by Ioosening the･strueture of a elay and permitting

free absorption or by compressing a clay strongly over a,certain definite degree

andpreventingfreeabsorption. ' ･

                            i
         ChapterXV.RELATIONSHXPBETWEENE("HYDRO" ･
              EXPANSION") AN., D S (POWDER･BLOCK
      ' slzE oF TEsrT MATERXAL).
                                        /e
    In tbis ehapter, "powder-bloek 'size'' S has the same meaning as "size of
powdered test material", "size ef dr:y povTdered grain'' or "pox4rdeted grain

passing through a certain si'eve". S means not only the size of particle but

aJso a small powder-block. [l]he author determined the powder-bloek size "S''

withsieves. , '･ '･ ･''                                      t tt     '    An important faet to remember in all soil testing in the variability Qf･
powder-bloek size in matQrial. 'i]herefbre, in tl}is test the present author ･in-

                                           size ``S"                                                     upon the ``IE[ydro-vesbigated the influenee of the powder-bloek
expaRsion'' "E'' to gain morg detailed information and tliereby to make his
laboratory eXperiment more applica,ble to securing quite satisfactory gstimates

of natural ``IIydro-expansion " charaetgristies in tunnel and adit.

    LZ"est .Z14Zvte?･ial. Following three poivder-bloek sizes were used:

                       Si=under Q.Olem.3,
                       &--O.025 O.05cin3,
                       S,==O.lcm.O.2cm,3. .･
   [l]his matlerjal was perf6ctly drY powdered clay taken in [l]anna tunnel as

denotedby.Kiin,'theformertests. .
   Test Pieees. Test pieces were all made to a cylindrical plate-form having
the quantity of Q2 -- 12.5 gr., diameter of 2R2 :3.9,6m. and thiekness of
D, ---- O.6 em. As initi'al eompression a]I these test pieces were eompressed wi'th

a load of ai--1 ton or O'==83.68kglgm.2. All the testing conditigns were
the' same as in the preceding test exeepting the powder-bloek size.
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   Tes(i72g Appao'atus. Same as in the preceding test.

   Testing 7h-eat･7?zent. Same as in the preceding test, too.

   Testiny ResitZts. For the material of the powder-block size under O.Ol cm,3,

results had been already obtained iii the preeeding test. '
   Therefore, in this test, onl:y Cwo kinds of test pieces having respeetively
two different powder-bloek sizes of 81i and S3 were testeq. '

   InTable13,areshomrntheobtaineClresults. ''

          Table 1:)'. Results on relationships among P, e and h
              for three different " -PozvdeT-BZocle Sizes'' S.

Nos.
i
I
          I

 P Ip,kglll.95cm.2 l kg!cm.2

(p) l (ct)

'

l Hgr. i h% d cm.
l

XVI,
XVIi,

XVI"i

XVI2
XVI/,,

XVI"2

XVI,
XVI/.1

XVItt4

XVI,,

XVI/{j

XVIit"

NVIs
xVI/s

xvlns

XVIg
XVI/{)

XVI"{)

XVI,o

XVIXIo

XVIOIo

XVI,1

XVIt,1
NVI)'11

o

o

o

1

'1

1

3

3

3

7

7

7

13

13

13

15

----

--i-

20

2e

24

 o
 ol
 ol
'-"J"''
l

   ,1

5.22･

3.92

3.03

O.084

O.084

O.084

  i 4.63

   3.44

  2.92I

O,25I

O.251

O.251

r

i

i
i
{

3.90

3.27

2.83

O.596

O.586

O.586

i

F

1
'l""

I

3.68

3.15

2.68

1.088

1.088

l.088

1.255

1.674

l.674

3.43

2.92

2.52

3.33

2.75

2.45

41.76 !
31.33 I

24.20 i

O.185

O.096

O.058 v

37.00

27.52

23.30

l･ O.109
i

  O.041.

I O.02s
i

31.20 l
26.13 i

     122.60

O.040

O.031

O.O18

29.44

25.20 '

21.47 i

O.O14

O.O14

O.O14

i---
2.Q06

---o

27.44 i

23.33

,20.13 i

O.O023

O.O120

O.O130

26L64

     lt
---- i

o

･22.oo l'

19.60

O.O08

O.OIO

t/ t

t---
2.73

l

21.84 I e.eo"

e%

30.83

15.94

9.58

18.17

6.75

4.72

6.67

5.11

3.00

2.33

2.33

2.33

O.38

2.00

2.17

o

1.33

1.67

O.67



Some Experimenta･1 Studies on " Hydro-expansi6n " of Cla･y, 427

Table OO.-Uontin2eecZ.

Nos.

XVI12
XVtt12 ;

XVItt12

E

IP  kglll.95 cm2･

 XVI13
 XVIt13
, XVI"13

-t--

27 ,
27

,･----

"' r
30

XVIi4

XVI/14

XVI"14

l

l
i'

--t･-

----
34

 Pl
kg/em2.

f
(p)

H gr.

,----

,2.259

2,259

rl
l

i-i-
2.70

2.4d

t---

----･
2.594

--- --

2.845

･- ,- - -･

--t-
2.37

t---

-----

2.35

h%

----
21.60
'19.20

----

-- ･--･

18.96

---i

  ----
. 18.80

(ec)

d cm.

----

 o
O.O06

-i--

----
O.O02

---p

----
o

e%

-･---

 o
1.00

----
O.33

---.-

--4-

o

   Fig. '11

ratio ``h"
having the

P = applied compression on cireular area of 11.95 cm2. of test pieee

      during hydration;, .,
Pi =applied compression per unit area;
lil' = weighi of absorbed water;

h == hydrous ratio;

cl -- thielmess change of test piece during hydration;

e =: peiccentage'of volume ehange during hydration;

Nos. XVIi to XVIi4; Si = under O.el em3.'
;

Nos. XVII to XVII,; & = O.02,..)-O.05 cm3.;

Nos. XVIY to XVII4; S, ; O.10-O.20 cm3.]

 sho"rs the relationship among pereentage of expansion " e ", hydrous

and applied eompre.ssion during hydration "P'', for the test pleees

differentpoWder-blocksizes. ' ･
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Fig. 11. Curves representing certain' rela･tionships among e, h and P! for tbree
               different " Powder-Blocl< Sizes ".
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   '    Both the table and figu're show the diEFbrent results fbr test pieees'having

the diffbrent powder-bioel< sizes in spite of the faet that the testS were made

under･]ike conditions and with the same test pieces excepting the difference in
                                                'powder-block size.

   For exaniple, in chree different cases of Si, &, phenomenon of "Hydro-
expansion " " E" ceases to appear when a load applied during hydration reaehes

1.255 kglcm2., 2,259 kglem2. and 2.845 kgfcm2. respectively and therefore in the

absorbent material having the greater. powder-block size greater " Hydro-expansive,

pawer""e"appQars. ･.' '.' ' ' ' For another example, when a･test pieee absorbs water under no load the
volume ehange due to.hydration beeomes smaller with the incresises in the

POWdAepribiyOi･CnkgSi'hZee'above tvs,o faets obtained frb.ih ttie iab6tatorY expefiment to

the aetual cases such as tunnel and adit, it is suggested that ,in the place
eonsisting of absotbentmaterial with' large powder-block size, ``Hydro-expansive

po"rer'' is felk severely, but on the contrary the quantity of pushed out soils

is small. In short, when powder-block size is great, expansive power .is also

greatbutquantityofpushedoutsoilisnot.' ' '
                                                t //tt   'l]herefore, when one wishes to restrain the "IEIydro-expansion'' of elay,

thepowder-bloeksizeistoibetakenintoconsideration. '･
    Furthermore, the curves in Fig. 11 furnish other faets than the above
mentioned ones which will be considered later on.

    Next, the hardness of the powder-bloek of elay and the density of its
strueture exert a large effbet. to ･the hydration and " IEI[ydro-expansion ". All

of the powder-blocks of clay used in the present test eould be considered to
have equal hardness and strueture, and therefore as to this point no attention

was needful., But, water must be eoneerned in the hardness of the powd6r-
bloek of clay and therefbre, clay "ras as eompletely drained and dried･as possible,

so that it might not degenerate, of course. "
    As already mentioned above, the phenomenon of "Hydro-expan'sion" is
effbeted by the differenee is powder-bloek size of absorbent material and thereby '

" Hydro-expansive power " is different aeeording to powder-bloek size as fo11ows:

    Three kind･s of materials having thepowder-bloek sizes Si -- under O.Olcm3., ,

S2 :O.025-O.05 cm3. and &---- O.10t-O.20 em3. can not expand under Ioad of
P' -- 1.255 l<glcm2., P' =2.259 1<glem2. and 2.845 1<g/em2. respeetively.' , ,

    In Fig. 11' the relationship between the powdcr-b!oel< size, of elay "S"

and``llydro-expansivepower''"e"issho,wnwithafullline. ''
   In the same figure, the relationship between the powder-block size of elay
"S" and the pereentage of absorbed water･"h'' under equal to Lhe expansive
power is plotted with a broken line.

/

.
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                                      '                          '                             tt                                                                '                                            '               Chapter V. RELATIONSHIP BETWEEN E ("HYDRO"
      ･ EXPANSION")ANDK(KINDOFTESTMATERIAL).
                           '                                                   '          Test materials uSed in main Tests I to IV were,all Kl, that is, dry powdered

       clay taken in Tarina tunnel. But, 'in the present test other kinds of･material

       taken in other plaees weTe used for furtherresearching the propert}r of "Hydro-

 i expansion".[l]hematerialsusedinthistestwereasfollows: , ･
          Kle == residual elay tal<en in Hanaoka mining gaJlery in Al<ita Prefeeture,

          ll4i == tufaceous shale from open eut･ at IIIushun Coal Mine in Manehurja.

          The fori:ner, Kli, is residual elay metamorphosed from the country roek
       (tertiaTy tuff) in the blaek ore deposlt: When the elay zone in tliat place is

' excavated,waterisabsorbedandthentheso-ealled``earthpressure"appears
       seriously destroying the timbering worl<s just as,in Tunna tunnel. Therefore
       in IEIanaoka Mine adJits, there were some which had to be abandoned. i[I[ow-
       ever, by trial keeping that elay zone in a dry state ivith a good ventilation, it

                                                 '                                          '                                                               '       '                                                                 '                                  '               '                             '                             .I ,'･                '
                     '                                         tt .                                                            tt                                                tt                                                           '                                                              '                                                        '        '                                                               '                                                             '                                          '                           '                         '                    ttt t                                  '
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                                    '         tt     hardened and ``earth pressure'' immediately deereasedi. II]'his faet shows tJ,ie
     notable relation between the hydration and " earLh pressure'' in an aetual ease.

        The latter, Kh, is a shale spread over the oil shale whieh covers confbrm-
  . ably the Fushun g,,,oal seam and it beeomes very tufaeeous. It comprises a part

     ofthethickseamknoWnas``greenshaie''i). '', ･
        Absorbing,water, it immediateiy changes to elayey material and deereases

     the angle of repose allowing the equilibrium of the clay mass to break dowii.

     And then it often begins to slip into the bottoi:n of the open cut greatly interT

     ruptingtheeoal-miningbusinessthere. . . .
        This roel< absorbs water by itself in the field and thereby it shows obviously

     the volume change. Therefore, this roek is one of samples which shows a fact
     that " Hydro-exp4nsioh'' must be cpncerned in the oeeurrence of a land-slip.

