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'11Rl,NSLNCGrl t S NO'I'E 

The original of' this Rrt icle, "Untersuchunge methoden 

un� fertzustellen ob sich ein gegebenes Baurnaterial fur den Bau eines 

Erddammes e ignet, 11 appeared in volume III of "ler Congres des Gro.nds 

Barrages," Stockholm, 1933. No great effort has been exp ended to 

make the translation perfect beyond the demands of technical accu-

racy because the tinie req_uired for such a ri1etorical revis ion j_s 

not felt to be justified in vi ev-;· of the great amount of  additional 

mate rial whose translation is continually in demand.. 

D.P.B. 
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NIBTHODS OF TGSTING CONSTimCTION M.P1'11ERIJ.\LS rro DETERHINE 'l'E-JE IR 
SU IT.ABILr,-ry :FDR USE IN .AN EAETH D-i\M 

TIJTRODUCT ION 

ThG response to this question, propounded by the Intor­
national Commission on High Dams of the World Power Conference ,  and 
whict is to be discussed at the meeting of the conference in Stoct­
holm during the sumr;i_er of 1933, must be restricted to the narrowest 
limits in accordance with the instructions and policies laid down 
by the Standing Cornmi ttee of the Commission, because otherwise the 
tempt ation to bring into the report elements from a largo fifil'ld, 
such as geology, soil mechanics or founclat ions either from consid­
eration of their close relation to the problem or for the sake of 
comple tcnoss, would bo vory great. For these reasons any discus­
sion of earth as foundation has bo,:,n avoided and only earth as con­
struction material for dams has beon treated. Howovor, evon though 
the q_uostions put by the High DQ�s Commission relate only to tho 
earth dams which impound rcsor'voirs, all of tho methods used in 
connection with embankments and transportation cnnals, powor canals, 
and tho settling basin.s of ore dressi.ng plants, or with lovoos and 
dikos, arc pertinent because of th«1 similarity bctwe:cn tho construc­
tion materials, their method of introduction into tho structure, 
and the physical conditi_ons during and aftor construction. 

In Part- I the following q_uos tion will be taken up: What 
pro pert ios make o. particular soil typ0 suit able for uso as a con­
strue t ion ma tcri.al in clams and which proportie;s may prohibit its 
use, either enti rely or in cortain parts of the dam? In this con­
nection the report must go into tho d esign of the cross-section, as 
well as tho type of construction which is planned, whotm r dry uum_p­
ing, scraping, hydraulic fill, rolled fill , or tamping, etc. ; for 
those fcaturo:3 are intilnatcly relatod to the applicability of tho 
soil. Also tho principal dimensions of the dam, particulfil'ly the 
height and 11ith it the wator prossuro, must bo considered. 

Primarily only rocont dam and ombankrrcnt construction in 
Germany wUl bo brought into the discussfon. 

Part II tnkos up the physical condition of tho natcr in 
tho soil. 

In Part III a1°c treated the oxporimontal methods by means 
of w hich tho important proporti os of the soil arc di sclosod and 
tested, both at tho borrow pit and during construction, as well as 
in tho finished structure. • 
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PL:1T I 

'fHE MECH.AJ.'ifICAL FUNCTIONS OF TI-IE Vl',l UOUS PAitTS 
OF ilN m,'IBl\Nl'JvIE::t,i'T OH DAM 

The soil to be employed in an earth darn must fulfill val:'­
ious functions and must therefore possess a nu.rnber of different ;:irop­
ert ies . As u rule eith er all of these prope:cti es a re not to be found 
together in a single soil type or 2t least not in their full degree 
of perfect ion , or ,  if  t he soi l  is es pecially suHable, it will either 
not be found in suffic ient q_uant i ti es for a lai-ge dam or will not be 
adaptabl e to excavntion by large scale me thods.  It has there fore 
become cus tomary to as sign to the var ious parts of the dam parti cu­
lar functions and to distinguish in the more recent and. c aref' 11lly 
constrncted h j_gh dams : 

l .  An impervious part , �,hose funct i on is to prevent or to re­
duce the penetration of the impounded ,:at er ;  

2 o A supporting part , 11hose func ti on is  to  withstand. the ver­
tical and horizontal forces ( we ight and •:rater _'Jressure ) and to trans­
mit them into the foundation ; 

3 .  A protecting part , whose function is to res ist the attack of 
flow , waves ,  i ce ,  and frost on tho upstream si do ,  and of rain and 
,-rind on the .downstream s ide . 1� discussion of the clostrnctive ef­
fects of burrm-,ing animals  und th0 a)propr L?tte corrective m8asuros 
does not belong here . In a d.am so constructed ,  this afforc\s the 
possibility of utilizing soils of ve ry dif forcmt typus , each in its 
appropriat e plac0 0 

In many c ases the impervious nnd supporting parts of the 
darr consist of a single homogeneous soil which performs both func­
tions ; po. rticularly in oldeT dams of low height , or rrHh  flood con­
trol reservoirs seldom f i lled and qu ickly eLpti ed. The pro.ct ice of 
the Pruss tan Ministry of Agrj_cul ture in 1907 , w itL regard to dams, 
recognized only "dam-e ar ths" ; the report o:2 the Corrr:rii ssion on Dams , 
of ttie German 1issoc i at ior.. for '/0.ter Economy and Water Power for 1930, 
concerning the nprinc iples for the :Des ign , Constr,1 c tion and Use of 
Dams" on the contrary , re cognizes · in addit ion to homogeneous dams , 
the drun n ith functional d ivi sions . 

The impervious and the protectinc parts are also sometirnes 
comb ined in the form of a concrete  a;)ron or slope p3.ving o  

( a )  The Impervi ou� Body 

The water seal of a darn is of decisive importc_rice. This 
is effected e it her by me2.ns of a ti ght soil , by means of conc rE:te 
( also wi th masonry o:;:- cement morta r )  or t y  me JI1s of steel sheet 
pilin,,;. {! ith either the concrete or· the sheet pi ling an add it ional 

seal of cohesive so il is generally understood • 

2 
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UPPER PUMP STORAGE RESERVOIR AT N IEDERWARTHA (DRESDEN) 1927- 1929 
F IG. I 

12 cm cone. poring 

,Fine grovel : 

1
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LOWER PUMP STORAGE RESERVOIR  AT N IEDERWARTHA (DRESDEN) 1927- 1929 

F IG. 2 
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EQUALIZING RESERVOIR OF THE EDER DAM NEAR AFFOLDERN 1928 

F IG .  3 
r .... ._, _, _, _,_? __________ ..._ __ 2pm 

X-D- 1467 



,.. .. 

. • 

"· 

• 

• 

! . ·. · .:· 
I 
I 
I 

I 

i Cloy = Tertiary 
, · 

i -< - - - _ _ _ _ _ _ _ _ _  ----- _ ---- - - - - -- - - - - - - - --- - - - - - -- -------- rd 1 12.0- - - - - - ------- - --- - -- - - - - - - - - - - - - - - - - - - ----- >< 
I 

RESERVOIR OF THE  GLATZER NE ISSE AT OTTMACHAU 1928- 1932 
F IG. 4 

10  0 30m 

Paving between 
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DAM ON THE SORPE (RU HR) NEAR ARNSBERG 
0

1928  (UN DER CONSTUCTION) 
FIG. 5 
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RESE RVO IR  ON THE SOSE N EAR OSTERODE (HARZ} 1929- 193 1 
FIG. & 
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E MBANKMENT OF THE  . POW ER CANA L  ON THE MIDDL E ISAR 1926-1929 

F I G. 7 
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STORAGE BAS I N  ON TH E M I DD L E  ISAR 1926-192� 
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UPPER GROSSHARTMANNSDORF BAS I N  NEAR FREI BERG (SAXONY) 1 593 
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Wher-e there is to be a s ingle seal ( figur e 13 ) , or where ,  
as ulr e ady mentione d , th ere is to te an auxil iary seal w ith concrete , 
or shee t p il ing is to be us e d ,  the impervious bo dy l ies  on the up­
stream s i de at a fla t slope under a protec t in g  l ayer of mmd an d 
stone o r  concre te ( figures 1 to 3 ) ; or where there i s  danger o i'  
slough ing of the impervious soil i t  w1y l ie far ther in the int e �· i :::lr 
o f  the b ody o:f the dam at a st eepe r sl ol_)e unde r a str onger prote c t­
ing layer nhich serves as ballast and as re s istance to sl id ing ( f iG­
ure 4 ) ; or i t  may be arranged in the interi or at the middle of the 
dam as a c ore . 

'Ihe problem of sealing a aa:c.i on the up s tream s ide with a 
c oncrete or ma sonry apron wi thout any impervi ous l ayer of l oam or 
simila :c· s o il is real ly fo reign to the que s tion in hand ; i t  ,: ill be 
treated briefly latel' ( fi(Sures 7 3Ild 8 ) . It re pre s ents nn excep� 
ti onal pr acti ce in res ervoir eml:,ankrnents .  

The si gnificant pro per tios of a s oil su i table fo r pro­
duc. ing a tvate:r seal ar c :  

The grea te s t  pos s ible imperneat i l  i ty . 

Suff ic ient pla stic ity to fo rm a c oher ent seal ing l ayer. 

The gT ea. tes t pos s ib l e  c ohes ion und inte rnal fri ct ion to re­
duce the d 3Jlger of slough ing • 

.A low water ab s orp t ion capac i ty and low swelling so  that 
the s oil nei ther dis solves , fl ows anay ,  or slow:;hs . 

Low shr inkace upon drying so that no fis s-,ires fo :rm , espec ially 
during co ns truc t ion , bef or e  the pr ot ec t ive ,lc:yer s have been appl ie d .  
Als o becau se of the possib il i ty of se ttlement of the dam, the com­
pre s s ib il i ty of t he mat or i Gl  to b e  c ono i de red , and,  pr imar ily in 
conjunc ti on vri th th in c oncrete apr ons , the r esistan ce to fro st , is-
of :im.po::.0t:l. nee . 

At ;ir esent the so-call ed c ohe s ive soil s ,  clay ,  red clay , 
loam , b oulder clay , b oulder marl and marl are u se d  exclusively f or 
impe rvious seals . 

The old darns of the Ob erharze  Mine , bu ilt in the s ixteenth 
and e ighteenth centurie s ( proba'tly al so those of the Se.xon miners  
in the Erz Mountains  ( f igure 9 )  u t il iz e d  a sne c ial typ e of  se al made 
of' sod or turf blo cks Hhich pr ove d ci�uite s at is fac toi·y b ut whi ch have 
no t b e0n u se d  aga in in recent times . 
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Max .  res. level 

HARZ BAS I N  DAM ,  EARLY TY PE 

F l G . 1 0  

HARZ BAS I N  DAM , RECENT TYPE 

F I G. 1 1  

ODER BASIN  DAM IN  THE HARZ 1 1 7 1 4, 1 72 1  (RA I SE D  1 765) 

F I G. 1 2  
20 0 40 m 
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FLOOD RESERVO I R  ON THE HE IDE (BOBER) .NEAR 
H ER I SCHDORF (LOWER S ILESIA) 1904-1907 

FIG .  1 3  
� ......... _.,....,_, .._,· _.p ___ ..__ __ ....,_ __ __.1t5 m 

Max. res. level 355.80 356.60 
Sod \Precaution�ry 

I: 4 strengthening 
193Q/'al 

lay -core to ,. , . ... · 1 ·  : 
-r�:=-... · --� :,, _ 1 

Ciay cd�e . Moture soi l · :· ..: · Impervious fou� ! 
I 

- · I I 

:< - - - - -- - - ----- - - - ---------- ----------- - - - - ------ 55.0 --------------- ------------------>t<------ 10,0 ----->! 
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FLOOD RESERVO IR  ON THE LANGWASSER  NEAR 
FR I E DEBERG QUE IS  (LOWER S I L E S l·A) 1908-1910 

F I G. 1 4  
5 0 20m 

-- --- Old profi le 19!0 , 

/we. sand -· - After stengthening 1931 
18fiJ 

RESERVOIR ON  T H E  t< O DOOW N EAR F L E OE RBORN 
(BOU N DARY · BETWEEN PO.LAND AND. WEST PR USSIA) 1931 

10 0 , � ., _, ,, ,, , ,  
F·I G .  1 5  

30 m · 
I 

. ''1'1 . 
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F ine ·g ravel  .. : 

Sand ; _ 147.0 •. 
Clay 

· RESERVO I R  ON THE M AL A R PA N A  � E A R  TU RAWA {UP P E R  S I LESIA ,) DES IGN 1 932 
F I G. 1 6  

' R  ....... , .......... .............. ? ___ .,__ __ ......, __ ___. __ __.41
0 m . 

hlI 

hI Pressure drop in the sea l :  

- - ------ -- - · - ·-x- -

hlI Presaure drop I n  the mature soil  on the  upstream 
side up to lower edge of cu t-off. 

hm Press u re" d rop in the joints of the sheet p i l i ng 
hDr Pressure drop in the downstream s ide from the 

l ower edge of the cut-off to the tailwater . 
h 'lt  Excess press ure on the top of the cut-off, upstream. 
hE Excess pressure on the top of t he cut-off, downstream. 
hV-h1ZI Resultant pressure at the top of cut-off. 

F I G. 1 7  

SCH I E SSROTH R IED DA M (VOGE SSE N) 1888 
F IG .  1 8  

5 0 20 m 

X - O - 1 47 2  
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/)n the older dams the h(o,avy sod la yer rras placed on the upstream 
side ( figure 10 ) ;  in the later dams it wns placed in the inter ior 
in a trench which reached into the impermeable foundation · ( f'icure 1 1 ) .  
For th� rest the dams consisted of rubb le and talus o A 177metor 
high do.m in ULe O der b asin constructe d between 1714 and 1721 ( i'i::) . . lTe 
12 ) ,  m;:hibits the only departure from this pr actice by utilizing 
downstream from the sod core an additional fixed cor e of decomposed 
granite, a product of kaolinizing. decomposit ion, ,1hich oxhibi ts 
cer ta in cohe sive propertie s ;  th o romaindor of the clam is of dry 
masonry wit h  moss packing in th e joints. The t ight root mass of 
the sod whicl:: hold tho earth together effecte d the seal and thus pro­
tec te d  th0 dam from pip j.ng ( 9 )  7 .  

_.I 

Th\l1 uppe r end of the impervious layo r· must to carr 1cu 
high 0nough above the highest  rese.,·voir levol - including allow­
anc e for flood conditions , i p iling up fron the offo ts  of rrind , and 
wave act ion - so that any considcral:l o ciuc.ntitios of ;-;atcr nay bo 
pr oven tod from cl:itnb ing ove r  tho :i.npo rvious l aye r thr ough capillary 
act ion in tho proto c tiJ:1..g apron ; this capillary rise, :::J.n f:e c .. ofi­
nitcly broken b y  me ans of a laye:r- of coEU'f,c-gra inod Ev Uo 

Whcrovo:r- possible tho :imp c:: vious layor ::,hou lcl. 11Jc con­
nocto d a t  tho bo ttom and the. sides Y:i th oither an impc:r-vious or a 
vory sligh tly porvious fotmdi1tion or abutment in order that r:atcr 
will not soop under o.r aroun.d the clam ; in add.i tion to the loss of 
wat er from the reservoir any considerable movement of ,wter t.hr01:1gh 
the a d j acen t  foundation or ab utme nt can lead to the destrt�ction of 
the dam through rupture o::c slouching of the clownstrE:am face. 'l'he 
conne ct ion to t he :ilD.pervious layer o-f the foundat ion or the abut­
ment where the depth of pe rmeable overture.en i s  not great , sho1�ld 
be made by  mc�ans of a tre"1ch filled  c arefully ur1de:r water with the 
:impe nne able soil. ( compare figure s 1 to 4 ,  13 and 14 ) .  Whero tho 
depth of the pervious overb'urden is greater or where largo cru::mti­
t i es of vmto r wou.ld pcnetT 2t0 into tho trench , steel shoe t p iling 
is indicated ( figur o 15) , provided tho pn,scnco of largo couldors 
would not :n\:; vont the ir ti[;h t j unc tion. ,7i th the impervious fou.:.1da­
ti 0Tu;. In this case an ilnpc rv ious blanke t or a pron is i.inpliud .  If 
tr.e j unc tion ,- .'i th an impervious foundation. is not obtainublc , then 
tho path of 0crcolation must be oxtonJ.ed so thut  the flow grad ient 
and 11 ith it the quant ity o:f fJ..ov is reduced. Th is can be accom­
plish ed. o i1h or by dr iving she et piling or a clay ·.:2.ll docp into tho 
founda tiol1il, or by placin,:; an i.m.pcrv ::. :ms apron of' :itnporvi ous so il on 
a long sl ope on t ho upstrcrun sid e ( figure 16 ) .  Yi0lding soils ( b ,)g , 
for oxmnplc )  must bo removed from w1dc r  the impe rvi ous apron and 
from under tho dd.m itself in ord<:::r tho.t se t tling c1"acks ·;;hich ,muld 
open short chc::mi1cls nith u suvorc c;rc:;diont under the dGm sho.11 not 
occur as the· roml t o� the o Grth or ,·mtcr lo:::,ding. Tho cho ice as 
to nhothor shoot piling or un 3. 9ron is to be used is o.lso a quo st ion 
of cost , but r.:hore ample iri::pcrv ious ma t crio.l is n t hand t.ho apron 
will ilffi goncr::.11 bo chonpor. Invost :i.g;.� tions as to  tho impcrmoo.b ili ty 
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an d  the fo imat i cm of the found.a ti on and ob s e rva tLms of t he gr ad­
ie nt of t he  natural ground wat ers at t he s it e  of the dam w ill  dis­
close whe the r  o r  not an apro n can be made t o  suff ice in c ons id0r­
at i on of the increase d  exces s  wate r p re s 13ure of the re se rvo ir . 

If any weakn8 sses are exhib ited e i th2r in the sl ,Jpe or 
at the foot -)f the slope on the upstream s i de , re pai rs can be ; reac..­
ily effe cted wh en the r b s ervo ir is empty. Much more d iff icult· 
would be any repair opera t fons if the :i.mp ei�vi.:ms clay laye r were 
comb ine d ni th sheet piling or a tren ch in the middle of the dam. 
In mass ive dams wit h co re s , which -vrill invar iably b e  founded on 
rock,  t he ins(J o cti on galler ie s nlrn::.ys _oroscnt w ill aff o rt 0ppor­
tu.'1 i ty for the plugcing of leaks after c onstru ctLm ,  y;ith no gr0at 
diff iculty -r:-hetbc r in ma sonry OlL' in Cl. fr ac tu re d  ro ck foundati on0 

With sh oe t p il ing , c are mus t b e  t ken t hat no vcr t i  cal c hannel s 
along t he loc k j o int s 1:rh ich r;oul d c onduct co. to r from a po int of 
high pre ssur e to one of lm:er pr essur e bo loft opon j for  example , 
from tho lc.,er on d ()f the p il ing tc tr_c hcud r:Jmnin i:1c in tho im­
perv ious layer ( f icuro 1 7 ) . 

In jurie s  to t h e  Lmpervious l ayer can take pl ace in vcr i-
c.,us ways : 

1 .  With t he sloped .  i."!lpervious layer , the pr:ite ct ing apr on 
and the irnpe :;:vicu.s l ayer may slou,:::;h away t -)ce the r a s  a re sult 

of t he  le ach ing and d is s :Jlut icrn of t he up�e r surfac e .  

2 .  As a re sult of the penetr·at i un o f  vmter into the :i.lliper­
v i:.:ms t c dy its shea r ing re s is tance may be so reduced that a slid­
ing surface is fo rme d  in the irnp erv i,y,:s ma ter ial itself' , part icu­
l arly i f  the r e  aro sudden chang e s  in the re n e rv o ir l evel .  Tarn.p ing 
and r ,)ller lamina t i on s  S ')ID.o t iL1es def ine the surfac es  of such sl i de s . 

3 .  Thrcugh tran spos it ion of' the S .)il. Each imporv i.)US l o.yer 
mus t ac t e.s o. f il twr , fo_;:_· a co;-.1plet0ly ir..1pcrv i 1 :us blcmko t can 
scarcely be 0:xpe ctod in art ific ially pla�Gd so ils ; als<J tho t ight­
e st so ils ar o als o  tho so ils with the smalle st  an§;l.e s of fr j_ ct ion 
end aro the r e f oI'O the m,)s t sus ce pt ible to slough ing . ( \!hero it cnn 
to avo ided t:tey aro therc f 2 re nvvor u sed . ) The wator wh ich is 

fo .rcod into tho s )il on the ups trcan si de under _pre s su:;:ac must de­
bouch 0n t he dormstrcmn s ide -v.c ith it s p rc s su. rc cor,1pl otely r0l icvo d. 
and wi th so small a v-c l o c i ty tlmt it w ill be :Lr;ip,..:: ::is iblo for it to  
carry the f ine s t  pnr t ic l o s  far t her into t ho ne ight, or ing and supp )rt­
ing no.ss . Tho vo ids of this sup jY)r t inf.: layer mu st not b e  s c  lcxgo 
that pcr t ions of t he  im.pcrv-i ous l c:.yor m::1.y bu p res sed  into tho four:.- . 
dat ion or  into tho ma ss , for s uch trc.nspos i t i on ,)f m:,to r inl rr-::mld 
produc e cc.v it ic s .  

O n  tho contrary , a fr,vorablo cond i t i-:m fro: :1 tho po i:lt o f  
viou o f  t ho  pe .:·m.c ub il ity end th crofor u  fron the p;) jn t o f  v ie rr clso 
of stab i l ity , may result if· be cause -:):;;'° e ith er transpos i t i on o f  so il 
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par ticles or the chemice.l separation of di ssolved materials ;  or 
becau se of the defloc culation of irreversible colloids ( hydrate of 
iron oxide,  silicic  acid , or hrnnus compound) a spontaneous seal 
on t he �pstrearn side is produced.  

Careful moistening of loamy and sandy soils with l ime 
mortar and tamping in very t hin layers will produce a particular�y 
strong and a dense body for the dam ( figure 18 ) . 