                                                                      '    ･KarlTerzaghi2)concludedasfollowinhispapers: '' '
        " Swelling of elay is nothing more or less than the purely elastic expansion
 A producedby the elmination of thesurfaee tension of the eapil]ary water. [I]here-.

    fore, loeal evaporation of the capillay water or loeal fiooding of the surfaee of
    clay deposits produces seeondary stresses whose intensitY is far greater than

     the weight of the heaviest struetures and whieh were found to be the primary

     eause of many vast soil･ displaeements, known as land-slips''. ,
        Even ･if his statement is assumed to be not assented to as it stands, there

     is no denying the fact that it serves as a good referenee to the investigations

    of " Hydro-expansion '' and 'initial motive power of land-slips.

        Author will now deseribe his ex,perimental conditions and results.

        i        7lest ]ftvteo'ial. The abgve mentioned materials, Kl, -Kli and Kb were used

    and t,heir poxNrder-bloeks were all sifted to a size of under O.Ol cm3. i,e. Si.

        Test Pieces. Sai[ne as'those used in [l]est III, viz.,

                               Ci' =83.681<glem2,,
                        ' Q2'==:12.5gr.,
                               .2R2 == 3.9 cm.,

                               D2 -hO.6em.

        CZIesting Ampceo'atus. Same as used in Test III.

        Testing IZi)aeatment. Same as used in Test III.

        tZlest Restegts. 7]he results of the tests are shown in [['able 14 and the dia-,

    graiinatic relations between h and Pt and between e and Pi beeomes as shown

    inTig.12. .' . .･ ･''                      ttt                                          '  /t                                                                       tttt                                                            tt         '
                             .
                    '

                             r
        1) K..Uwa･toko, the Oil Shale Deposit of Fushup, "/fanchuria, p. 123. ･
        2) Karl Terzaghi, Erdbaumechftriikauf bodenphysikaliseherGrudlage, 1925. 01dea･rth-pressure
    ll)heories and new Test results, Engineering News-Record, 1920. Principles of soil meehanics, Engi-

' necringNews-Record,l92･5. '
                                                    '
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Table 14. Relatiohships Among, P, e and h for

     thTee different Materials Ki, Kh and Kb.

43X

Nos.

X,VI,

XVI.11tl'

XVIII/!1

XVI.7

XVI'li.

IXIVIIfXl.,

XVI,
XVI/!f4

XVI!l!14

XVIs
XVI/!!s

XVI!!Xls

XVIs--6'

X.VI!1!s-,l

xvll/11s-6

XVI,i ''

XVIII!ts

XVII!/l6

XVI7
XVIII/.7

XVII!1!7

Pkglll.95 cm2.

o

o

o

1

1

1

3

3

3

5

5

5

6

6

6

7

7

7

'i

10

10

10'

XVIs
XVIXII,
XIVIi/i/s

XVI,
XVI/llg

XVIIII/g

XVII,
'Xv!111o

XVIi!!iie

13

13'

13

15

15

15

i

20

20

20

Pi･kglcm2.

o
t

o

o

O.84

O.84

O.84

O.251

O.251

O.251

O.4I3

O.418

O.418

O.502

O.502.

0.502

o.586

Oi586

O.837

O,837

O.837

1.088

1.088

1.088

1.255

i.255

1.255

1.674

l.674

1.67'4

p

H gr.

5..22

7.59

5.00

4.63

6.30

4.25

3.90

5.90

3.75

3.57

5.73

3.48

3.68

3.4s

3.55

3.55

3.43

3.33

5.30

5.00

lt %

41.76

60.72

40.0Q

37.00

50.40

34.00

31.20

47.20

30.00

28.53

45.84

271s4

29.44

27.60

28.40

44.40

27.44

26.64

42.40

4o.oo

ct

cl cin,

O.185

O.3iO

o.14o

Q.10g

O.135

O.066

O.040

O.088

O.025

O.O12

O.055

O.O04

O.O14

o

O.OIO

O.044

O.O02

 o
O.030

O.023

e%

30.83

51.67

23.33

18 17

22.50

11.00

 6.67

14.67

 4.17

1.95

9.17

O.67

2.33

 o

 1.67

..6 O

O,38

 o
5.00

3.72

tv
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Table 14.--Uontinz{ed.

Nos.

XVIn-!2
Xvl/1111--12

xvl//1111-lo.

, XVII,

 XVIIIX13

 xvlltll13

XVIIs･,

XVI/111s

XVI/1</,s

XVI16
XVI/1!16･

xvllllllG

XVIIs--17

xvlUllr,-17

xv!iil/is-i7

Pkg/11.95 cm.

  25
  25
t 25

30

30

30

35

35

35

38

38

38

4e

40

40

Pt-1{glcm2

2.094

2.094

2.094

2.510

2.510

2.510

2.929

2.929

2.929

3i180

3.180

3.180

3'l347

3.347

3.347

B

lil gr.'

t---
4.85

--,--

-tt - -

4.70

:--i

----
4,65

.."

----
4.6B

----

--t-
4.60

t-i-

h%

----･

28.80

----

37.60

----

it--
'37.20

----

--t-
37.04

----

-t

---

36.80

----

ct

cl mm.

e---
O.O15

----

--tt
O.OIO

----

----
O.O08.

----

t----
O.O05

---.
-

:-t-

o

----

le %

tl

----
2.50

----

--;-･

1.67

----

t---

l.33

----

----
b.s3

----

----
o

---･ -

              '      .P =applied eompressiQn on･ cireu]ar area of 11.95em2. of eylindrieal

,, plateformedtestpieee;. ' ,'                                                          ttt                        {      P'==appliedcompressionperunitarea; ' ' i･
                                                 tt      ff==weightofabsorbedwater; ' ' ･-
                                       '      h=hydrousratio;- .. . ･ ,' ,
                                                       '      d =:thiel<ness change of test piece during hydration;
     ,e == percentage of thickness ehange;

     , Nos. XVIi to XVIi7 = test pieces of material .ifi;

      Nos. XVIi"' to XVIi7"' -- test pieces of material Kb;

  , Nos.XIVIi"itoXVIi7'i'=:testpiecesofmaterialKk;
                                                               '                                '                            '    Tested results about are,quoted firom Test III. Regarding .l{rli and Kb they

were tested under quite the same eonditions as Kl. The results bear a close
resemblance to each other as shown in Fig. 12. When a test pieee is com-,
pressed with a load P during hydration, the percentages of both absorbed water

"h" and of "IEI[ydro-expansion'' ``e" decrease with logarithmie eurves with
the increase of load P applied during hydration. "Then this load P attains Co
a certain definite arnount, though the test pieee keeps on absorbing water, the

volume change due to hydration eeases to appear and under the load over a
certainlimit``Hydro-expansion''becomesimpossible. ,.
     /tt    Two curves of h and e seem to rup parallel with eaeh other. Comparing

                        `



'

             SomeExperimentalStudieson"Hydro-expansion"ofClay. 433

                               e a---
                              C; Q 2R,D 5 K
                          . hS2b.em.srcmcm･cro.
                                       vndeh                           A 8･3.68 IZ.5 j,9 O.6 O,OL3 Kt
                           < 63.6S l?.S 3.9 O.6 e"."Ort.il Kz
                           V 6368 12,a 59 a6 O:OiJ K3
          ,tws-s 70
           v           .org eqA Go

           g¥ s,
           qe           gg 4o

           ,g s:,q

           g "io

            '
          . OO,ZO.4O.6OB7,O1.2I.41,61.82,O222.42,62Bj.Oj,23,4
                               Load(p) K%.cm.
                      '                                                         '      Fig. 12. Curves representing reiationships among e, h and Pt for three different

               ･ .'MaterialsofKi,K2andK3･' ,' -'
                '                                    tt
with the [['anna sample Kl, Hanaoka sapaple has always greater hydrous ratio,

"h'' and ``Hydro-expansion" ratio･``e'" and, on the contrary ]lushun sample
1iaS IanlWghYoSrtS,Maalltl8guOgnheS{he tests are m'ade under quite tAe saRie''eohditions, the

differenee in absorbent materials exerts a effeet on the testing results.

  ,Con$idering from the above resultss even in the actual cases, sueh as
tunnel and adit, phenomenon of "Hydro-expans,ion" may also be influenced
by the l<ind of materials. When the materials are different, a sample with

greater hydrous ratio may have a greater volume change due to hydration and
also it may have stronger expanSive power. '

   ,With the many other kinds of materials similar tests have been made, For

exa:nple, glass powder was teSted and even in this case, phenomenon of

"Hydro-expansion" was observed plainly. . ･
    In the present paper, the tested results concemed with only three kihds
of materials were given as the typical examples. And in the already mentioned
tests, they were invest.igated ehanging only one condition, Regarding the other

correlations .obtained from eombination of the several test conditions, they will

'

           '                                                            i

        Chapter VI. RELATIONSHIP BETWEEN E ("HYDRO-
            EXPANSION")'AND TESTING CONDITIONS,
                                          '                                   '                                             '
    In [E]ests I to V, dbservations were inade on the effects of (I) initial com-
pressian app]ied to -materjal, (Ii) quantity of test material and (III) conipression

applying on test piece during hydration ul)on the "H}rdro-expansion" ``E''.
IFurtheTmore, effects of (IV) powder-bloelc size and (V) 1<ind of material upon

the relation between E and P have been examined. In brief, the tests hither,-

'to deseribed have already supplied data on the following relations :.
   '                    /t            '                       '                                                     '             '                                       '                                               '   tt                                    1･      tt                                       '                   '                            /t                 t t tt                        '
                                    s                                                              x

tN

'

s
-- "･ -- <--- --- th-- - t

"lj"N --- e --- -ia' --"-<
- v - - -tL- A

L
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                            (I) E:a
                            (II) E:Q
                            (III) E:?
                            (IV) E:P:,Sl

    The relations to be described hereafter are as foIIows:

                            (VI,) E:e:Q
                        . (VI,) .E:P:O
                                                    '

                                               '                               tt t                                                     '                                                '                                                            '                                                        '                 '                                         '   In these relations, powder-bloek size'"S'･i alld lcind of,matevial ``K'' were

limitedto&andM.'.." ･ , ･                                    tt                                 t tt                                                            '         / .. ,                                     1･/ t･ ･                                            tt                                         t/                                                  '           '                                           t tt                                                                     '          (VIDRelacionshipbetween''E("Hydro.expansion")ana .
              C (Initial Compression) for different quantities
                            of Test Mat'erial.

    Test Mate7'ial. Test material was Tanna clay Ki having the powder bloek
size of Si (under O.Ol cm3.).

    Test Pieces. Quantity of materials "Q", initial compression of test pieces
         '                                    'k`sOf8'11aon"9s diaMeter of eylindrieal plate-formed test pieces `･`2R " were. dgteri:ninect

                               ;

      (a) Qi == 6.25 gr., O! == 1ton (O' -e--" 174.52 kglcnL2.), 2Ri =: 2.7 cm;

      (b) Q2 :== 12.5 gr., ei == 1ton (O' -- 83.68 kg/cm2.), 2R2 -- 3.9 em;.