The thickness of the impervious layer will depend upon 
it s pe:.::meapility ; f1xrthermore, this mus t be increased torrard :tr.e 

bottom in pro port ion with the uater pressure . The jmpervious seal 
placed as a core will require the smallest c;.uanti ty of mat erial 
since this type is most prote cted. and v.ill be fu1:ther cons olidat ed 
by the settlement of the dam.  Nevertheles s half of the t ody of 
the dam wi:!..l t. e  saturated. For th j_ s  reason t he path of the Hater 
pe netratinc; the core seal and the fo'.iri.dation will be consideratly 
shorter for the same "b readth of case of the darn than if the im)er­
v ious blanket were placed upon "!;he up.s trea111 .face . 

In darns of great height the s ou. in the c�eepest port ions 
is under greo.ter  :;iressnre, for the rr.ost ,c:.rt under much greater 
pres sur e  th:rn in the borrow 9it s .  The wnter wh i c h  is nA.turally 
pre sent in the s oil as well as  that which either intontionally 
( as in hydraulic fills ) or unintentionally ( rain ) is ad l1.ed to the 
mater iBl du rj_ ng construction , i,1sofar as  it is excessive, must te 
given hme and opportunity to drain off' ; otherwis e  the over­
saturated soil vrill act upon its environme nt - for example, core 
walls , pi pe gallerie s - as a viscous fluid weak in fri ct ion or 
shea r and ,iill be come s usceptible to slou&;hing or pi;:i ing ( compare 
belOF ) • 

Tho speed TTi th ,:hich th o constrnct ion of a dam progre sses 
thus ha s a c ons i der able bearing upon its safe ty. 

( b )  The Slnport ing Eo_C!Y._ 

\ ;horeas the iinporvious body of tho dam must permit the 
penetration  of as li ttlo \,ater as possible , the supporting body 
on the contrary must pori.n.H such seepage natc r as ;:iassos tho in­
)er v  ious lay.::,r a s  .. rnll as any r ain l.".'ut<::.r ,-rhich has ponotra tt:d the 
dam ,  to fall rapidly torraTds tho bottor:: , and mu st conduct it under­
ground away from t ho site  of tho dr:nri . (A  d811l constructo d through­
out of uniform " impermoablo"  soil ,dll b o  c �jnsidored la ter. ) Th0n 
the IJ1.a jor portion of tho sup ;iort in6 body ,,ill remain dry and cap­
able of resis ting horizontal  fo rces. Suffi cient shc arin ,:::- strength 
o.nd permea bility is the refore an important rcciuir0r,1ont of soils 
f ar  sup]orting bodie s. 'I'hei r  compro ssibility mus t b o  smClll ;  
the r 0fore tte y  must b e  compactod as dcmsely as poss iblc dliring 
construe tion. in order t :ha t sul s uquor..t sottlcnmnt - particularly 
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1.mequaJ. s e ttlement - whic h might endanger th e various s truc tures  in 
the dam ( we ir s , outle ts , core wal l s , she et p il ing ) may be avo ide d .  

The elas t ic con d i t ion of coh es ive so il s is th e re fore v ery d is turb­
ing s inc e  it may vit iate the init ial art if ic ial c ompac t ion in part . 
Gravelly and sandy so i.l s re t a in t he ir comp ac t ion .  A h igh dens i ty 
increa se s t re  res istan ce t o  horizont al fo rc e s ; th e  par t i cularly 

l ight or ganic  so ils ( peat mold , marshland , and such ) may be el imi­
na te d for thi s re asono The di ffer ence s  in. density of the us eful min­
e ral so i l s  are fa irly small ; they de pend pr Lmar ily upon the densi ty of 
the depos it ion and upon the wa te r  c ontent ; th e spe c if i c  gravity of 
mo 1:,'t of the so il-fo rm ing minerals is almost the s ame ( about 2 . 65 ) . 

If suff i cient s o i l  or the ne ce s sary pe rmeab il i ty i s  not 
ava ilab le for the ent i:'e sup por t ing body , then a t  le ast the down­
s tream si de a;nd the deeper pa rts should be made of th i s  ma t erial , 
wh ile the ups t re am  part and the upp er par t may b e  cons truc ted of the 
le s s  permeable so il . ''Pe rcolat ion la ye rs "  in t he int er ior of an 
oth e rwis e only sl i ghtly p erme able sup 1ort ing body ha ve be en used 
only oc cas ionally in Ge nnany ( f igu�e s 19 and 20 ) .  On the oth er hand 
founda tion dr a in s  have of ten been built e i ther of c oars0 s tone f ille r 

( in tronches ) or of dra in p ipe with f il ter typo b ack f ill ( cor:i.pare 
f i gure s 16 and 20 )  or by o:cavo. t ing the t ight loam layer over a per­
meable gravel laye r undo:;:· the do,.-;nstro am too of the dum ( c on,paro f ig­
ur e  6 )  whon c on ditions such as are fr . .  c1u ontly found in river valloys 
exist . Foundat ion dra ins c2-n riot ,  houuvor , bo pormi tt cd to r:ash out 
any or tho so il r:-it hout d2ng or . 

In dams wi th concre te cor s s  any ,mt e r  tha t may ponc trato 
tho c ore is  co llected on tho do ,mstrcam s i do and c arr ied harmlessly 
do rm.vrard through dry masonry ( comp are f igu re 5 ) . Th is s t ono tack 
f ill , hmvove r , mus t not b o  of su ch a nc,. tu 1t as to yield under tho 

inf luence of hor izontal f orcos , :for tho c oncre te c ore '. :hich is not 
do s igne d for b en d ing stres s es wou l d  t h em carry the c om.pl ct8 lo ad . 
Dr . ,Ing . C ollorio , diru c t or o f  tho Har:z, Via to r C ompnny , propo so s  a 

doub le vro.11 of s tc c,l  sho o t p il ing .-, ith a gro.vul f ill ing to c onduc t 
t ho Na ter dovmrrard . 

( c )  The Pro te c ting Laye r O ::'  Reve tment 

On the downs tream s id e  sod in its na ttlv,e soil is suf f ic ient 
to condu c t  r a in wa te r  to the toe of the dam y;i thout the fo rma t ion o:r 
in jur ious f issur e s  and gull ie s .  Hi[;h emb ankmen t s  are made v; ith berms 
on ,;hic h  th e water is colle ,2 t e d  in small di tches and l ed away. Spr ink­
l ing ,.-mter should be permi tt ed to pEmc trate the so il only so far as may 
be ne ces s ary for the grorrth of the sod . For this rea son the up per sur­
fc.ce should be ke pt smoo th and pl ain. As t o  the pr ope rt i es of the 
so il , no ;;iar t i cular requ irerr..ents need be ment ion ed excep t that i t  sh2ll 
pr ov i de  the pro p er nour ish.rn0n t for the gra s s .  For the mos t pnrt the 
downstrear.1 t oe is eo..u ipped wi th a reverse st one f ilter to pre vent the 
debouching see page vrnte r f rom. p rod1.�c ing p ip ing o r  l ea c h ing ( figm:· e 2l ) .  
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S imilarly the cr own of the dam - as su.'ITI.ing t ha t  i t  has a 
gentl e  slope - and oc cas ionally al so the upp er part o f  t he upstre am 
slope be yond the rea ch of the wate r may als o  be  cove re d  wi th so d 
( f igur e 16 ) . If t he re servo ir is pur ely f·or floo d control purpose s 
and i s  only rare ly f illed  it may b e  suf fic i ent if' the dam is co1i­
st:r,uc te d of g ood mat er ial , to c ov er the ent i re  ups tream sl ope wi th a 
dens e blanke t of sod  ( f igure 22 ) , or w ith a pavement as is the p rac­
t ice in r iver and se a d ike s ( f igure s 23 and 24 ) .  

Ove r a s  much of the da:rr. a s  is p ermanently under wa ter , and 
part ic ularly in the rang e wh ich i s  sub j ec t  to fluctuat ing wate r  

level s , a reve tment i s  required wh ic h w ill provid e protect ion aga inst 
the attack of wave s , drying out of the :imperv ious layer , fros t ,  and 
i ce .  Prote ct i on aga inst current movement i s  gener ally :important only 
in the v i ci nit y of flood-wate r ou tl ets in some dams , whe re as on the 
o the r h and i t  rr..ay frequently be ne Jessary where power in take c anal s 
are imrne d ia  t ely ad j acent to tte darn. 

The usual form of a pro tect ing layer cons i s t s  of a blanket 
of mate r ial la id up in the manner of the reve rse f ilter ( compa re 
figure s  3 and 1 6 )  in the following order : coarse sand , gravel or 
stone ch ips and crushe d  ro ck , a nd a f iller of' f ines  or of mor ta r. 
The whole serve s  al ,'3O to loa d and hold d. mm the imperv ious laye r. 
The more rounde d ro c k  ( rubr-le or r ive r grave l )  rolls eas ily into 

0 

hole s o r  cavit ie s tha t may b e  f'orme d by the impac t o:f wave s o :r- from 1:;i 
the i ce • .A. f iller of' sharp-co rnered broken stone , part icularly i f  
it h e  car efully we dged ,nth s t one slivers , i s  more s tabl e ;  howe'rnr , 
unnot i ce d  cavit ies may be forme d under the arched deck from the .. 

wash ing ac t i on.  The s e  then b e c ome dange r po in ts in the nnpervious 
layer . This is even mor e pos s i bl e wi th pavement on s and and pavement 
on mor ta rs . On tl::lie ot her hand the sr:i.oo th pa-veme nt i s  least  su1: j e ct 
to t he a t tac;.c of ice . The mo:nol i thic c onc re te apron i s  tre ate d in the 
next se ct ion on dams of' uniform mat er ials  ( c or:1par e page 9 ) • As c on­
struc ti on mate r ial for the pr otecti on layer on the ups tream s ide , a 
c o arse  sand wh ich will no t  slough and s t ones of all k inds so long as 
they are wat er an d fro st re s i stant , are well a dapt ed . The greater 
their we ighit the more valuable w ill they b e . In s t one s th ere will 'be  
found a muc:h gre a te r  d ifference j_n densit ie s  than i:r,. soils ( ba sal t 
2 . 8  to 3 . 3 tons per cub i c  me t er , d iatase , d iorite ab out 2 . 9 , granit e , 
syenit e , gne is s ,  p orphyry about 2 . 8 , grey wache 2 . 5  to  2 . 8 , slate 2 . 7 
to 3 .5 ,  sands t one 1 . 9  to 2. 9 , l :ime sto ne 1 . 5  t o  3 . 0  tons per cub j_ c 
meter ) .  If the :impe rvious layer l i es more ne arly in the inte rior of 
the dam or in. the c ore of the dam, t hen the filter typ e of protect­
ing l ayer is  no t so  impo rtan t ; the p r·ote c t :ing laye r  ac t s  th en pri­
rrar ily as  a load or as a s u:rchar;::;e ,·,r:. -�. 2 s  a::i;i. e;i.1. :.l .ibr.::nt 11 i�.'.4 ir� s t  · ­
slcn1?,:h in6 of the s :1tv:rate :l.t di1m h 0 n.y ;  ,-; h i  _ _  h Dhear ing res i st:mce is 
ther efor s :i.moo rta nt ( c or.:pa. :.:: e :: ·  i0ure 4 )  • 
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( d )  l'he Dam of Unifo::-m :Mate rial 

In tte dams in whi ct the different funct ions are not sep�ra� 
ted int o the different porti ons. of the dam , that is, dams made of u.ni ­
foTm so i l  t li.roughout ; three cases must be dis tinguished : eitre r the 
soil is highly ir.J.perYious , weakly pervious , o r  very permeable. 

Very :im.pervious are fat ·clays , fat lo ams, clay-like muck 
an.d marl , · so much so the,t t hey may be utilized ir;. dams without j oints 
or Ja yer s. Much l:.as recently been published c oncerning the formation 
0.f more or less  dense laminations  duz·ing rolling , the so-called  "roller· 
skin" and of the, dange r of their presence ( 14 ) o In contact witl:::. the 
water in the r eservoir these soils rich in colloids may absorb certa in 
q_uantitie s of ,'la ter ( c ompare page 1 2 ) . Therein lies the dange::- of 
their slipp ing or  sl iding . This considerati on is less i.rnportant for 
reservo irs only briefly f'illed ,  such as the sea dikes v1hi ch are often 
composed  of marl ; for the moo·ement of vrat er in very dense so ils j_s ex­
traordinar ily slow so that in th is  case the l:, ody of the dam never 
achieves complet e saturat i on.  A11o ther dange1· of very fat soils is 
that of· the fo nnati on of fissu res as a :resll_lt of 7;ery slow and long­
cont inued d rying . This , howe,rn:::.' , can be pr evented with an adeq_uate 
covering l aye r·. Also t he rat her la J�ge settlemer.t of such cohesive 
soils shoul d �e noted. 'The moistur e conditions and the c l:anges in the 
moisture cond.it ions of a.ams wit h  the l apse of time may be investigated 
by means of grounc. wat er ot servations. This  method which i s  useful in 
permeable soils is imppssj_bl e in very dense soils sinee these exhibit  
l'JlO di stinct ground water sur:'.:'ave and no  pronounced saturatioE line 
( see page 16 ) • ::::ecause the se dense c olloid soils are very unreliable 
in tteir relationshi p with water , special and more dependable seal .  
become necessary .  The da..m i s  th.m no longer a unifo nn dam. Fat clays 
and loams may he dUuted · wi th additions of sand , a pro cess ,1h ich re­
ciuires ve-:'y careful work . 

In the weakly permea1)le soils o f  uniform darns which act as 
slow f ilters , the grain distributi on must be so favo :?:'atle that the· 
f inest par ticles ar e not washed away ; the voi ds of the co arsest soH 
framework must he  well filled wit h  fine graiEs. The saturation line 
wh ic:h in thi s case :i.s e asily distinguishable must d.et oucb very low 
( on the downstream slope, ) , a feature  1:rh ich is achieved by the prope r 
design of the dam cross-section;  tric q_uant ity of seepage uater ( anci. 
thus the loss from the reservoir ) must be small .  The toe of the dam. 
cannot be permit ted to s often. The entire mass o f  such a soil must 
be uniform t:1roughout so that duT ing construction no penneabl e veins 
and pockets may be f ormed . The pract ice of d11-Bping lends it self to · 
this c onc, ition , for t h e  c oarse parti cles roll to  the foot o f  t he heap , 
and i t  is ve ry dif ficult in p ractice to cor rect ths: effect of su �11 
deposit ion. Only in rare cases can such thoroughly unifonn fill mate­
riaJ of the D.o st favo zaable proportions b;o obtained from -:he l: orro -r p i t  
hy rn.ass p rod uction me thods . NG ither do the most recent deposi ting 
machj_nes nhich ga tllG r up and ror� istrihuto the looscmed. s oil afford 
complete safety aga inst th e format ion of such lmninations , veins , or 
pockets in the body of th e darn. 
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Thro ugh the dep o s it ion of f'ine sedimentary mats:r.j_--a.1- on. the 
slop e o f  th e embanlanent or thr ough inunda t ion , or a s  the re sul t of ... 
the pr e c ip i tat ion of irrever s ible s oil c ollo ids ( iron oxyhydrate , 
s i l ie ic a c i d , or humus compound) the bo dy of the darr.. wh i �h ac t s  as a 
slow fi lte r wi ll gradually and eventually seal itself.  

If such a dam of the same impermeable type is cons tructed  
hy hy dr aul ic me thod s it is  possibl e that t he  unavo i da1:l e s ort ing o;f 
t r.e s oil a ccor d ing to the gra in s ize may ::ause the depos it ion of' the 
f iner par ts  on t he upstream s i de and of the more coarse and p ermeable 
par t s  on the downstre am s ide .  Th i s  metho d is not ye t use d  in Germany 
for r eservo :ir dams ; however ;  in c omb ination with a hydraul i c  dredge , 
transporta t i on from b or row p i ts by me ans of wagons , and hydraul ic 
d i str ibuti on and s o rt ing at the dam the me tho d  is well adap ted to the 
construct ion of h jgh canal embanlanents ( 16 ) . 

0 

'-

To c onstruct a highly penne abl e dam contra d i c t s  the :iI:lplic i t  
purp o se of the stru c tu re ; name ly ,  t o  itr.pound wat er . Permeable dams may 
be use d.  f o r  clar ify ing or se t tl ing bas ins in conne � t ion with ore dre ss­
ing plant s and are de s i gn ed to f il t er the wat er brought to  them laden 
w ith :mine ral p art icles . Such :iarns can::J.ot , .  the re f or e ,  be t i ghtly c on­
struc te i:l ,. The ir  height i s  often cons i derarl e ,  but the fre e depth oi' 
wa t er  neve rthele ss i s  qu ite small s ince the lcwe � part  of the res e :-vo i r  
i s  fille d w ith the p re c ip it ated se d iment s .  The b o dy of the dam con­
s i sts  of coarse s t one fragments affo rding c ons iderabl e fri cti on. Con-
si derat ion ffius t  be g iven to t he s li d ing effe c t  of the percolat ing C) 

wa ter be caus e of its st eep gra d i ent . Yor such embanlanents of highly 
impe rmeable ma ter ial de s igned to transmit  the wat er any sp ec ial s eal 
can o f  cou rse no t b e  permit t e d .  

Ill othe r lands dams of th is type aro fre quently constructe � 
o f  b oulder s or gravel , hut in Ge rmany s eldom;  for exampl e ,  the sower­
age and equa l iz ing bas ins o f  the Middle Isar ; more of teh porhaps for 
embankmen ts of larce porrer c anal s ( :: omparo f igur e s  7 and 8 ) . For re s­
ervo irs , the seal �ons is ts o:f a concret e apr on placed up on the s lope 
e ither w ith or withou t a cu te .ff wal l o:f she et piling ; for canals , a 
conc ret e  shell. generally enclo se s  tho cnt ir ci cross- s e ct ion . ln many 
c ases  an add it ional seal of a layer of cohe s ive s :.dl is  adde d .  In 
this · event tho darn c an  s car cc,ly l:e c o n s i de re d  as ono o f  uniform mate­
r ial .  

Be cau se o f  the unpreven table settleme nt o f  f illed so �ls 
th ere always exi st s  th� danger tha t  f i s sure s and open cracks wh ich · 
may a dm it la rge quantit ies  ':>f wat er may be  pr oduce d  in the inflexibl e  
concre te ap ron. Also l arge: c oncrete nurface s can s '.!arcely be made 
wate rti ght .  The pe rcola t ing wa te r may transpor t the f iner part i cle s 
of tbe body of t he dam further t owar d the int eri o r  and do wm;rard and. t hus 
pr oduc e cav it ie s unde r the concret e apron so that af'te � a certain 
amount of the progre s s ive ext ensi on of these cav it ie s  the c oncre te 
crus t may collapse unde ::- water .:::ire ssure . So much water may then 
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penetrate the dam that  it may be  q_uickly deG troyed . The possib ility 
must also be considered that because of the presence in the otherwise 
permeable material of the layer of rela t ively :L.'Tlpervious ( containing 
loam) material a region :muy b e  formed under the concrete  shell which 
can reta in the wa ter .  As long as the reservoir surface remains con� 
stan t th is will not be a sour ce of danger;  nevertheless if the reser­
Yo ir level should drop suddenly the concrete crust may be broken of f 
by t he excess wat er pressure on the unde r side.  This may initi ate 
the destruction of the dam or embankment . 

The hyjraulic smoothness of the concrete p aving of the em­
bankments of power canals is of great importance i:G conserving the 
hydraulic h ead. In naviga tion canals the concrete shell must be pro­
tec ted from inj ury with a thick layer of sand so tha t  the reduction 
which would result in the res is tance to t he passage of ships without 
this layer is of no conseq_uence. 
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PART II 

THE PHYS IC.AL Pill CESSES TRJiJITSPIB ING IN THE BODY OF THE DJ.\M 

( a )  So il and Vh te r  in General 

Before dis cus s ing in deta il the ra r t icular pro perties  of 
s oil s suita bl e  f or the impervious l ayer s ,  the supp ort ing body and 
the pr ote c t :ix1g layer of the dam ,  a nd the me thods of te sting , cer­
t2 in general r ema rks must be pre s ented c once rning the rela t i onsh ip 
ex is ting b e twe en s oil and wa ter ; for the se rela tions hips  are dec i s­
ive in the a ppra isal of t he su i tab i lity o f  the so i l  for use in an 
·earth dam. The extraord im.:1 dly l ar:_. e number of inve s tiga t i ons 
in the f'ield of s oi l  sci ence are ini t ia ted for the mo st pa rt from 
the agr ic ultural po int of vier; and tre 0, t  the so ils  as a hab i tat for 
plan ts , wherea s  fr om th e point of v iew of cons truc t i on mate1· ials 
s o il s  hc.:. ve been muc h  le s s  inv e s t ig11 t ed . Fr om b oth s t andpo in ts the 
phys ical and, the c hem i ca l  c ond iti ons ar e nr: tu� · ally the s ame ; in the 
a pp l ic at i on of the par t icular p roper t i es and in the ir s ignificance , 
hov1eve r ,  there ex i sts a ve ry grea t d if fer ence . 

Every natural s o il fror:1 the n o int of view of c onstruct ion 
i s  a mixtuTe of mineral pa rticles and wat er an d pos s ibly of a ir. 
Th� ground wate r c ontain s  d is s olve d m ine ral sal ts in var i ous k ini s 
and quanti t ies , somet imes also c a Tb on d ioxide .  Be cause of the i r  low 
s pe c if i c  grav ity and thei r behav ior v;ith rel at ion to wate r ,  so ils 
wi th cons i derab le quanti t i es of organie  or ig in (marl , peat , muck , 
e tc . ) c an generally be igno re d  in conne c ti on w ith dmn c onstruc tion 
as has bven menti oned ; on the c ontrary organic  mater ial s which may 
re d is s olvPd in water ( htmus ac ids and the like ) may exer t an im­
p or tant influence ( compo..t' e  page 21 ) . 