      (e) Q3 == 25.0 gr., Oi k 1 ton (a' == 40.60 1<glein2.), 2R3 == 5.6 cm.

       '                     '                              '                          '                 tt tt /t                 'of' these thr'ee different test pieees ehree eaeh were made. Thiel<ness ,of test

pieeesbecameallO.6em.･･ ･.''/. ' ,'
                                                               '                                                    '                                                                  tt   Two other kinds･of test pieees were ma(le for reference as folloNsrs:

      (d) Qi-- 6.25gr., Oi==1ton (C' =83.68kglem2.), 2R2 =3.9em.

      (e) Q2=:25.0gr., ai-ny-1ton (O' =83.68kglcm2.), 2R2=:=3.9em.

                                       i
  , In these test pieces, the thickness became respectively O.3 cm. and 1.2 6m.

    Testing Appao'atzes. Three sets eac,h of large (2R3 ==5.6 cm.), medium (2R2-im-

3.9 cm.) anct small (2Ri == 2.7 cin.) 'sized " Hydro-expansion " ,testing apparatuses

                                                 '

    Testi7zg tZl)'eatment. At first using the test pieees (a), (b) and (o) and next
                       ./t(a) aRd (e), .`iHydro-expansion 'a' '" E" anq absorbing water H" under no load

duringhydrationweretested., ' '･,'.･
    Test Reszelts. AIready obtained results for test pl'eces (b), (al) and (e) are

quot･ed here without repeating the test･s.

           t･ /･

'

J
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Nos.

    i'
Q gt'. i2R cm.

    L
(a) I 6.25
      i.25(b)

     25,O(e)

(d)

(e) i
6.25

25.0

2.7

3.9

5.6

3.9

3.9

D cm.

O.6

O.6

O.6

O.3

1.2

Cil{g'ciii2.
1
l
1
1--

1
l
I
1

l

I

(p)

.EI gr; h%

174.52

83.68

40.60

1'

2.44

5.22

11.47

83.68 1,

83.68

3.33

8.62

39.04

41.76

45.88

53.28

34.47

(ct)

d cip.
I･

I
I--

e96
-- t-

      I
O.200

O.185
o.i64 I
      i･

33.33

30.83

27.33

Oi'134

O.189
      I

44.67

l5.･Li'5

      Q -ny quantity of test material; ..
      2k =: diameter of eylindrieal plat/e-fo,rmed test pieee;

      P == thielxTness of test piece; '
      O' = initial eompression per unit area;

      H==weightofabsorbedwater; .
      h '==h>rdrous ratioi. '' ･,-･･
      Zi tTwak,ll:gg.,ek'?",b:1?,,?,f.,`g,S`,lll,eecuringh>'dration; ,･ '-

'

      No. (b)=No.'XVI,iR Test II and No. ]XIVIi in'Tes,t. III;.

      No.(d)==No.XXi'IinTestll; . ･. ,
      No. (e) == No. XVII in [I]est II. . , '''
    For convenience of investigation tested resdlts iii Test VI are to be classM6d

lgS.O ,gyO,,glB",?Z.Zf.,i,,?S,' c`,a'<s･S'bl･.aild.gg' ,a,i.'g,,tw',£zz,(b8, l]g,d, `,el.6,,g".P,i;g

taken at' the ratio of 1:2:4. Circular areas of test pieees were also made at
the nearly same ratio of 1:2:4 and initial eo[npr,essiQns.per unit area were
taken nearl.v inxrersely proportional ' to the ratio of 1:2:4. 'i'Consequently the

thiekness became uniformly equal. A.bsorbed wat,er remarkably increased with
the incyement of quantity of lnaterial and on the contrary ``Hy･dro-eNpansion''

decreased with t･hat increment. That is, jn No. (a) I7" is small and d js,great

on aceount of its s,mall quantity and larg"e intensit･y of initial compression, in

No. (e) contrariwise H" is large and d is small, and in No. (b) the valuses lie

me'dian to the above two cases. Regardin.g to h and e, simjlar result･s were

obtained.
    In the latter group, quantities of Nos. (d), (b) and (e) were tal<en at the ratio

of 1:2:4 as the fo.rmer whieh circular areas of test pieees vTere made equal and

consequentl>r the intensity of initial eompression became t]ie sallie. Then the'

ratio of the thiekneSs beeame 1:2:4. In this ease, Uand cl jncreased with the
inerement of the thiel<ness and h and e deereased on the contrar>r:

' The above relation.s between "Hydro-expansion"' and quantit･:' of materjal

aregraphedassho"'ninTig.13. ･ . ･ ,.
                                           tt         '                                                    '                                        '                                               t tt                                             '
               tt                          ttt          tt                               t tt
                                                                '                                                             '
                                                         '                                   .t                                             '                                                          '                           tt tt    '             '                                 ttt tt

#
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       '                                  '                                            tt                 t tt    ln the figure, Ai Ax2 and A3 are respectively for Nos. (a), (b) and (e) and
                                                              joandOrepresentrespeetivelyNos.(d),(b)and(e).. ' '
    In this test the IatteT group of Nos. (d), (b) and (e) was tested merely for

referenee and the test on the former group is, indeed, the ehief point. And
the relations among Nos. (a), (b) and (e) are thus as already mentioned:

' Inthetestpieeehavingthesmallerquantityofmaterialandlargerintensity
'of initial compression, the percentage of "Hydro-expansion'' ``e" is greater
g g,,gsrze.",thaif,2,ot,ab.'zT,gescha.`.gr ,ih` k･,1',.is,.zi,in.a,il.s,r g?a:..,i:.,,`b,g.se,,h,ZV,l.gst.h3

yet this tendency, is more evident than in the test which is made keeping O',

at constant value of 83.68 kglcm2 and ,increasing the quantity of materiaL

                              tt                                                       '              '                                               '     '                        '                 '               '                           '                                                      '                                                               '

Fig.
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                   '                      '                                            '                                                         '                                                    '                                      '                            t tt                                                           tt                               '       (V!2). Relationship beeween E (" Hydroptexpansion")'and P . ･' ･,

                                                        '   ' ･' (AppliedCompressionDixripgHydration)for
   ･ ' DifferentlnitialCompressions. .
        tt                                                   '    '                                    tt        /ttt   Test 1keteo'ial. Test piece material is Tanna clay Kl having the powder-
bloel< size of Si (under O.Olcm3.) as the preceding test.

･ Test Pieces. Qua.ntities of test pieees e were all tal<en to Q2 -im- 12.5 gr. and .･

every test pieee was made into cylindrical plate-form having the diameter of

2R2 = b':9crn. These test pieces were divided intg three groups whieh were
given three different initial compressions such as ai ---- 1 ton (C' -- 83.68 kgfem2.),

<)h=:2 tons (a' =:= 167.36 kg/,em2.), and Cb==3 tons (O' ---- 251.04kg/em2.) and

thereby the thiel<ness of test pieees beeame respeetively O.6 em., O.53 cm. and

                 t tt   Testing A2zpao'atus. Ip this test three sets of the mediun!L-sized "[Hydro-

expansion"tesking･apparatuses,wer.eused..'' ' ･'
  .Testing Z'eat7reent. Fpr eomparing and eontrasting the present testing
results with those in [I]est III, test material, testing pieces, testing apparatus

and testing treatment,were under exae,tly the same eonditions as in Te'st III.

   Test Results. {l]ested results beeame as sho"Tn in Table 16.
                                               i                                         tt                                          tt                   tt                  '
                               '          Table 16. Relationships among e, h and P for drrerent

            ' 'InitialCompressions.･' ''

iNos. PI{glll.95cm2.
(p) (ct)

Pkg!pm2.
Hgr. lb9,7o dcm. eO/o

XVIi o 41.76 O.l85 30.83

).cvlal o o 4.85 38.80 O.175 33.GO

Y..VIbl e o 4.75 38.00 O.167 33.40

--･.-=--
ttttt.L

'

xvl." l O.084 4.63 37.00, O.109 18.17

I.).g/VIa.- 1 O.084
---- --d- t--e ----

XVIb.- 1 O.084
---- --t- ･--t- --e-

'

E,

'

.

XVI4 3 O.251J 3.90 31.20 O.040 6.67

xvla4 3 o.2o'1 3.57 28.56 O.055 10.30

lVIb4 3 O.251 3.50 28.00 O.052 10.40

.L
ttt

ttt.ttt....... '

.X.VIs-6 6 O.502
---- ---- ---t ----

XVIas-6 c) O.502 3.35 26.80 O.040･ 7.55

.].XIV.Ibsti6 6 O,502 3.25 26.00 O:039 7.80
'

-t-.7.-7 m
XVIe, 7 O.586 3.68- 29..44 O.O14 2.33

'

l.XIVIa6 7 iO.586 -tt- ---- ･･- l -e--
･t

]VIb, 7 O.586'
---･- t-e- ----i.I -iii

1

p'
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TabJe 16.-aDntinztecl.

Nos.

XVI7
Xvla;

XVIb7

xVIs
XVIas
XVIb,

IXIVI, .

XVIag
XVIbf,

XVII,'

xVIalo

XVIb,,

XVIII

xVIa].1

XVIbll

XVIn
XVIaig

XVIb12

XYII,

XVIa13
XVIbir,

-XVI,.,

xVIa14

XVIb14･

XVIIiS

,xVIal,t,

xVIblr,

XVII,

XVIa16

XVIbla

]XLVI,T

XVIa･g

XVIb17･

XVI,s

'xVIqls

XVIbl,

P1<g!11.95em2.

10

IO

10 ･

13

13

13

' 15

 15
 l5

20

20

20

25

25

25'

28

28

28

30

30

30

ts

35

'35

35

40

40

40

45

45

45

50
'50

50

55

55

55

Pkglcm2.

O.837

O.837

O,837

1.088

1.088

1.088

1.255

1.255

1.255

1.674

1.674

1.674

2.092.

2.092

2.092

2.343

2.343

2.343

?,510

2.510

2.510

2.929

2.929
2.g29

3..347

3.347

3.347

3.766

3.766

3.766

4.184

4.184.

4.i84

4.602

4.602

4.602

(p)

llgr.

3.55

3.22

'3.05

l h%
28.40

25.76

24.40

.3.43 I
l

3.33

3,l5

2.88

･ 3.00

 2.75 g

2.83

2.70

2,77

----

----.

2.70

2.56

--- -,

2.50

-- .: -

2.45

---t
2.31

---t

2.25

----

2.20

27.44

-; t-

----

26,64

2s.2o

23.04

24.00
i

22.00

----

22.64,

21.60

22.16

---e

21.60

20.48

---t
20.00

----
19.60

t--t

18.48

'

--- r

18.00

----

----
17.60

(ct)

dcm.

O.OIO

O.024

O.027

O.O02

 o
O.O18.