It is  c onvenient to d i s t inr;u ish t,:o pr inc ipal types of 
s o ils : granular , noncohe s ive ; and s t i c ky ,  c oho s i ve o Be twe en the 
two are all pa; s ible tyj_)e s of' the trans iti on fo:;:ms , e ach acc ord ing 
to t he pr oport ion in whic h the two typ es ar o mixe d .  In connect ion 
wi th t he  gi'amllar typo s  of so il are me t th o s imple :manifestations 
of cap illa r i ty - in f& ct  f or the moro c oarse ·so ils the effe c t  of 
water excep t f or upl if t  may be negle cted ; on the contrary car e ful 
collo id rese arch mu st be a ;;ip l ie d  to cohes ive s o ils with the i r  large 
pr opo:::- t ion of c ollo idal part icle s  in or der to ob ta in a knovrle d.ge of 
the i r  phenomena . 

Tho te st ing of s oil s wi th regard to the ir gra in s ize d i s­
tributi on is th eref ore fund.cllilentalJy ir:::.portant . 

So il s c ie nce dis t in;u ishe s tho follow ing s ize s of gra ins in 
a c c or1ance w ith the int ernationally acce p te d  Atterberg clas s if icat ion 
( 6 )  : 
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Diame ter 

Pea gravel , gravel ( rounded) , 
rock ( angular ) over 2n mm.. 

Grit s ,  f;ravel ( rounded ) ,  
and fragments ( angular ) 

Sand 

Meal sand 
( Swedish "Mo " )  

Silt 
( German "Schluff!! ) 

Colloid clay 
( Gu..rnbo )  

20 - 2 mm. 

2 - 0 . 2  mm. 

0 . 2  - 0 . 02 mm. 

0 . 02 - 0 . 002 mm. 

< 0 .  002 rmn. 
< 2 /.A 

Diameter 

20 - 6 mm. coarse 
6 - 2 nm1 . fine 

2 - 0 . 6  mm . coarse 
0 . 6  - 0 . 2  rn1n. fine 

0 . 2  - 0 .06  m.�. coarse 
0 . 0 6  - 0 . 02 rnm. fine 

0 . 02 - 0 . 00 6  mm. coars, 
. 006 - 0 . 00 2  mm . fine 

O .lp(mi crons ) 
- o . 00�1 1(nu1i-

. \ m 1cron9-, 

Particles smalle r t han 0 . 001_µ = 1 nm ( Nanno meter) are con­
sidered to be molecular components of pure solutions 

(1 )  Granular So ils 

In noncohes ive granulm· soils wa tel' o ccurs in three different 
fo rrns ; namely : 

l .  Ground wa ter . -- 'Ihis fills all the voids completely , is sub jected 
in general only to gravity forces and during flow to frict ior , and is 
analogous to open wa te r with a gradient dependent upon the resistance to  
flow ( width of' vo i d ,  volume of' vo id , dens ity of' depos ition ) . It  :rr...ay also 
be transmit te d from points of higher eleva t ion through uncleTg:r oUI).d chan­
nels under pr essur e ( artesian wat er) . The surface forces of the soil 
particle s  are no t noticeabl e .  

2 .  Capillar y  an d Tensile Wat er . --*'rhis fills the finer voids o f  
the soil abov e the ground wate r level e ither completely or  in conjunc­

t ion w ith  air and water vapor , is held above the ground water l evel 
agains t the a ir to a hei ght  corresponding to tte so-called capillary he ight 
and in contact with  t he air forms menisci wh ich produce tensile stresses 
in the wa ter . In relation to the ground wat er level it therefore exhib­
its nega t i-ve pr essures . J.n addition to the gr avity fo rces , the fTiction , 
and the surface t ensi on op�osed to the air ,  t here occur also in t his 
"tens ile water" to a certain extent the surfac e foT ces of the so il par-

* Some experime nters dist inguish further be tween the se two fmms o f  
water ( 6 ) . 
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ticle s ; the s e  su rface for ces  hold the water fas t  in a l ayer th in in 
compar i so n  w th the d imens i ons of the s o il particles whereas o ther­
wis e  it wo uld move fre ely in the vo i d .  Add i tional water wh i ch may 
b e  a dded flow s into the gr ound wate r as " per colat ing water . "  

3 .  Adso rbed or Hygr oscop ic Water inte r s pe rsed wi th air in the 
zone above the t ens ile  wate r . - -This i s  sub j ec ted only to the for ces 
of circums tance and to the attra c t ion of the so il part icl es , but nou 
not iceably to the gravity forces and f r ict ion .  The layer o f  wa te r  
imme diately next to the so il particle s i s  in a c ompre ssed state and 
can ther e f o re  be se parated OLly with gre at diff iculty ( par tly by se­
ve re he ating ) ; the to tal thicknes s of the water shel l depends upon 
the chemical nature of the so il par t icle s and upon the ele c trolyte 
cont ent of the water as wel l  as upon the exte rnal pressu::-e ; the air 
in tl'.i.e so il i s  in. equ il ib r ium. vr ith the -vapo r pre s sure . 

In add ition to the flu i d  and the yapor forme d  the water 
may also take th e form or ice ( see page 16) . 

( 2 ) Cohe s ive So ils 

0 

Cohe s ive so ils are d i s t in&�uished by the ir content of  so il 
part ic le s of collo id s ize ( one micron to one Nannome ter ) . Th i s  pro­
por t ion in the mixture f ixe s almos t c onclus ively the magnitude of the 
b oundary surface s b etween the sol i d  pha s e  ( so i l  part icles ) , .  the Q 
flui d phase ( wat er ) , and the gaseous phase ( water vapo1· an:i a ir ) . 
The mutual behav ior of the phas e s  of the  system r e s ts , however , upon 
the boundary su rfaces al one 

Zunker ( 6 )  {;iv es the follor.ing table of develop ed l::oundary 
sur f.:: ces  fo r one gram of' sol id r:1at er- j_a1 of spe c if ic we ight 2 . 6  grams 
per cub ic cent imete r fo� s pher i cally 3haped p art icl es . The over­
whelreing irr"po rt an ce of the f ines t por t:i f"l'YJ.S is well i llustrated 0 

T.ABLE OF DEVELOPED BOUND.ARY SURF.ACES 

S ize ' 
D iamete r 

Limits  
T 

Clas s if ica tion t mn .  
j 
t 

.Average 
f iame ter 

rmn. 

Mea l sane, 

S ilt 

Collo i d  
Clay 

i 2 - '1 . 2  

1 0 . 2  - 0 .0 2  

I 
1 0 . /"\2 - 0 . 002  
I 

0 . 53 

0 . 053 

0 . 0053 

! . 00 2 - . 000001 1 0 . 00000 7 7  
: ( = 2:J,{. - 1 run I 

' 

::_4 

Pha se 
Boundary 

Surface 
cm . 2/g . 

44 6 

446C 

2 , 990 , 000  
( - }'2C 2 )  - ;,..., � v  m. 

0 



A sharp del ineat ion be tween the coarse-dis pers e  system of 
granul ar so il type s mid the colloid  sys t em  of c ohes ive so ils do es not 
ex i st because of the infinit ely va rious proport ion ing ; the propert ie s  
ove rlap . Whereas t he  so il part icl es dovm t o  t he s iz e  o f  the s ilt 
fract i on are st ill so la rge t h3.  t they canno t be st :i.mula ted  into mo­
t ion by hea ting of the mole cule s of water ,  the finer part icle s of  the 
clay fra ct ion are sub j ect to Erovmian movement and pro.duce osmo t ic 
pressure . Whereas v1ith  tm silt also , the vo ids , even wi th the most  
dense poss ible compac t ion of the so il �  part icles , are  extremely large 
in relati on to  the magnitu des of the molecule s  of water anc1 d i ssolved 
mater ials so that  f or  the mc:s t par t the water is free to  :r.iove and thus 
the soil is more or less peT!lleable , for the f inest  clays in the ir mo st 
dense sta te of c onsol idat ion the s ize of the vo id is no longer so s ig­
nificantly large in cormpar ison to the dimensions  of the soil part icle s .  
A ve ry c onsiderable part o f  the vo id water is se curely anchored by 
the ele ctric fi el ds of the so il material and can move only with d iffi­
culty ; the iTu."'1.e rmos t  laye rs of the wate r  molecules are sub j ect ed  to 
pressures of thousands of atmosphe re s .  The permeab il i ty of very pure , 
densely depo s ite d ,  fat clays may comple tely vanish and in any case  i s  
very small . Wit� clay and lo amy so ils the cons iderable part o f  s ilt 
or sand in ado iti on to the collo idal port i on increases the breadth 
of the vo ids and vi ith it the free dom of the water or the penneab ility • 

0 

.Also , it is of c onsiderable importance whe ther a cohesive so il oxhib-
Q it s ind ividual grain structures ,  whe ther the · collo id forces are de­

flocculate d o�  d ispo rsod , and whether the par t ic l es aro densely de-
pos i ted or exhib it a honey-comb structu re with larger cavit ie s  in an 
otherwi se den se so il mass . Those th ing s depend upon tho manne r in 
whi ch tho so il is de p os i ted , upon the el ectr ic al capac ity of the so il 
part icle s  wh ich may be influenc0d by the ele c trolys is of the so il water , 
and s ome t imes upon the lime or salt  c ontent.  The chemi cal nature of  
tP& so il mater ial be cau se of  its var ious chemical values or  ele c trical 
capa c it ies influenizos also the dens ity of the laminated and f irmly 
hol d  shell of' '\1ator about the s o il part icle and therewith i ts freodom 
of movement. Thus tke univalBnt sodium carr ies a much th icker shell 
than t he dival ent cal c ium or the tr ivalent aluminum. Silic ic ac id 
in the form of quartz can re ta in the d ivalence of the water molecule 
in a sat is f ie d  condit ion only on the :aces , edges , and co rners of its 
�rystal lat t ice  and with ve ry l i ttle for ce or  in thin l ayers . The 
s il icates  of clay on t he  contrary , on whos e corners and edge s free 
charge s - and t he se predominantly negat ive - of anions of the space 
lat t ic e  o c cur , and normally aaso rb the pos it ive water mole cule s and 
draw to them also the negat ively charged cat ions o f  so il solutions ( 3 )  
which on their pa rt again lay on wate r t o  t he extent permitted 'by 
the ir free excess  charges ( hydrat ion) . To comple t ely sat isfy the ca-
ti ons requ ires  very c ons iderable quantit ies of  water ; c oncentrat ed 
soil  s olut ions may par tly ui thdraw this blanke t of water from the col-
lo id part icles ( dehydra t ion ) . 
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The amount or th i s  wate r and water vap or ( hygr os c opic ity )  
i s  used a s  a measure of the devel oped surfa c e  o f  the s oil . Thi s�  
how eve r ,  is only acceptab l e  unde r l imit e d  cond itions s ince the q_uan­
t ity of this blanke ted water as ba s  be en sa id depends aP:'.)re c :ia. bly 
upolDl. t he  nurnt er o f  the sorbant par t icle s  in a unit volume , the ir chemical 
na tur e , and the numbe r of ions ap pende d to them .  If the determinat i on 
of the hygr os c op ic ity i s  made ac c o rd in f; to the me th od of Mi t scherl ich 
( 5 )  ( compare page :�1 ) the me th od is ab ove crit i cism , f or max :imu.."'ll hy­
drati on is always ach i e-ved and all the wa te r  which is requ ir ed for 
the r ele as e or th e ent i re  hea t of hydra t i on wil l  be blank eted up ori 
the pa rti cle ( 3 ) .  