O.020

----
O.O12･

O.O14

--te
O.O07

O.O12

t---
O.O03

 o･

O.OIO

O.O08

-- r-

O.O07

o.obs

O.O04'

1

----

o'

e %'

1.67

4.53

5.40

O.38

----

----

 o
3.39

4,OO

----
2.26

2.80

---i
1.32

･2.40

O.56

e---
 o'

2.00

----

1.60

---t
1.40

----

----
1.00

----

----
O.80

----

o

t

'
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                       '                            '                                   '                                                      '                                             '                                                       '
          P =applied loaq 'on eircular area of 11.95cm2. of test pieee during
                hydration;
          P' = applied compression per upit area;
          .H == weight of absorbed water;

          h=hydrousratio; ,.
          cl = thickness change of th6 test pieee during hydration;

          e == pereentage of thiclniess ehange; '
          Ci/ : 83.681<glem2., D--- O.6em. for Nos. XVIi to XVIis;
          qi = 167.36kglcm2., D::O.53em. for Nos. XVIai to XVIais;
          03' = 251.04kglem2., D == O.5c'm. for Nos. XVIbi to XVIbis;
                                                 '                            ''                                              ttt                          /t       In Table 16, the obtained results of Nos. XVIi to XVIis are quoted from
    ll]est III. Comparing these Tesults･.with those which were obtained from the
                                 t/    two groups of Nos. XVIai to XVIais and Nos. XVIbi to XVIbis speeial attention

    ls attraeted as follows:

       -In the test pieees having egual quantity of material and equal compression

    during hydration,'.,,``Hydro-expansioR'' ``rc'' apa absorbed water "H'' are
                                                          '                                                                       '    ･e'ffeetedbyeven,themagnitudeofinitialcompression.･. .
       A test pieee with greifater C sho"Ts greater pereentage of "Hydro-expansiQn"

    "e" and sma!ler pereentage,of absorbed water. At the same time, when com-
    pression of over a certain definiSe .value is applied during hydration, every test

    pieee absorbs water but ``Hydro-expansion'' ceases to appear qs the "Hydro-
    expansive power'' is overcome b>r the applied eompression and when the greater
    initial pompression is given the test pieee ･can bear a greater load, that is, it

    basastronger"Hydro-e,xpansivepower"E. .'
        Perhaps, quantitative conelusion may be rash still but the fbllowing relations

    canbeobserved: - '･
   ' Let-PL;PhandP3berespeetivelytheappliedcompressionduringhydration,
    beca'use of whieh the ``Hydro-expansion'' beg･i'ns to eease, for the three kinds
    of test pieees "rith initial eompression of ai, C2 and q or e'i C'2 and C'3 having

    the ratio of 1:2:4 and let ei, E2 and 63 be respectively the `fIHydro-expansive

    powder"ontheseocQasions. , '..1,.･
                                              '                                                       '                                                    '                                tt/ t       tt                  '                                                   '                             '        Then, ', -Pr:lli:P3=:[ei]:[e2]:[e3]･' , '
                  '                            '                                                                  '                                                        '                                          t ttt    andthereratiosbeeomeasfollows: '

                      .1                   '                                                        '                   15:30': 55 or 1.255:2.510:4.602 -- 1:2:3.667.
                                           '                               '
       This is the quantitative relation obtained, from the tested results and 'it

    teaehes that ``Hydro-expansive powder'I e is approximately proportional to the

    magnitudeofinitialcompressione. ･. '
        Curves showing relationships among e,' h and P for the three I<inds of test
    lpieees having the different initial eompression a' are represented in [F"ig. 14.'

 , Inthefigure,twoeurvesofe:Pandh:Prunparallelwitheachother
    and from these curves following conelusion can be drawn.

                    . . ./.t.                                                    '
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     ea-."..2g,,6",fl2,O,9e6,,i,5 appearanceofcurvesobtainedin

                    ' ･ TestVforthreedifferentkindsof
                              ''' materials but the arrangenient of

                                 the curves of･ h:.P beeomes reverd-

                                 ed in eomparison with the oRe in
                                 Test V showing the difference be-

                                 tween them. '
                                     As this test was very important,

                                 lnany other tests have been made
                                 and some results of then will be
                                 shown here by means of figures.

                   , . Fig.14'fbrthetestresults
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251.04]{glem2. under the same conditions as the above tests. Every t･est result

is represented with a similarly eurve to the one in Fig, 14 and thereby it .is
recognjzed that all relations show resernblance to each other.

   Fig. 14" iS for the test results obtained from t"'o t･est pieees with initial

eompression.s of Cf == 40.60kglem2. and 81.20I<glcm2., having the diameter of
2R = 5.6 cm. a,nd double the quantity of material in eth preceding test..

   This figure also show, s similar propertes and relations to the former ones,

and wben the initial compression is greater, the'expansixre power also beeomes

   iFig. 14ii/ shows the relations between the initial compression ``a'" and

expansive power "e'', i.e. the minhinium .Pi by whieh "IEIydro-expansion"

iseausedtobeginineease. .
   In the figure, there are shown the relation obt･ained from two kinds of

materials, Tanna cjay `'`K'' and, Hanaol<a play "Kh ". '
   [['he relation between initial compressjon " ai " and expansive poWer "£"
can be represented by a straight line as shown in the fig,ure and E is directly
proportional to ai. The relatiori between initial eompression "C'" and per-

eentage of absorbed water ``h" can also be represented by a straight line h is

inverselyproportionaltoOi. . , , .
   As to 'IVanna clay and IE[anaoka elay, their results are represented by dif-
ferent straihht lines.

       (VX3) Relationship between E ("Hydro"expansion") and P
          (Compression Applied During Hyd'ration) fo.r Different

           ,･ 'quantitiesforTestMate'riale'
                                   '                      '    Test ]ddte7･iaZ. Mat6risii Ki having the powdei-bloek size Si was used the

same as in the preceding test.

    Test Pieces. Three different kinds of test pieees having,the'differentquanti-

ties of Qi = 6.25 gr., Q2 = 12.5 gp,. and Q3 = 25.0 gr. respectively were made. [l]he

diameter was' made equal 2R2 =:3.9cm. These cylindrical plate-formed test
pieces waTere all equally compressed with q =1 ton or Oi'::83.68kglcm2. making

their thieknesses be respectively Di = O.3erp.; D2:=O.6cm. and DG=:1.2cm.
Thereby, three groups of test pieees were made and tested having the equal
a and 2R and three different quantities and thicknesses taken at the ratios of･

Qi:Q2:Q3 == 1:2:4 and Di:D2:D3 == 1:2:4.
    Testing Appa7"atz(s. Three sets of meditim-sized " Hydro-expansion " testing

apparatuses were used as in the preceding test.

    Testiny Apparatus. Same as the pr'eceding test. `
                                                  'ed byTeeSxt pr(78{ ZglttiSo'n.ReSUItS are shown first in the table and .thgn in figure followdi

                                                         '
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                                    '  '                                   '
Table 17. Relationships among e, h anct P for different･
            Qzt･antities of imte7'ial.
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Nos.

･XVi

XVIi
XVIIi

XV2.'

XVI2
XVII2

XV4
XVJ4
･ XVII4

XVs
XVI,
XVIIs･

XV5-6
XVIs-.6

XVIIs-6

XV6 '
XVI6
XVII,

XV6--7

XVI,-7

XVIIo-7

XV7
'XVI7

XVII7

 XVs
' XVI,

 XVII,

XVg '
XVI,

XVIIg

XVIO

XVII,

XVIII,

XVII
XVIII ,

XVIIii

P 1<g!11.95 cm2

o

o,
o

1

1

1

3

3

3

･5

5

5

6

6

6

 7
 7
･7
8

8

8

10

lo
'10

1

13

13
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15

15
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18
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20

20

P!kgfcm2

o

o

o

O.084
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O.251

-O.251
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o.so2
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O.586

O.586

 '
O.669

O.669

O.669

O.837

O.837

O.837

1.088

1.088

1,088

,1.255

1.255

l.255,･

1.506

1.506

1.506

1.674

1.674

1.674

(p) I (ct)

H gr.
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     t.                                                         .     '' P =:aPSSireigige?iYdPi}aetSi./inO". On･ ,Cireular area of 11.95em2. of test piece

      P' :applied eompression per unit area;
      .El == weight of absorbed water;

       h == hydrous ratio :,
       d -- thiel<ness ehange ot' test Pieee during hydration;

       e-nypercentageofthieknesschange;'･, , ･
       Qi = 6.25 gr., Di::'O.3 cin. for test pieces of Nos. XV'Ii to XVii;

       Q2 ny- 12,5 gr., D2 = O.6 ein. for test pieees o£ Nos. XVIi to XVIu;
       Q3 == 25.0 gr., D6 in 1,2 em. for test pieces of Nos. XVIIi to XVII, n.･ ,

       Nos. XVi; XVIi 'apd XVIII are the same respectively as Nos. XV,
        XVI, and XVII in Test II and thereby resu]ts coneerned with them

         were quoted from Test II.

                                                                    '                             tt                                                             '    In Table 17, Nos. XVIi to XVIii have already been teated in Test III .and

comparing With those, two other groups of pieces were tested new]y in the
present experimenti. Let the perceiitage of ``Hydro-expansive power" be re-
Speetively ei, e2, e, and [Ei],' [E2], [e3] for three groups of test pieees having the

difflerent quantities taken at the ratio Qi:Q2:Q3 == 6.2:1.25:25.0 -- 1:2:4. [I}hen,

i,n the case of no load P the rat.io of ei:e2:e3 beQomes 44.67:30.83:15.75 =3:2:1

aRd the ratio of [sd:[e2]:[E3]: beeomes O.s37:1.2.5s:1.674 = 2:3;4, as obtained

fromTable17.･' '. '-- ''･･ ' '''    The diagramatic relations among these e, h and P beeome as shown in

 '                                                 '                                         '       ttt
                         C'i su 8568KgiGd.m. '2R2-- -5,9c.vnl
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    In the figRre, eurves of e:P interseet each other showing; resemblance to

the results in Test IV which were obtained for different powder-b]ocl< size of

material. Thisfaeteanbeinterpretedthus: . - "
    In the test pieee with si:nall quantity Of material, pereentage of ``Hydro-
expansion " e is great for the small Ioad -P and e rapidy decreases' vTith increase

of R XVhile on the eontrary, in. the test piece with la:ge quantity of material

                         and e slowly decreases with inereases of P.e iS,glllPxl,lesfoorf S7Mt :allll LOeaadr JaP!so a close resemblanee to those ih Test iV and they

i:?'`i,ili' ,38,thss,siee･igaac,1aske,6PLe8.eS,ini,3,eXP,,XhlCll,,W:2,xed.Z,Zh, ZLg,iiiS,,`h.e,

       UtheirresultseQnfiymedtheabovestatedrelations. . ' L'
    For a comparison of Tanna clay .Ki to Hanaoka clay &, the latter one

wastestedwithresultsshownmFig15i. . .

                               CQ                                    2R                                        D- 5                                               K
             ' ' K%,cm.src.m,.c,m
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           '                        tt t  Fig. 15t. Curves showing rela･tionships among e, h and P for different Quateie o£ Material.

                                                 T               ･/ ' rn this test, quantity of material was tal<en nearly equall to the former

one but large-sized testing apparatus was used and initial eompression O was

deereased to half. VgThile all of tihe relations beeame similar to those in Tanna
clay and jn Fig. 15' three eurves of e:P intersectea each other and curves of

h:PdidnotinterseetasthoseforTannaelayKl. .., ,' .,

                                                             '                                                                   '
                                                 '              '                                                      '                    '        '                                                tt t                        '   '
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    From Fig.,15' load P' by which expansion begins to cease for three kinds

of test pieees having different quantities of 37.5gr.; 25.0gr. and 12.5gr. is
.respectively 2.274kgiern2.; 2.03kgfcm2. ahd 1.751<gicm2. and pereentage of ab-

sorbed water h are respeetively 45.20 %; 38.60 % and 34.00,g6.

    In Figure 15", the above relations are shown and eaeh one of them is
                                                                     .represented by a straight line showing that when quaRtity (2 js greater expansive
power e is also greater and the percentage of aborbed water beeomes smal]er

onthecontrary. ･ ,
                                  P A----
                               CQ 2R D5
                              Kg/t,.e. sr c,m. c,rn, c.m.

 040.6012,,5560.5underO,Ot

L,

i

A E
 ysg

 IV

 q
w ge
 X iF
 pag. S

eg. /P

g,E

g

K%,ern,

2,6

2A

2,2

%50 20
t,8

40 t.6

l.4

JO t.2

LO

20 O.8

  o.s

fO 04'

o

Fig. 15tt.

O,2

.A
 p
" 25.0 " O,6
" 37.5 " e,9

11

-

N
NN

NSN
N

- NN
N Ns
N

,-- uN
x,NN

o

 O IO 20- 50 40 50            Q (gr)

Curves showing relationships among P, h and Q.

                i   As the " Hydro-expansion '' phenomenon under all conditions of test material

and pieee have been investigated, summarizing and adding more explanation,

somegenrralconclusionswtllbedrawninalatterpaper, '
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                SUMMARY AND CONCLVSXONS.
                  (Appendix: Experimental Formulae).

                     . Summary.
   As already stated, these studies have been made for aii inquiry into Zhe

so-ealled ``earth-pressure" whieh appeared gradual]y and yet severely in tl]e
elay zone of Tanna tunnel destroying timbering-worl< when that elay zone,
whjch was compressed･in dry state at first when it oecurred in the tunnel, was

exeavated and then absorbed water. ' ,
    In the tests, ela>r exhibited'a phenomenot of ``･Hydro-expansion'' being
¥x?iCtOhM,?aH'iYedd,o})/rkil,,tnhseiJ,nCp}oei?,See, ,9f the apparent,voiume .g.f glay and cg.nsequeiitiy

    I]'oT the investigation of the so-ealled ``earth.pressure'' due to "I[[ydro-

expansion'', experimental conditions were reprodueed as similar as possi,ble to

thenatur' a'

 . [Letting one side of a test pieee toueh with a water and the other side be

free or eompressed by a certain load, "HydroLexpansion'', hydration, " IE[ydro-

expansive power " ete. were tested under many diferent conditions in order to
find a key 'to solve the actual problei:ns concerned with ``earth-pressure ''.

                                  .k   Compressing eompletely dry powdered elay in a gun-metal cylindrieal tul?.e
b>T a 60 tons compression. testing maehine, eylindrical plate-fbrmed test pieces
were made. [I]hese test pieees were taken into the same eylindrieal tube as used

for mal<ing and some water allowed to soak into the inside of the tube from

the base through net and fiIItering paper. .
   [[J"or the purpose of measurements of thicknbss ehange a･nd expansii7e poweT

the attthor's `` Hydro-expansion '' testing apparatus 'vsTas used.

   Regarding the results, they may be summarized as below using the follow-

ii}gconventionalsymbols: ･ ,.･ .                           tt                                                                     '                                '      .I!] == "IE[ydro-expansion''or'thieknessehangeoftestpieeeduetohydrat･ion,･

      U == initial eompression given to test pieee before hydrat･ion,

      ai =F initial compression per unit area,

      P = applied compre$sion load on te$t piece during' hydrat･ipn,

      P' =applied eompression load per unit area,.

      S =･powder-block size of test material,

      .Kt=l<indofmaterials ' ･
                  '      2R == diameter g,f cylindrical plate-formed test pieee,

      D == thiekness of test pieee befbre hydration, . B
      d -- thickness change of test pieee durinsi hydration,

      e =:pereelltage of thickness change or, briefl>r, expansion ratio,

      ll==weightofabsorbedwater, , .'
      h -- percentage of absorbed "Tater or, brjefiy, hydrous ratio,

      [e] =: `` IEfydro･expansive power ''.

1 "t
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               (I). Relationships Betvveen E and C.
           1
Conditions: K = Ki := Tanna ciay,
            S == Si=:underO.Olem3,
            Q==Q2-pm-12.5gr., '
          i 2R ,= 2R, := 2.7cm.,

            D:=:O.8--2.4em,, '
            p,-- o.

                                               '                              '(.1). E does not appear when O' -mu- 1.'lat"45kg/cm2, or less and on the gon-

 ' traryclaycontractsitselfduringhydration.
<2). In case a' -th- L8.73kg/em2, or more, E appears anq the greater O is,

 ･･themoreplainlydoesEappear., ･ '
(3>. In ease O'<174.52kg/em2., e･inereases rapidly with the increase of O.

(4). When a'>174.52 kglcm2., e inereases gradually wjth the inerease of a.

(5). e'shows an upward tendeney till a' :=4013.96kglcm2. Regarding h,
       it deereases more rapidly in test pieee of greater a represienting an ,

      ''oppositetendineytoe.(SeeMainTestI.) ,
                                   '

                  (XX). Reiationsh;p's Between E and Q.

    Conditions: K =: Ki,
                S= Si,
                O h--: ai =:=1 tori (at ps- 83.681<glcm2.),

                2R --- 2R2 ==: 3.9 cm.,

                p si o.

    (6). e is greater in Q= 6.25 gr. than in e ---- 1.25 gr.

    (7).eisgreaterinQF12.5gr.thanine----25gr. , ,
    In this test, e and, D are in direetly preportional re]ation wheii a is con-

,stant and in three test pieces having the ratio of 62.5:12.5:25 or 1:2..:4 in theiy

quantities Q, the ratio of their D beeome$ also 3:6:12 or 1:2:4. Relation
between 1} and Q is similar to that betstieen -Zl,and Q, and h decreases ,with the

inerease of Q. (See Main Test II.)

               t/
                  (IXX). Relationships Between E andi P.

    Conditions:K-th- Ki, '
                S== Sl, .i ,                a== ab .,t                                '                Q･..Q2, - ･ ･
                2R :== 2R,, ･ ''
                D:::D,, ･ '
               .    (8). 'e decreases at a certain rate with the inerease of P.

    (9).Ecannotappearwhen.liV:=1.255kglcm2.ormore. ,'
    (10). E is'aecompanied by [s] to resist P and strength of [ej is n:Leasured by P.

t.

-

'

,
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                                   tt             .t                                                   '                                                           '                                  tt              '    e and P'are in the relation represented by a hyperbola. h and P are'also

in a similar relation to the former one and h decreases hyperbolieally with the

inerease of .P. Even when P reaehes as amount at which E can not appear, h

neverbecomezeroandabsorbsaeonsiderableamountofwater. ･'･ ･
   Therefore absorbent materials do pot a]ways expand. (See Main Test III.)

                                                      '            '    '     '                                                                 '                   '                                                      -1                                         ･'l,                          /
                 (IV). Re!ationships Among E, S and P.

              '    Conditions: K=: Ki,
                   '    t/                                O F. Oi,
                                Q ----: Q,,
                                2R =: 2R,,
                                D := D2,

    (11). ,e in the test piece of S2 = O.02fuO.05 em3. differs from that in one of Si.

    (12). e in the tpst piece ofSb := O.1twO.2cm3. differs also fromthatin one of Sh.

 . (13). Three values of ein test pieees of gi;& and Sli become equal to one

anotPie4r).inuC.a:e,,Ptimtuh,7E.g.' gP'i.:d9'5pt,O"ktgh/,eM.2ik,, of the amounts 6f e in case

P'<O.565kglcm2. b,eeomes respeetively Si;&, & in deereasing order.

    (15). Under the same Ioad P as the above, the order of the amounts of e
incasel]V>O.585kg/em2.beeomes&;&,Siindecreasingorder. ･ '
,sk; glti,6)lsi [ien]'i[SecVraeiaiseidngdUoerdteOr.S and the order of the magnitudes of [e] beeomes

    (17). In e4, se P'<O.bV85kg/cm2., [e] is always greater in the test piece of,a

:.nMgalgerrdeSt that iS, the Order of magnitude of [s] becomes &, S2, svin deereas-

                             ./.1. s   Under the same load P, h is smallev in a test piece of greater S and three

curves showing relationships between h and P for Si, & and S3 run ]iearly
parallel to one another notwithstanding those of e and .P intersect. (See Main

                                         '                              '                 t tttttttt                          '                    tt                                '                     /.                 (V). Relationships Arnong E, K a"d P.
                                         '                                       /tt tt                       '                                     '      '                                                      tt    Conditionsi ･.''S=Si,･ a '                                                        t･                                                              '

                                (2==Q2, ,,
                                2R =2R2, '
                                D .-.-- D,,

                      tt                                     .tt    (18). e of K2 (Hanaoka elay) is different froni that pf Kl. ..

    (19). e of -Kli (Fushun ,clay) is different from that of Kle. ･,'
   (20). Vnder the same load P, e of Kli has always greater value than that of -Il:1.

   (21). Under the same load P, e of Kb has always smaller value than that of Ki.

,

-t

'
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                                '                                       '     '                                     '
   (22); [E] of -Z{rla is mUeh stronger than that of Kl.

   (23). [e] of Kk'is somewhat weaker than that of Ki.

   (24). In case o£ P=:= O, K' 1]aving greater e has always stronger [e].
                    tt ... Under the same Ioad ･P. h of Kh is mueh greater than that of Kl and h of
-Z{rk is the simallest. Relationships among h, K anet P has close resemblance to

that among e, K and -l' and curves representing ' their relationship run para･11el

to one another fbT the most part. (See Main Test V.)

                  '               '                                 '                    tt                           '
                 (VIi). Relationship Among E, .C and ,Q.

                                      '                               '    Conditions:･ 'K=Kb                              '                        '                                   '       . ' S=Sb'     , '･ 'p==o.     '
   (25). e oC a test pieee (a) (Qi ==6.25gr., 2Ri==2.7em., ai ==1 ton or a.'==
175.52 kglcm2., D2 -h O.6 em.) is greater than that of a test pieee (b) (Q2 == 12.5 gr.,

2R2 7,,3)'.9 eP6',a.' ,=,,tw,e,8"(,9- b('Q-h, g3lj6,8,k,evelllllZi,' .opm.Dgian6 ,O.'6.,CMa? -.--b}.l l',5.%6i o.･-=･

40.601<glem2., D2==O.6ein.) is less than that of (b) by 3.5%. ･ .
   (27).. e of a test piece (al) (Qi, 2R2, Oi, Ob', Di == O.3em.), (b) and (e) (Q3,

2R2, Ob Cb', D3=:-.1.2ci[n.) iF 44.67%, 30.83% and 15.75% respectiveiy and
their ratio becomes approximately 3:2:1. Henee, the ratio of e is nearly in-
versely proportional to the ratio of quantities oT thickness, 'viz. (2i:Q2:Q3=

1:2:4orDi:D2:D3==1:2:4. - .'                                        1･    ll is si[nalier for smaller (2 and greater O' and curves representing the

relat,ionships between e aRd a' and between h and O' show opposite aspects to
eaeh other, fbr tl:te mgst part. (See Main Test VIi).