C oll o id cati ons and anions of s o il adhere to each other 
under t:.he attra c t i on o:f their op p osing c har ge s  and f orm large r units 
wi th c o rresponding reducti on of the i r  su rfac e areas and thus o f  the 
quan tities oi' "wate r-blanke t " ; they c oagul ate or floe ; these c oagu­
l ants can b e  irreve rsi"t,le and form c oncretions in the s o il ; f or the 
mos t part they ar e revers ibl e and the s oil w il l  re-acquire i ts orig­
inal qu anti ty of wate r .  Through the in tro du ction of univale nt high­
ly hydra ted cati on s ( f o� example , sodium) throu3h more h ighly val ent 
le ss hydra te d  cat i ons ( such as cal c ium and aluminum) the so il p arti­
cl es may be dra wn together wi th a l os s  of water l\"h i ch may l re d  to the 
crumbl ing of the s o il ;  c onvers ely the in tr oduct i on of h ighly val ent 
cat i ons t hrough unival ent cat ions will pr oduce se para te grains 

0 

( peptisa tio]I]_ ) , and in tr..e presence of ample quant ities of wat er will Q lead to t he dis s oluti on o f  t he s o il .  Sl ightly hydrate d c ollo id par-
tic le s are pr o tecte d  aga ins t  fl occ ing thr ough the blanke t ing a c cumu-
lat i on upon th ere. of the highly hydrated c ollo id p articl es ( prote ct-
ing c oll o ids ; f o r  example , c oll o i d  sil ic ic acid , and humus sub stances ) .  

The s e  br ie fly sketche d  remarks have an iJnp or t ant bear ing 
up on the s treng th properties  and the permeab il ity of the s o il s ince 
the s o il in a dam is permeated ,vi th solut i ons o f  various k inds and 
under certain c i rcums tances may be intent ionally influence d  by the 
add i t i on. of l ime  mortar or l L>ne p ov,der . · 'i'o the same extent the se 
chemic al rel at ions are imp ort ant in lab o ra t ory te st s .  

Many inve s t igator s ( 2 ) a ttach c ons iderabl e :importance to 
the f orm of the pa rticle in c oll o id clays as influenc ing the ir b e ­
hav i or ; thin fla kes such as th os e o f  c lay , mic a , tal c , e t c .  y ield 
much mor e und er the influence of pr e s su re than t:te mo re r ound par­
t ic l es such as quar tz ; in rela t i on to  the ir we i ght th ey have a large r 
surface and l arger surfac es of c onta ct ; th ey tend th erefor e to depo sit  
the:rr.selve s in p arall el J.amj_na ti ons so  tha t  the i r  pla s t ic ity and cohes­
i on are augmente d .  Neverthe le s s  the ele ctr o- c hemi cal behavior of  the 
element or c ohes ive and granular so ils mu st b e  recogn i zed as the prin­
c_ipal caus e o:f their va r ious phys i cal 9r oper t ie s .  

Wate r in the f orm of ice w.ay have a unique eff e c t  in cohesive 
so ils s ome t ime s  even in the impe rvi ous laye r uncle r  the sl ope , whe reas these 
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phenomena do not ex is t in granular s o ils o In clays the expansion of 
the wate r nuring freez ing does not lead to a uniform expans ion of the 
so il . On the contrary the freezing water builds itself up in the places 
where the ice crystal s firrnt beg illl to  form. Here larger ice crystals 
quickly form, forc ing the clay part icles as ide farther and farther from 
the :.:·egion - to a greate:r extent in proportion to the amount o f  under 
c ool ing .:. and other water part icl es draw in and are depos ited  as ice 
crystals .  In add it ion to  the· increase in  volume and to the loosening 
effect , there  remains , a fter thawing , a ne twork of fine and larger 
channels extending into the inte r io r  of the clay ( 12 ) . There ex is t 
ice layers and upward pr essure s ,  and , during thaws , an increase in the 
wate r c ont ent and the rewith a s of ten ing of the so il . 

( b )  P:ressure  an.:i Pre ssure Change s in Soils Conta ining Water 

The so il wate :.:- mus t achieve eq_uilir.rium "tetween the external 
load and the internal pres sure of a p oly-disperse system, If no t ,  
movement beg ins , partly in the water and partly in the so il. The 
equil ibrium cond i t ion is calle d the "natural water content" of the 
soil. 

( 1 )  Granular So ils 

( �  

� 

In granul ar soils  the so rbant capac ity is  very weak , the Q 
hygroscopic ity is  small , an d the rrwate r-blankets "  are subj ected to 
small p re ssure ;  the individual s oil p art icle s , separa ted  only by a 
very thin shell of wat er ,  ar e in very clo se  contact and the refore in 
a fa irly s table pos it ion. This does no t mean, however , that they have 
the mos t dense arrangement or the smalles t  volu.�e of vo ids . Part icu­
larly in the c ase of very ir�egular gra in f orms , :ror example ,  needl e­
l ike , plate-shaped ,  or knobby gra ins th ere may ex is t a very bulky de­
pos ition wi th much greater vo id volume , ac cord ing to the me thod in 
which the so il was f'orme d .  If' the so il changes f'rom the t-ulky f'oma­
tion w:� to a more dense , then it se ttl es with a reduet ion in volume 
which has teen often ob se rve d .  This  change in the rela tive pos itions 
of the p art icles can be brought about through flowing water tut par­
t icul arly through vibrat ion ( shaking , tamp ing or osc illat ing ) • .An 
in�rease in the sta t ic external pre ssur e does not have so great an 
influence upon the rearrangemen t of the particles and upon the con­
pac t ion ; also the shrinko.ge of' the already very weak cells of wa ter 
with the increase in the p ressure c auses  only a very ins ignif icant 
increase in the dens ity of t he so il .  On the o ther hand the increase 
in pre ssure may frac ture the s o il part icles and pro duce elas tic defcr ­
mat i on wh i c� may afte r all produce  an in�rease in the dens ity o f  the 
so il . The volume of the �ater itself .or it s dens ity will remain prac­
t ically unchange d for any pra c t ic al range of  i�crease in pres sure s .  

When so il i s  compacted e itheI· as  a resu lt of an  increase 
in t be  pres su re o r  by vibrat ing , tl:e water  b e c omes excess ive ; there C) 
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is more present than i s  ne ces sary to fill the  pores .  In g1�nu.l ar 
so ils it gene rally flo ws  qu ickly away. Un til this  ha9 Dens i t  i s  
sub j e cted  to  an excess  pressure ( a  c ond it ion of over-saturat ion or  
or  stre ssed  vo id-water ) ; the fr i ct i on of  the sol id  part icle s is  re­
duce d ;  the s oil tends to flow or to flo at ; it ta ke s on the prope r-
t ie s  of a heavy fluid. App re c iatle res is tance to th is  flow i s  offered 
only l:y very fine and uni form. so ils ; wherefore these are sub j e ct to 
sloughing o With a re duct ion of pre ssure granular so ils take on very 
l ittle wat er ,  it swells very weakly ; s in,,.. e only the elast ic compress ion 
an d to some extent the water in the shell of the gra in is recowere d 
a compac ti on p roduced  by the rearrangement and the fra c tu re o f  the 
part icles  rema ins . 

As lor� as the water is not :f'a11. ced ba .:!k into the material 
( c ondit i on ot' unde r-saturat ion )  tens ile forces  e:>:::ist in the vo id­
water wh ic h compre ss the s oil ; at the boundarie s with the air and the 
soil , concave menis c i  a:r e formed ; al so a ir ente rs the s o il .  The so il 
thus possess es a sl ight transitory cohe s ion.  A wt thdra wal o:f tr�e 
wate r by · evaporat ion pro duces the same effec t as a redu ct ion in 
pressure . 

The permeat il i ty of the s::> il and the veloc ity with which 
the water moves vary with the vo id rat io and according to the s ize 
of  the -v oids .  

The f ine s t  granular so ils ( dus t ,  rewo rked loess , and s ilt ) , 
wh ich in the pure state  exh ib it only very weak cohes ion , can 1: e  ex­
tremely permeable . It is only exceptional ly therefor e th at they may 
be  use d  as seal ing :-:iaterial s inc e , as has been ment ioned , und.er ex­
cess  pressu re they tend to  slough ; they must therefor e  be depos ited 
be tween mor e permeable layers of mater ial w·hi ch will act as  f ilters , 
a pr ocess  which i:n pra c t ical construc t io:rru. may lead to d jf  ficul t ie s . 
In dams of very grea t th ickness the ir use may he cons idered . Ch inese 
river d ilce s ha-ve '.;Jeen bu ilt or such loe s s  wh ere the mater ial was con­
-vemient . •  

( 2 ) Cohes i-ve So ils 

In cohes ive so ils , on the contrary , the sorhar..t capacity of 
the part icl es is great , the hlanket ing wate r shell s  a re thick , and the 
pressure in t hem i s  very c onsiderable . In orde r to shr ink the uater 
shells , ve1,y great increase s  i11 pressur e are ne cessary . The water 
which is squeezed out can dra in away through the f ine outermost vo ids 
only ve ry slowly , t h..e more e spec ially s ince the breadth of the pores 
is re duc ed  by the blanket ing v1ater ( cond it ion of' ove r-saturat ion of 
the so il 1 . For the :mo st part , the increase in pre ssure is  transmitted 
perpendi cul arly to the walls of the vo id by the compressed vo id-w�t er ; 
the pre s sure between the surfac e s  of :Jonta c t  of' the so il part icl es , 
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and with it the int e rnal frict ion , r..o longer tre re for e increases  in 
the s ame ratio with tr� ext e rnal f o rc e s  as do the tangent ial s tresses o 

A tenden cy to slough therefor e ex is t s  in the b ody of the dam ; tha t is , 
the re exis t s  in l arge masses  of so il which tend to act  togethe r a 
tendency to move along d is t inct surfac e s of sl i p .  If in the course 
of t ime the exce s s  wate r ha s escaped , then the s o il ha s  consol ida te d ,  
it s part i c les have grown clo ser t o  each other , and its  volume has 
shrunk . Thia ne w  eq_u il ibrium c ond it ion corresponds to the "natur al 
wat er c ont er..t" at  the increased. pre ssure . The q_uanti ty of the expresse d 
water c oITos 0 onds , during the in it ial t ime in terval , to the amount of 
tbe shr inkage ; during t he s e c ond t ime in te:r·-val water may escape through 
ew. pora t ion and the penetra t i on of.' a ir in the s o il without any not ic e­
able in.crease in the shr inkage . Ln. conpar ison w i th the or iginal con­
d it ion the she ar ing strength in t he new c ondi t i on of eq_uil ibr ium has 
been incre ase d 0 

If t he exte rnal pres sur e  is aga in rel ease d ,  then , as a re­
sult of the hydrat i on of the c ollo id pa rt ic l es and of the elas t ic re­
co very , the soil again rega ins its vmte1· , the part icl es separate them­
sel Ye s from each other ; the s o il swell s un&eF the actuat ion of cons i d­
erabl e in te -nal p re s sure ; in s ome cases  it  s of t ens o r  becomes fluid 
in acc ar clanc e w ith the nature of the elements in the so i l  and o f  the 

·o 

so il salt s. 
Q 

As long as equ il ib r ium has not b e en achi eve d be tween the 
reduced exte rnal pr e s sure and th s comple te satura t i on of the SO I'.Pt ion 
complex of the so il through an increase in the quan t i ty of the 11wa te r­
blanke ts , 11 tens ile fo rc e s  ( osmot ic pre s sure )  are p roduc e d  in the vo id 
wat er wh ich t end t o  hold the s oil par t ic l es in a more t ight mass and 
thus cause the s o - calle d "apparent c ohe s ion1 1  ( c onditi on of unde r-
saturat i on of the s o il ) • 

In many 0, ases tho so il doos  not re cove r as much wat er when 
th e pr es sure is rel ca s e d  a s was orig inal ly e:eJrossed ; _ there rema ins a 
permanent increase in densi ty as a ro sult of the intens if ie d attrac­
t i on be tween the surfac es  of the pai· t i c l e s ; in compar i son with the 
O:'.:' ig inal c on d it ion the ')Ure c ohes ion hs. s bocn increased .  

Such changes have freque ntly t· e on produc e d  by na tural evolu­
t i onary pro c e s s e s  in th8 so il ( rury ing unde 1· a deE.; p  depo s it ,  geological 
fault ing , ice pre s sure ) .  Cohe s i-vo s o il s in the c ompac t ed s tate  are 
of t on par t i cularly imperr:10atle and re s i stant to  the attack o f  flowing 
wa te r ( fo z· oxample , tho ap9l iaati on of boulder clay to the Hindenburg 
Dam Syl t -Fe s tla nd , or in the sea d ike of th6 Zuidcr Sea ) . Jl..rt if ic ial 
wor k ing also incr0aso s tho dcnsi ty of cohes ive s o ils ( t amp ing and roll­
ing: ) , althouch only to  a cEJi0ta in dogruo s inc e there is o;Jportun ity for 
lateral fl ow be c ause tho durati on of ar tific ial pr . .  ssuro is only short 
so t ha t e::co s s  ,rate r has no t ime to dra in away , and s ince upon reloase 
of pr ssur e t he na turru. water conte nt in t he vo lun:ce may be re ccvero d .  Q 



Such so ils appear to he somewhat elas t i c . 

If the cohes ive s o il was init ially depos ited in a loose 
s tate , s evere shrinkage may be expected o Jmy cons iderable shr ink­
age caused  by drying produ ces shr inkage cracks .  

The add it i on of vrate r t o  ai:r-drie d cohe s ive s o ils may 
l ead to the ir fracture since the water pene trating wi th c ons ider­
able energy may comJre ss the a ir and produce a d isrupt ive effect • 
.Als o tho swe lling of the external layers leads to a progres s ive 
scal ing . Shrinkage cracks will not close aga in dur ing a succeed ing 
swell ing if t he  so il in shr inking exper ienc ed a permanent compre s­
sion. 

As has been mentioned tho pe rmeab il ity an d the velo city 
of  water in fnt c·ohos ivo so il s  i s  very small; in the finest clays 
it prac tically vanishe s .  For this reason the c ondit ion of dallger­
ous susceptib il i ty to slouch ing produced  by over-saturation may en­
dure for a long per iod , whereas on the other hand in the c ondition 
of under-satu.Tat ion v:, ith it s accompunying apparent c ohe s ion the 
soil  may remain stable for a long time. 

In very fat clay so ils  there is no very well def ined ground 

0 

wate r ·r olmdary vh i ch can be measured. in or.,s ervat ion wells ; al though 
(). the s oil may c on ta in a lar[e propo rt ion of water i1:s entrance int o  

the a i:.'.'-f illed space of the well is  obstructed by its cap illary surface 
tens ion ; thus the concept  of a saturat i on line  is fru i tless . This 
is  worthy of not e in com1e ct ion nith "ground water obse rvn tions 11 ' 1 in 
dams and foundat ions of such ma ter ials . 
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PA?T I II 

:METHODS OF 'I'ES'l1JNG 

l o  During the exploration pr ior to constru ction the rock 
and so il affe cting t he dam are investigated as to their quantity , the 
dogree o f  difficulty with which they may o c  obta ined , and with w hich 
they may be pm pa red for u se ,  and with regard to their sui tab Hi ty 
for t he various pa rts of the darn ; the detailed design of  the dam can 
only be I3UP)Orted upon a basis o f  such results. 

The a c companying problems of co  st ,  etc. are no t per tinent 
to this report o 

2. During the c onstru ction o f  the dam cont inu,:ms tests must 
be pe rfal!"lled upon the mat e:r-ial , it nmst be s,Jrtcd and systematically 
dis tributed in the b ,)dy, of tho dmn ,  and in sorne cases port ions must 
be excluded o The treatme nt of the mctorial during placoment must be 
carefully wat�hed (mixing , ph;.cine; , regulat ion of th0 nater content 
and the like ) . Hore quick tests are a:;i propriato. 

3. In t he finished darn the verti cal and horizontal movo­
m8nt of the so il and of tho superstructure must be obse rved ( settle­
men t ,  c onsolid at ion , sloughing , bulging , c racking ) ; lilrnuisc the 
bohavi or of tho wate r in and under t h0 dam ( obsorvut ions on water 
lovel , satum tion , swelling,  uplift) must bo obsorvod. Finally , 
th ore may bo moasun.ime nts of tho soil rJressuros in tho in tor ior of 
the dam , tompcl'att:.ro meusurcme nts and colo r and salt solution tests 
to determine tho origin of the gro und ,mt .:;r , etc. 

( a )  Te chnical 'l'csting Methods Dur ing Explo 1'ation and Construc tLm 

( 1 )  Trcnchos, Shaf ts and Bo ri.ng . Tho extraction of Soil Samples 

The cho ico of a damsi to from tho ge ological ( 1) , morpholo­
g ical ,  and hydrograph ical vieupo ints is basod upon tho ty90 of so il , 
its strength , its phys i cal prope rties and upo!l its distance and ele­
vat ion ,  as dotorminod by the inve stigation. This covers the follow1-
ing points: 

( 1 ) Le ppla , A ;  Go�)log . VL,rbod ingung;m d .  Staub o ckcn ( Go ,-,101:;icnl Con­
siderati on Proliminary to Da.-rn Dc, s ign ) , ':'h:,::Jscr bau und W,3.sscrrTirtschaft , 
1908 . Leppla, D. = Geolog . Voraussc::tzungcn f. d .  Err ichtung von Tulsporrcn 
in Doutschland ( Geological Prore:qujsi tos to tho Conr,tr 1 tct ion of Dams in 
Germany ) ,  Deutsch, Wassor urrkraftunlaftcn , 19 24 . ( Goolor.icnl ProH,q_u i-
si tes to the, C:mstruet i:Jn :)f Hydro-Ele;ctric Plar1ts . )  
Terzaghi , K. V .  ; Uoccr dc:n E in:t'luss un torgc ordn . gcolc·g. E inzelk0 i ten 
auf die Sicho:rhuit v,Jr.. DG.InmbautGn ( Concerning tho Influence of Ivlino:r 

Goologic 2.l Details  upon tho Saf8 ty of De.ms ) , :.- i&sscrrrirts('haft , 1930. 
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1 .  'lho d ifficulty of oxcav:::ting tho so il . 

2 .  Tho str ike and d i p  of tho layors . 

3 .  The gr ound vmtor condi t Lons. 

4. Tho oxtractiolffi of so il sample s for labora t :iry t::: sting . 

The borrow p its rue dee id.ed upon by means of trenches and 
bore holes . Des p ite the high cost , ,ihi ch i s  ag&.;revated if tjmbering 
an d the exclusion of water are necessary ,  trenches and sha.fts are 
preferabJe s ince with the se c ond iticms mentione d under purts I ,  II , 
ano. III ab ove rr.ay be directly tested in the thrust agaj_n st the tim­
bers and on the bot tom o f  the shaft. He:ce too a mi;�ing of the types 
of soil s  duri ng the extracti ,::;:rr of the samples need not be feared .  
The pos iti on. of the strata and the i "' water-bear:Lng pr.:,pensi ties 
may be clearly determine d o Also the extr2.cti on of soil samples in­
cluding carefully oriented s2w1ple s in their undisturbed state i s  
pos sible any-vvhero in the shaft or trench . The soil pr·ofile based 
upon scattered e;:cava tions should be confirmed and extended by tor­
ing , partic ularly in glacial de:)os its since in these the s o il s  fre­
quently cl:ange very rap idly in their distribution. 

Concerning the: fourth lino of investigation noted ab )ve ,  
i n  conne ction with the oxtract Lm ,  packing and shi pping of so il 
samples for the purpose of perf\)rming lab oratory tests , bulleti;1.s 
have been published by the e::::r,er i_mont stati on in Berlin and ty the 
"Society for Constructi ,::n Methcds " ; * The se are briefly rev :iB Fod and 
somewhat extended here: 

Soil b i  ts of variuus · kinds an:: uoed for oxtrac ting uncl i s­
turbed sampl es from boro hol os . John Ols son ( 2 ) describes a cylin­
der operate d by hand  with 1vh icb. s oil c or cw �,f ab out 64 ccmt im·:::Jters 
length and 4 centimcteTs d :i.amoter mey be extracte d .  Under fcivorable 
c :md. itions it may be use d to a dopth of about 10 meters. J .  1fareii.:.. 
tor g** has constructed a cylinder which can bo  u sed v, ithin the 137 
mill:L.uotor c as ing ,:Jf a h:)le made r: ith tho usual rig , drilling shuft,  

et c. , and Hhich ne eds merely to be  C::��chanbe:d fol' the Jrdinary augGr- ,  
to secur e und isturbed srnnplo s :from cohcsiv,:; sc ils to any des j_rcd 
depth ( u  dcptll of 25 mot0:c o has already bc e:.n att:..;. incd ) . The ten-

* Die 1}esollschaft fur Bouc son tt - 'Irsns . 
( 2 )  J 6 Ols son ; Kolvtorr. Tokn . 'Iidskr . ,  Fet . , 1925 . 
** J .  Ehrenberg ; Gera to zur Entnabmc von Bodonprobon u.sw .  ( ��qu i1:)mcI'.t 
for E:x:t'acting Soil Sample s ,  etc . ) , Bu_llc tin N'.J . 15 of tho PI'cussische 
Ve ruchs2rnstatt fur �/asserbau und Schiffbau , Berlin , 1933 - T1 ans . 