                                  tt                                           '          '                         t.                      '                                                      '                                                         '          '              '                                                           '                (VI2).Re,lationshipsAmongE,,CandP.' '.
                                 '    Conditions:' ' K-nyKi, ･ '
      , ,, .g=Si,     '                        '" .Q= Q,,
                            '                  tt ttt                                2.R == 2R2p ,
                           tt                          '             '    (28). In ca,se 2= O, the amounts of e in the test pieees (b) (Oi ==1 ton or

ab' = 83.681<glcm2., D2 =O.6cm.), (f) (G == 2 tons oT 02' -- l67.36 1<glem2., D==

O.53cm.) and (g) (03 ==3 tons or C3'==251.04kglcm2., D=O.6cm.) are respec-
tively 30.83%, 33.00g6 and 33.40g6. The last one has greatest but their dif-
fere?Seg).arell;ecraYseSMpa!/'lo kg. (pi'+ o.s37.kglcm2.), the amounts of e in the above

three test pieees are respectively 1.67 %, 4.53% and 5.4096. Still the last one
has greatest e but their differences' beeome greater than in the former case.

･ (3e). The amounts of e in the above three test pieces.beeome zero re-
speetivel>r in eases P== 15kg, and 55kg. (1" == 1.255kglem2., 2.5kgleM2. and

                                                  '                       '                               '                  '            '        '                     '                       '                '                       .. 1 .
                                       '
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 ttt tt /
4.602kg/ein2.). These values of P are equal to the strongest expansive power
[e] and the ratio of '[E] in three different test pieees becomes 1;2:2.7. [l]his

ratio is nearly directly proportional to the ratio of a,,viz., ratio or 1:2:,D).

   Regarding h, it deereases with the inerease of P. IIenee･the relation

betNsreenhandPiseontrarytothatbetweeneandP. , ･
                                                   '        '                           tttt                                        '                             '                                t.                                        '   tt   , .', (VIe). RelationshipsAmongE,QandP.'
          '                             '                                                             '        '                                          '

    Conditions: ･.K=±Ki,･ '･                tt

     ' ''' ' O.==･-ai,(ab'---･83.68kglcm2.)
            . .2R=:2R,.'
                                           '                                '                   '    (31). In three kinds of test pieees wliose quantities of material are taken
in ratio of 6.25:12.5:25 ---- 1:2:4, their thickness ratio beeomes O.3:O.6:1.2::

1:2:4 and in case of P=:v O, ratio of e among these thrue test pieees becomes
44.67:30.83:15.75 -xu- 3:2:1 as already'mentioned (See (28) in Test VIi). '

  ' (32); When P-- 10kg. (P' -- O.837kglcm2,) values of e in the above threb
tteoS.tthPaiteeieng tallg raebSoPveeCtci', see17 O %, 1･67 % and 3･25 % and this ratio is the reverse

    (33). [e] of the above three test pieees differ from one another and values
Rfhi[th･8SSe, g`iX49iZhg;8fiZ,i<W,%M, 2i,', lg23pt9,waM, 2I. a,n,g. i6,6Z`,;`,f',em,2.i･ 'a`io amo"g

    Under the same load P, h is smaller iri ease of Iarger 2) and h for smaller
                                                                     '9at;oSngjin'ea8eerstthvai:. for larger Q,. representing a elose resemblancg. with the'ree-

. Curves representing relationship between e and P intersect eaeh other but

eurvesforhandPrunnearlyparallel (SeeMain[I]estXTI3). .

                             +                                                  '                                                       ' CONCLUSXONS.
                                                '                          '                   tt                                           tt  '
    IB'rom the test eoneerned ehiefly "Tith the investigations of the pheltomenon
of "Hydro-expansion'' and `rfexpansive power" whjeh is exhibited. in accomp-
l?>L.W.]ltl･li6hlgl, Yg,r.O,"gX,7%"./r27.ll･.9.f, elhag,t'zisema,.Tzn,nww?,gg.' "pdel maiiy i<inqs

,.i,Ea3hdX･ii?,ime-?,IEeg,9".,?l,{gilg'.d,r?.i8.mes,`2n,.li. "E'' i" ciay is sure to

   ,(b). [I]he phenomenon of "Hydro-expansion" ``E'' is observed when a
elay is initially compressed by over a certain definite load before hydration.

The apparent voJume of ciay before h>rdration is infiuenced by the initial cpm-

pression " a'' and volume chahge due to hydration has a direetly proportional
relation with that initial compression With in a certain range of that amount.

    Of course, in case of enormous initial eompression, sueti as in a clay slate,

no "IIydro-expansioii" may be pereeived and also, cven in ease when C is

,･･
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             '
                               '                      'under a certain definite amount, it is within the bounds of possibility that
                                        'pow(leredelayset･tlesaRdaPparentN'rolumedeereaseswithoutswelling. ,
 . 'I)herefore the occurrance of the phenomenon of ``Hydro-expansion'' in
Ccl
oa
lik'prMtsesainoSn tahnadt hCalZYa 9kiteeentii$ias2ie.cei.itiy.Piaeed under eertain definite aipount of

    (e). ･In regard to the problem about the quantity of clay `f (l} '', it is need-

less to tal<e it into consideration in ease of a small quantity and a case of largek

one is preferably to be investigated. Hence, in the preliminaTy tests a large

amount of (l} vLras taken and niany tests were earried out. But, wheR (l} was
large, total expansive pewer became so enormously large breaking the test,ing

apparatus and causing the tests to fail so ofken that any results, from whieh

general'conelusions eould be drawn, eould not be obtained. Thus, the author
was obliged to use small quantities sueh as described in Main Tests I to VI.
    In a eertain range of quantity, the larger the quantity 6f elay is, the smaller

beeomes th,e pereentage of "[EIydro-expansion" ``e'' and when the ratio of
Q is 1:2:4, ratio of e beeomes ,3:2:1, representing nearly inverse proportional

relation to eaeh otheny, but in the above case, the ratio of maxin]um value of

"Hydro-expansive power" "g" beeomes nearly 2:3:4 and it has a nearly

directproportionalrelationwiththeamountofQ. ･ '
    That is to say in case when a clay can exhibit "17?1ch'o-e:uz)ansion" tvith'no

7･estTiction (P=:O), appao-ent volzeme change of cta,y due to hydo'ation ･is sndzaller in

,la7･ge7･ Q tha,n in smalleo' (2 b'tet, on the conto'a･ry, empansive potveor becomes seve7'e'o'

in the fo7'･nzeo' cas'e than in the gatteo' an'(I the?'efore ephen hydro?ts pao't of c-lay is

go'eat a' force to resist the " HTJdTo-expuansion "' mtest be veo'y strong. .

    (d). Reg'hrding the eflbct o£ powder-bloe,k size ``S'' upon ``llydro-expan-
sioll " "`E ", if a free or nearly free absorption of water is permitted, percent-

age･of volqme change during hydration ``e" is comparatively greater in ca,se

of smaller S. But, this ``Hydro-expaAsion'' can be more easily prevented.
That is, when a clay clries ?.mp and the 7nore very fine grains it bracks i'nto, the.

7?zoTethecgaz/bzelgesoutintoatte7bnelbtettheth7n･estingfo7℃eisless. ,. ,,
    (e). The existenee of the effeet of the ]<ind of elay ``K'' upon E is easily

pereeived, In case of P---- O, [e] for the elay of Iarge E'is strong and, on･the

contrar.y, ,[e] for the elay of small E js weal<. That is, upder the same boundary

conditions, l[ilanaol<a elay exhibits the most evident ``Hydro-expansion ", ']]anrta

igail,gh,e.;.iQ8d,i,"1geti.a."d,.Iffi."filg'"t"h,e.la7 the least･ IRggalding expgnsive power, there.

    Regardiiig the magnitude of "Hydro-expansive power" whieh is the most'

important among the points which the author wished to. Iearn, it may be
stated that 2vhen a la,rge 9zeantity of do"y clqy 7ias bee7i i7?･itiaZlz/ st7'ongly comM

pressed to op ceo'tain de.finite elego･ee and it has been'on'zaele into a co"ackJess lao'ye'

bloefer the appa?'ent volteme change diee to hydration is not compct7'ativeJy evident,

bzet the e:zEl)ans'ive poweo' iS enoomzozt･sly st7'ong. 17'teo･theo'wzore it o7zay be said that

?.endeo' gzeite the saJ7ne conaitions, eveony clay talees a (ICtferent ".El2/dTo-eas)ansion"

and.`ic,li2/clTo-expansit'epower''.1:?'o7neve7'yotheoraccoo･dingtoitskind. .'  ' i
                                               '                    t/ t                        /. .1. t..   tt                                                   '                                    '                          tttt t                   l'                                                  ttt                                                             '                                              '             1 it'' ''        '                                                         '                                                 i.                   .t ,
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                                        '                               '
                              APPENDIX.

                         '
                     . ExperimentalFormulae. .
                              '
 , In order to infer ``Hydro-expansive power" "e'' wl'iieh is exhibit` d eom-

pany with " Hydro-expansion " of a clay, apparent volume change was measured
             'in Main Test III. From this measurement, it is I<nown ehat pereentage of
," I[I[ydro-expahsion'' "e'' deereases with the iRerease of -l' aRd yet when Ioad

P reaehes a certain limitgd value, the apparent volum'e of clay remains un-

ehangedasalread>rmentioned. ･
    In this appehdix, investigating mathematieally the relation between e and P

the, author finds an expe!imental formula and then comparing the values
gglCfUoilaotweds:from this formula and the re,sults of tests, further study is inade

   ･ For convenience, P and e are respectively represented by x and y replacing
           i.ISi,e,i,Pistl12e ,?,f,.{ig e,,2Y,Ai.' Yh.O.f 9.i Y' i" Tab'e i8･ the resuits of tests and their

                              '
       ' TableIS. Experimentalvaluesof.Pand,e6btainedfrom ,
                Main Test III and their Logarithmie Values. . ,. ･

,Pkg!cm2

     '

    As
.

.IS

    In a
Figures

    Z./ .m :

   '
obtained

      .eurve' ls

x == 1.5

this '

    iform

 o
O.084

O,167

O.251

O.418

O.586

O.837

1.088

1.255

x(P kg/11.95 cm2)

o

1

2

3

5

7

10

13

15

y (e%)

30.83

18.17

10.67

6.67

4,67

2.33

1.67

O.38

 o

log x,log P)

  o
O.1000

O.3013

O.4771

O.6989

O.8450

1.0000

1.1139

1.1760

log y(log e)

 1.4889

 1.2593

 1.0281

 O.8241

 O.6693

 O.3673

, O.2227

 O.0579

   o

                             '                                                       '                                                                 i
    shown in IF"ig. 16, the relation between logarithmic valdes of x and y
represented approximately by a straight line (log x: log y).

      similar way for other l<inds of elay the same relattion cari be obtained.

     eoneernedwiththemareomittedhere.- ' '
      ealeulatedvaluefromformula(9). - ･ ･ '' .'
 Plotting the experimental values of m and y, an experjm6ntal curve is

      as shown in Fig. 16 'with a broken Jine. When this experimental
      fo]ded back round ･a straight line passing through near a point of
    on x-axis having the inelination of 450 from x-axis, the t"'o parts of

  curve !ie.one upon the other showing that this eurve has symmetrical

  havmg the above straight lme as a symmetmcal axis ,

                                                 1.
               '      tt                                             '                                        tt                 t.   tt
                 '                                    '                                            tt t                           '                        '                                   '
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                    '                               '             '
  , Therefore this experimental curve
 is supposed to be represented by a

hyperbolal sFeh as.: g42
         (y+B)(x+a)"::7 ......(A) .asso

         - 'g za where a, B and 7 are arbitrary constants.- 'R'" 26

  . Tal<ingfitvaluesfortheseeonstants, X 24
'':･,?8C,//nin,M,g,k2,;b.Mha.i,'i,]ilaBe,%,`enigllo,Ya. /III i･:o

oftheabovefOrmula; ･ ' ' e$i6
            . ･'2S, 14
        (y+B) (:v+a)'=7 .......(B).                                    S ,i2
    Changing'form,formilla(B)b'eeomes g 'g

                       '                   , 'No'                                ' es-)6
                  'Y ･･e･･･L･･(1)･ 4           y+B:=
                 a+x                                        2
                                        o
    l?utting the experimental values
  'x == 15 and y =: O into the above formula

      '             '        '

          or =B(15+a)

    ?utting this relation into formula

formula(1)beeomes ･

                          'Y+B -a+15
                           B ix+x
i

    From formula (2),

                '                   '    '                '           ･' Yopa+x    ' ' 3de'i5-xY.
or' s'-X.1

   Next, putting the experimental values x -h
(2) gives

       111y X (dy p)

O12j456789ZO7Z

[ll(S

  g.

  .R

k,

 8 IO IZ

--o

      "forqTsi

7

6

5

4
5

2

1

7 0,

9

8

7

6

5

4'

3
2

7

o

()

gil-'

-,,.

"kiS'

      O246 141618202224
            ec(koodPAehgsg.cm)

Fig. 16. qurves representing relBtioUships of

       x:y log x:log y and.x:y.M.

      '        '                      '       tt       '
(1) and then dividing both sides by

Form

?/o hirw 15

e--eee----eeeo---eeoe-e"-e-e-e(2)o '

eo-ee---e-".e

O a･nd y =: yo

formula (2)

     g/ 15
     ?/o

      a

･･････e'･･････-･-･
(3)･

-h
-- 30.183 into f6rrdula

and (4),

 15-x

 a-x
'

15 -x- Y 15
11o

"-eee-o-bo--e------o-----eeee
(4)o

x

  1sflO-2I-x
=::- ?ln- ' --.--"-.-e--o-.(5).
    x

f
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     Therefore,aisrepresentedasfolloNsT:' - . , .･
                                                 '       . ,. ･･' ' ,''''d･"=]'s-'::Y:"'S'3:q''//O'VIX,,,-gl' ･･'････'･･･:er'･･'`･e･･'`･''''''"'(9)"

                                                            '                                                                     '      '
     Putting the experimental vaiues of 'II]able 18 into formula (3) and (6),
 several numerieal values of a and B are obtained. ']]al<ing mean vaiues of them

                                                                . aand ,8 are determined as foJJows: . ･ ,
                                                            '                                                                '
        '                                                '                                '                                           '    . . a--1.4945,.               tt              '      '     '                    .t              .t          '                         '
                                          '               '       '                             '     '                                   ' as fofiilorllJlelPOiiding ValUe Of 7 to a and B is also determined from fo'i mula (B).,

                 t/                            '                           '                                                            tt                              7==:48.639. , . ,,
                                                                 '                       t/                                                              '                                                                    '
     Therefore,formula(B)becomesapproxi.mately.'. ,

                                                              '                                                         '             '                           (3X +3) (X+1･5) == 50 '･････････････-･･e.･･･e:e･･(7)e

                   tt tt                                               tt     Culeulating the values of gl for given values of nt from trfe above fon:nula,

 l.he,Yh,be,e.O.i,[t,.e ,a,SbiZhRlll･l,"h i,",.TaAbfLe,.i9.a¥.i`,h .¥ci,a,nidd.,rie,Sieea...iZ,tiis,o,k'e,c.osm2sg. as show"

 '6oingiOdienLwaeriilnffvitthheeSaeehergtC･hUeirateodn iagUQShogg.d experimentai vaiues of y, they

aR.g.,g{//}iatgreo:ekmewr.eg.igv,z,ie",:et}:eiz,f;,iimIn,ueS.IB,7i..Tlalll.wrtri1.'?ilg,ft

                                     ./ t     Using the''abo,ve formula,'caleulating values of z/ for given values of'T

 ?dee.CptO,,M+eg)aSarSehOshWon",inLin[l]atbhlee sla9mXeVitab!Yec.ii and reSiduals g.ii and their mean value

 welll?vitthhiSeaecahSe6tfiaelr9Ulated ValU.eS and experimental values of y also coincide

                                                                '     Nest, applying the theory of least square, formula (B) beeomes '

                                                       '          ' ' . (y+2.576)(pt+'12.43)=43.064: '････････e･eT･･g･e････(9)･

     Theealeulationproeessofformula(9)isom,ittedhere. '' ,
               '                                              '            '             '                                                                   '               tt                   '                         tt                                       '
                                       '                                             '                        '               tt /                                                          '                              '        '                                     '                           '       '               tt t                                                           '                                       '                                '                                                                 '                        '     '
                                            '                       tt                          '                                '                                      '                                       t /t                '                                                           '                                                                   '                                '          '                                          / t･             '                             '                                  ･ 'l               '                               t tt                                            '                                                tt
                tt ttt ttt tttt/t
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Table 19'.

Mean

 tt
/ T.Hukutomi.
         '                '
             '
Calculating values of

Residual by various

y, Residual

methods,
and

.---x.m" -

 'o
   1
   2
   g

   7'

   10
   13

   15 ,

l

y

30.83

18.17,

10.67

6.67

4.67

2,33

 1.67

O.38

 o

'

'

Ycl

-30.330

I7.000

11.290

 8.110

 4.692

 2.882

 1.349

 O,448

 O.030

'

ziI

i

+O.500

+1.170

-O.620

-1.440

- O.022

-O.552

'+O.321

-O.068

-O.030

::£taI÷9 f O.525

Zlcll

29.530

16.500

10.92,O

 7.820,

 4.468

 2.712

 1.228

 O,354

-O.053

dll Yclll

+1.300 '

tl.670

-O,250

-1.150

+O.202･

-O.382

+O.442

+O.026

+O.053

32.074

16.625

10.704

7.574

4･,322

2.649

1.255

O,448

O.075

dlll

. '
2nll÷9 == O.608

         F

-1.244

+1.545

.-
o.o34

-O.904

+O.348

-O.319

+O.415,

-O.068

-)-O.075

2nlll÷9 == O.55 L

                           '                                      t ttt                                                          '
    Using the abo"e 'formula, the values of y for given values of x, residuals
      -?denvS,,lr.;-eag?. reSidUal beeOMe as.shown in Table 19 respeetively with yfiiig, Am and

    [Every eurve of x:y obtained using'the caleulated values has the similar

fori:n to one an,other and among them the last derived curve firom the appli-
eation of theory of ehe least square eoineides best with the experimehtal curve.

The 7'elatio7z bet･zvee7z the percentage of "IIilll/cl?"o-expansio7b"' "e'' a7zel applalecl

loaal-"1?'1a2e7"z7zghydratbon2tsszeo'elyreprese ?tealbyah!/pue7bola ..,....,,

                             tttt t                                '
                      . pos"I'"TEs'rs. ', ,
                                            .                                                     '                     '                        '                                       '                                                               //             (I).'"Hydro-expansion"ofclayforDifferent ,'･d･

            `'･TemperaturesofHydratione ''
                                                '       tt                                              .                                                  tt t
 ' As the temperature of hy'dration in Tanna tunnel was 190a, ``Hydro-
expansion'' of elay had always been.investigated under the same temperatil.re

ofhydrationintheforegoing,tests. '
"'
iEi}Id",.t.h,ilpi.' 2Sigi.'`,,Sg;`:' S."s, //ffae,`,,,Oifb,`dh,e,, iempe'a`"re of hydratlon upon phe

    Test 11?xtqTial. Same as in Main'1]est lll,- '
 '{ZIgstPieces.SameasinMainTestlll.･ ' '
  ･'CZIestiny Appao'atzes. Same in the Main Test III.'

    TestingT7'eatment. SameintheMainTestlll. '' ･ ' ･
e.d,1,IZiffte8zz86,,,ew, M,eZ`i5i,g,,gyiddiII2ng,g.4'9}sc,h2,:7ng,e,gs.g'ii,,M.ailts'.e,sl iii

                                       '                                '                                                           '                          '                                              '  '                                                              '                 tt                                                 '                         '              '                                            '                     '
                                            '       tt tt t                                                 '
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               'Table 20. Results on relationships among e, h and P

, fordifferentTemperaturesofHydration.
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Table 20.-Oontinzted.'

Nos. of Samples
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'Ii} Fig. 17 ･the

tO XVIg are for temperature of hydration =: 19Ca;

to XVIai3 are for temperature of hydration =: 3000;

to XVISis are for temperature of hydration = 600a.

above 'results of test are graphed.
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Curves showing relationships among e, h a･nd Pt for different

       Temperatures of Hydra･tion.
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geig. 18. Curves showing relationships between

      and Temperature of Hydra.tion.

  Test Mttte7'ial. Materials used in thjs

            '        '                       '                                   e

    Relation bet,ween the minimum ap-

pligd load "P" by whieh "Hydro-,
expansion " is caused to begin to cease,

that is, the relation between "Hydro-

expansive power" "e" and tempera-
ture of hydration is graphed in Fig.

    Fig. 18 shows that " Hydro-expan-

sioh'' is efi]ected by the temperature

of hydration. At tempeenatteo-es of 190a

to ,gOOO. "lilTyelro-expansive powe7'"

o'cmpidly inc7neases and at the higheo"

te"mpe7'atzeres of 300e to 6000, its in-

cTease beeo7nes grad2t,al. '

      (IX). "Hydropexpartsion" of
       Clay anct Other Mate'rials.

     A phenomenon of " Hydro-expan-
 sion'' is observed in clay but, what
  ean be found in the other materials?
  For IE[anaoka elay Kh, observation has

 been already made in Main [I]est, Ih
 the present paper, the results obtained

 from many other materials are de-

  scribed.' '
test were as fbllows:

Name of materials

Quartz
Yubari white Shale
Serpentine (A)
Diatom earth
Serpentine (B)
Glass Powder
Cominon Brick
Hanaoka Clay
Volcanie ash
Yubari Shale
Tanna Clay
Kaolin
Fire Briek
Mica' sehist
Fushun Shale
Lime stone
Slate

Yubari ?arting Shale

Symbols

Q
y.w
S.A
D.e
S.B
G.?
C.B,
H
V.a
Y.T
CI]

K
F.B
M.S
F
L
s
y.s

Speeific gravity

2･.336

2.433
2.449
2.469
2.486
2.560
2.565
2.570
2.577
2,593
2.650
2.6ti6

2.694
2.694
2.697
2.701
2.740
2.874

'
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                                          '        '
                                                                 '  . The above inaterials are arranged in order of the magnitude of their speeific'

  gravity. [I]hese materials were all powdered and then used lil<e a clay. ,
   ' Test .l'ieces. AII metarials were liowdered to bloek-size of under O.Qlcm3.

  and then applying the initial eompression of a :40kglem2 test pieees of 2R-di. ,

  5:6cm,andD=:O.6cm.weremade,･ , ' -
' No. ?ci)MienntrOan.iZ azaedgtiikiltli9,1 C6MPreSSjoii of these test pieces are the same as in

  usedT, eSting A2[IT)aOUtitS･ Largemsized "IE[Ydro-expansion" testipg machine was

      T,esting 7b'eato7zent. Applyingload of P---- 3kg124.63 cm2. or P' -- O.12kg/em2.

  during hydration, expansive ratio ``e'' and hydroUs ratio "h'' were measured.
                   tt  'test'.feecStamReeSKgt8s'holsln ei?iSeTaObfiete2Mi.PeratUre of hydratioii = igoa, the rgsuits of

                                                   .t                                                                         '                                                                     tt                                     '                                                                       '                                                          '             '  '                                    .t .                                                ./                               I"                       ./                        a,, ･                                                                         ' k･   '                            '                                                               '               ttttt        . Table,21.eandhformany,Kinds'ofMaterials. ･

Simples i Hydrousratioh%

Q
,Y. Aw

,D:.e

SiE

Y.a

.Y.T

.[K

..
ps.s

g
y.s

1

FxPansive ra･tio e %

.

j
l
I

I
I

35.47
ggi?g

g,4I2,g

35.83

44.47 I
          xlg6,lgg

g9,I8Z

239I2o3 ,
g2,lg,7

g?lso,

41.13 ,

 ,gilg

   o
･ 43.56
  3.82
  1.38
   o
 29.00
  1.04
  9.26
 10.67
  1.11
   o
  1.28
  2,50
  2.00
g 5.00･
 18.33

                                         '                              .t     As known from the above table, every material absorbs water. [Kaolin haS

  Lhe smailest hydrous ratio and Diatom earth has the largest showing respec-
 tively the values of 29.93 % and 94.20 %. EXpansive ratios for Serpentine (A),
  Common briek and Fire briel< are eaeh zero and that for Diatom earth is the

  largest having the value of 43.56%. For the complete investigation of the
 pllenomenon of ``Hydro-expansion'' itself, many other materials than the
' above onessare furthermore to be tested. In the present pa･per results obtained

 from eighteen kinds of materials were shown for referenee. .
 mate9,iraaiPshg;.xa,gisY"iFgr.aniggi.ng the above resuits m order,of speeific gravity of their

                                                    '                       '     '                                                                 '                           '                                    '                                                          .L                                '' f' ''                       tt                                                       '                               .t                                                               '                                                               '                                                                       '                                 '                                              tt         /.. .i .                                                    '                                                   '                                                   '                                   '                  tttttt ttt t                                                                    1
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                                      C.B                    2.]. 2.4 Z.5 ･2.6 27 .2.6 2.9･ j
                                                                '                              .Spect'ft'c9ravtty ',.. ･
                                                   '                        '                                                         '       Fig. I9. Relationships between Specific Gravitay of Material and ," Hydro-Expansion ".

                                                             '
       This test was not a ehief objeet in the author's investigation but it is only

   one part,of tests to show thaC when inany kinds of, materials are meehanically
   powdered si[naller than a certain size, what effect the difference in materials

   has upon their "Hydro-expansion". As sho-Tn in this test, there is large
   eli.l,7lerence in the "ll;ych"o-ecmpansaon" of di,t7Zlrent ntnds of mate7'ials and.the7'efore

   "ffydTo-expansioni' is conee'rned not only with the y7aain size bcat also with va7;io2Ls

   otlbeo' conaitions, sueh as surface tension of water, fbrm of particles or ehemieal

   componelltandphysicaleharaeteristicsofthematerialitselfete. , , ･'
       IProfessor C.IE. Terzaghi described about clay and swelling of e'Iay in
   l iggn,g,.i:see//8ltgoMYs9.WS-Reeord'' 1925 under the theme " Prineiples of soil ,Meehaq

 ･ "Theterm'clay'indicatesmix,ed-grained,p'lastiesoiisconsistingofparticles

   from lmm. down to O.O06mm. in djameter and a xrery small pereentage of
   `ultraTelay' (coloidal partieles in･tl),e eolloidrehemieal sense of the words).
,i H, e9#}?9.,tl]e term includes almQst all the s6ils which are commonl}r known as

                                          '         '                   '                                                           '                                   '                                     '           ./
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    ``Swelling of Clay--If the free surfaee of a layer of plastie or of semi-solid

clay is eovered with water, the surface tension at once beeomes zero anCl the

clay expands. [I]his swelling is identical with the expansion of the clay pro-

duced by the Temoval of an external load and represents elastie expansion of
the elay caused by the elimination of the surfaee tension Qf t･he capillary water.

Sinee the inerease !n bulk means inerease of 'vNTater eonteRt, it is apparent that

water enters through the free surfaee and fiows into the interior, impel!ed by

the hydrostatie strees difference between the surface (where the pressure is zero,

sinee the surfaee is coyered with water) and the interior (where negative hydro-

statie pressure exists).

 . If during a eompression test, one drains the water completely off the surface

and then removes the external load, the volume of the elay remains neverM
theless unehanged, beeause expansion would mean inerease of the ihoisture
content and Lhere is no firee water available. On the other hand, if the volume
remains unchanged, the jnward pressure cannot possibly deereasie; the surface

tension of the eapillary water takes the place of the external ],oad. Like a

rubber skin, it opposes any tendency to expansion. ･
  ･･ Thus all phenomena assoeiated with the eohesiolt of elay are capable of
being explained by the single factor of surface tension. CQhesion is the internal

frietional resist･anee produeed by the capillary pressuye. As the cause of the

capillary pressure-the surface tension of the eapilJary water-is an external
one, merely acting on the surfaee of the clay, the cohesion due to the eapillary

pressure may be ealled the `appa'rent eohesion', in opposition to-the `true
cohesion'.produged by initial friction. Asi the initial ,f'rictioll "vsTas found to

gllllrOeidtnitvittOh iiZte ianpOpr:rgk:iicoahbeOsUign2,9.g･lcur, the true eohesion is very small eom-

    As seen from the above deseription, Professor C.E. Terzaglii treated a clay

as a very fine grained earthy material without touehing the propertities of clay
itself and used a wet clay from ehe first. On ehe basis of experiment concernea

XTi$,.r,ej.eRZ'60.n, g",,W,.S`,e',,Ill;O,M,,,ll18,`,.xe,Y.kY,,,e.O,m,,p.'.e.ssion･ a diseussion is, made to

    In the present paper, theoretfcal treatment of ``Hydro-expansion'' was not

a ehief subjeet but the question is whether or not phenopaenon of "Hydro"-
expansion" in experiments give a certain correet idea about the so-called
'`` earth"pressure"' exhibited in dlay zone. Therefore, the autnor has' faithful]y

recorded the experimental results and did not toueh upoR the theoretieal treat-
ment " Hydro-expansjon ". But, the present tests show that ``Hlyd7'o-empansion"
is to be e.tTlected b,{ the propeTty of mate7'ial d,tseij' t,hough yrain si,.z.e as zmiform･,

          SOME EXAMPLES OF PRACTICAL APPLICATION.
                  ･ oF TEsrrs.
                                                 '                                                 '                                            '                                    t.        '
    The motive of the tests concerning "[Hydro-expansion" of clay is for the-

examination of the so-called ``earth-pressure'' in clay zone eneountered in
Tanna Tunnel as already mentioned. Therefore, some tested resu･lts were

                                                                '                                          tt                                                               '                             t.                          tt                                tt                                         '                                      '                                                '                           '                    '                                      .s
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                                     '                                            '                                                                tttt                                   '    applied to the practice offering some referenee matters for the investigation
    of priafetthiC,aii,llgOnboii:llE!lfio' n SoOfM`e, iilliliYdii }8-i,exgpa.r.esiaoS. IP, iii'OsW:6nsiderea to be eoneerned

    witli " earth-pressure ", it would no longer be doubted that the effbct of water is

    a most ii[nportant faetor. So, one must drajn off watei` as completely as pQssible.

     ･ [l]herefore, in actual cases drainage vTas taken into eonsideration. [l]he
    thrusting po"rer due to the above assumed hydration is enormously large as '
    has been actually experieiieed in the tunnel and adit. Therefore, for the com-

    plete neutralization of this thrusting power in the Tanna tunnel, great expense

    was undergone and yet in vain. As bulged out quanLity aiid speed of clay
    were.eaeh not every large, desi.sting fi'om a direct resistance to the thrusting

    force and further making the s,ection of tunnel o,r adit larger th'an.neeessary

    the usual timbering was used.

        In the clearance between timbering and excavated Lwall crypt･omeria needles

    were filled up as a eushion. A seetion whose neeessary dimention vras 9'×9'
    "ras enlarged to IQt×10'. Then, after one year ``earth pressure'' began to aet
    against.the ･timbering having compressed the fi11ing cryptomeria needle like a

    strawboard. Excavating this bulged out material and en]arging the section to,

    the.original size, the same method as the aboye was again appl.ied and thereby
    during the next olle year' a state of safety wasi maintained. During two years,

    tcho iil)llaatteerd.iN'aS COMPIetelY drained off and at last a large "Tork was sueeessfully

        In the clay zone at Hanaol<a Mine, compressed air was always blown into
    the important part foy the purposes of drainage and rejection of water. Thus,

    elaybecomesdryandhavdHkeaeonerete. '･ ･
    was ggerdthweitltPOsSutcgeasist.S Of gaiierY, eXcayaPion method iii<e thap in Ta}ma tunnei

     .. However, in some galleries where the Tesults of the author's tests were
     ,9g t,a,k?,n,,ienO, ,C,O."/igettS,i,O".･bieme'd b,glgbe,d,9b:,kdfr.?,e,ia'. making passage impossible

  ･ Intheaboveparagraphsth･eoutlineofactualekamplesofapplicationof
    the aut/hor's tests to "earth-ptiessure" in elay zone at Tanna tunnel'and

    Hanaoka mine has been briefiy deseribed but these examples'are foi` the case

    where ",ili[[ydro-expansion"'is suggested to be coneerned with the "eavth-

'' ･ PireSSR-er..e.arEling the magiiitude' of "expansive power'", as it is no ' loliger doiibtdi

    ed that expansive power is enormously large the,utilizqtion of this natural
    power fbr mankind's use beeomes worthy of notiee in future.
    ･ In this paper, the results of tests are deseribed as they stand. Hereafter,
    the author will extend his investlgatiop to various problems in seienee ahd

    engineering. Ifthe results of tests described in this paper beeome no more
    ISffaesfUiligdheaninaxfalei?ifl.. StOi)e, Yet he i,S Satislied with them believing that his effbrt

          '                                                                     '                                               tt tt                                                                           '                                                    '              '       '                           '                  '                                     '                                   t ttt            '                                                   t tt             '                                              '                tt   '                                                                 tt                                     '                                                                '     tt                                             '                                        '                                           '                          '                                                    '                                                       '