2 ') ,� 



centimeter thick core may bo taken in lengths up to 60 centimeters . The 
sample is  conta ined in a two-part brass shell vrith whi ch the cutting pipe 
is eq_uip pe d .  This brass shell can bo easily removed and serves al so as 
a conta iner for the shipment of the sCTnple. For testing , tho sample is 
easily freed from tho two-pa rt shell. I)ur j_ng the breaking off and the 

rais ing of tho sc1mple it is held fa.st in the cut '.;ing p ipe by moons of a 
solf-clos ing air valve ab ove . Tho pressure of the hydraulic j ack rcciuired 
to punch out the sample is measure d and provi des a me asure of tho bearing 
capacity of the soil in c8.se it may be con tompla ted as a founda tiom. 

Burkhardt ( 3 )  describes an 8. pparatus with Hh ich the undisturbed 
cross-se ct ion of th o subsoil may be secured and the material to be in­
vesti gated ·crou6ht to the surface so that tho necessary investigation 
of tho stratification and strength , of tho ground water level , of the 
elevation of the rock , and of tho eventual value of the mate .rial as re­
veale d by its q_uantity , prop orti oning , grain sizo distribution , and pur­
ity rnny be made wi th:,ut uncertainty ( this has been used to a depth o f  
ab out 23 me tors ) . Tho oo�uipmont i s  p arti cularly adapted to the removal 
of samplu s from beds of conglomorato , rubble , or like stones. 

The Cormnittso on Foundation .Research of th e German Soci ety for 
Constructi on. Methods has prepa red rules for th0 u..n.if orm descr iption of  
soil strata . As a res ult , instcci d of the confusi on which has previously 
exi sted , only a few clear and conci se classif j_c2tions which porr:i.it a 
unified and com pro hens i ve descri pt i ,.)n aro now in use . *  

( 2) Labo rator y Soil Tests 

Laboratory tests on s oils , insofar as they are concerne d with 
thei r use in dams ,  are primarily di rected along two di fferont lines : 

(a) To determine the ir stability in the slop e ,  and 
( b) To determine their rola tionsh ip to rmter and air . 

.A certein overlapping o:xists between ( a) and ( b )  • 

The dee is i on as t o  nhether a s o il is suit able for the c onstruc­
ti on mate rial :"Ln an "impeTv·io'.2s lay0 r ,  _.in a ·  cJt'.p :;-Jor.t':2.ng bo4,y , et'c·. ,  t3 
°'bc.. se, C. ut:O�t1 the ·ros11l . .t3 . .  of thc r: . .  to t:Jts . . � 4 

Under ( a) , tho sh earing stn .. ne;th of the so il must "b e clotermined 
sin ce fr om this is d0rived the maxim1..un slope at which a soil will stand 
in a dam of e,ivon height and of the anticipatcJ d hydrostatic :md hydro­
dynamic properties .  

The shear ing strength comprises the internal friction and the 
cohe sive strength ( tensile strength , or cohesion , or coh erence) . The 
fri cti on is that portion ot ths rosistancG to sl iding, distortion o r  
fracture whi ch exi sts between the irregular surfaces o f  contect o f  tho 

soi l  9articlcs and which i s  dependent upon the pressure upon theso faces , 
and upon tho na turo of the facc;s thomsel ves. 

( 3 )  Burkhardt , E . ; zur .tmfschli essung dos Untorgrundos (For  FouncL.:tion 
Exploration ) , Bautechn . , 1931 , NJ . 17 . 
* Obtainc.blc from the Deutsche Gcsollschaft fur Rauwcson ( German Soc ioty 
f or C onstruction Metho ds) , Berlin N .W .  7, Inguniourhaus . 
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The pur e or ap ) arent cohe s ive f o rc e s  depend upon the sur-
" fac e  a tt ra c ti on of the so il p art icl es and upon the vi sco sity of the 
h ig hly compr essed 11 vrater-blanke ts 1 1  ( .;:;omp 2,re page 1q . So l ong as the 
vra.te r cont ent  remains unchanged the cohe s i on is indepen dent of the 
sur f ace pres sure . A redu ct ion of the wa ter conte nt as the result of 
an in crea s e  in pre s sure ind icate s a los s of the le s s-compr8ssed por­
t ions of t his wat er and the refore an inc reas e in the c ohe s i on .  

,:( Gra in S i ze I,istribution 

Fr ic t ion and cohesion a re clas ely r elated to t he grain 
s ize d is tr ibution of the so il .  :&,'very inves tiga t i on mus t properly 

t ee; in with the se paration of the so il s  into t he il· component pa rts . 
Th is is ind is�ens abl e in the de s cr i)t ion of a so il . Throuc;h th i s  
clas s if" ic ation carr ied out by means o f  s ieve s , by means of elutria­
tion , or t hrough sed :ilnentat i on , the grain s ize stru ctur e  ( d i s t inct 
grains or crumby struc ture ) , the mine ral conk:nt , e t c . of many types 
of s o il s  IT�y b e  ob s erved • 

./J.. mech an ical analysis i s  g iv en on page 26, of th i s  repo rt .  
The p1'.·opar t i on grua ter t ba. n  20 mill irc1e t ,:Ts was determin ed t y  direct 
mea surerne n t .  

Cohesionle s s  s ands and coar se 11moal 1 1  sand up to about 0 . 06  
mill i..rnete rs diame ter cen be  se parat e d  by ;'!lean s of"  s ieve s .  .A s iev ing 
machin e is  l os t  adap te d to th is p;;_rpos e sinc e ty t h i s  me ans the 

pe r sonal element ( as in han d  s :i.G v ing , ;Jar t icularly rt ith a large nun­
ber of sampl es ) may b e  avo ide d .  

Tho- s i eve cons is t s  o f  a wood frame or of s i ev ing c ontainers 
made of drmm bras s- �ipe wh ich aro dr illed wi th pinhole;s or oq_u ippe d  
wi th a to s t in;g me sh u p  t o  s izo I in 1171 . S ieve s rtith r ound holes are 
ma de wi th hole diwneto rs up to c . 5 mi:!Limc te r s .  W ir e  mo Dh for t e st ing 
s ieve s may b o  ob taine d in certa in s iz u s  b o t,,ecn 6 and 0 . 6  ( D :L.--1  1171 ) 
mil om0 te r s  c le a r  mo sh oponLig ;  that is , fr o:r.-� 1 to  10 , 000 o pen ing s per 
squa re cont:irnc ter .  

0 

The f ine meal sand , s i lt , and coho s ivo soil s af te r t o ing 
pr epared ( by b e ing w::lShod wi th a t, rc1 sh in d i s t illed -rrato r and ii' 
no co s sary u ith th o add it ion of an ol e c trol i te or troa tm0 nt in a vi­
b rator , e tc . ) ar e :'m rt o d  int o the ir rE: S ;_) 8 C t  i ve srain si zo s ,  elutr ia­
t ion or s o d:ilnon tati on m othoc: s . Tho c lutr in. t ion me thod with a r is ing 
stream of wa to r  is r:mt i sfac tory f or tho sopo.rat ion of gr ain size s 
d own to 0 . 01 mill ime ter , o r , tho.t i s  to f.my , 10 micr ons .  So d:ilnc:nta­
t i on in s till uo. tor is us o d  f o r  th0 dc t ,:;rminat ion of grc.1.in s i zo pro -­
porti ons in the ranso b o t-v-,0 0n 2C and 1 m ic ron ; th is work must t o  pc i�­
formod wi th a tcmporaturu as  n, .. arly c onstant as po ss i ble in a tho r­
rrn s ta t ically controll ed r oom s inc e t empcratu ro var iat ions h&vo a pro-
nounc e d  c:ff u c t  upon tho rc s ul t .  (c"t, 
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The mo st diff icult part of the se d imentat ion or elutr ia­
t ion me thod is the preliminary tre: , tme nt of the sample ; i t s  d is per­
s ion into it s e leme ntal compone nt s . Very f ine s o il s  r ich in ele c- · 
troli te  frequently of fer a very great re s is tance to this  separat ion. 
Labor i ous washing of the so il w ith di s t illed wat er an d s ome t ime s with 
the a id of a :Pu.kall candle is ofte n  re qu ired . Hhereas fo r some s o il s  
a d i sper s ion ma c hine may b e  o f  advantage in prepar ing th e s ample , 
with o thers thi s  pro c e dure l eads to almo st imme di:i te fl occ ing , a 
coagulat i on of t he  particle s into balls o �  groups . 

The largo di ffer cnc: e  in the re su lt s  of  analyz ing one an d 
the sa�� s o il by the var i ous me thod s r es ul ts largely not from tho 
insuffic ien c i e s  of th0 me th ods thomsclvo s but from the d i vers ity of  
the metho ds of pr epar ing the · sampl es .  It may be ap9ropri ate to men­
ti on tho t 0chn iquc hero ( 4 ) . It shoul d be not ed furth or tha t the 
vel ocity with wh ic h  t he part icl es de scend has b e en demonstra te d  to 
do pond up on tho specif ic gravity on tho form and uJon t ho pos it ion 
o f  t he ir contors of gravity ; so that tho c oho s ivo s o ils compri sing 
as thoy do m:LTloral fragments of suc h  var i ons  c l clTlen ts and f o rm s  an d 
trea te d ry moans of tho elutr ia tion an d s0 d :Lmcnt&t ion me tho d arc 
not se parate d ac c o rd ing t o  t he i r  grain s i ze s  tut as Hamann ( 5 )  has 
declare d ,  acc ord ing t o "the ir hyc.ra 1 :.l ic pr op0 rtio s . 11 

The ap '.)ara tus 0 s  of  Schoono , Kopc tzky , Sclmlzc-Harkort and 
othors cro uso d  in Germany for tho clutriat ion p roce s s .  Fo r the 
sc d imon tat ion mo thod aro us 0d tho Vl ic gncr eppar utus , 1,h ich ha s b o on 
impr ove d. in many nays , an a :J paratus des igned b y Sven O clcn , tho s 0 d­
imontat ion cylinder of 1H tc rbc:cg , and tho p i'! G ttc ap�aratus af Koo t­
tgon , as wull c.s one by Koe hn .  

Tho r e sult s of a gra in s iz e  d.e ti..;rmin2.t ion ar c  ,;_; i von as 
p er c ent o f  tho d:::·y weig ht c ompr ise d b y  particle s of paI· t i cular c iam­
ct crs , and plo ttod either a s  curvo s of s ucce s s i ve per-cents or mor o  
gono rally a s  cu rve s o f  accumula tive per c ent s .  It i s  conv0nic nt to 
plo t ths gra in s iz o s  on a l og:xr i thmic scal u in or der to mn[;nify tho 
inte rval occu;:i io d  by tho v0ry smD.1 1 tut h ighly important frac t ion .  
Fi6uro 2 5  shm7S suc h curve s f or  var i cus ty�o s o f  so ils . 

( 4 )  Rep o rt o .f th--.:: Se cond Convont i on o f t ho Su1:: committoc f or .Agr icul­
tural Soil Ro soarc h , Kul tur to chn ikor , 19 25 - Zunker , F . ; GobrauchsQn­
wo isung zur Bc s t ir.:mung dor s pC: z if i schcn Ob 0rflac hc:; dos Bo dc,ns ( Ex p o T­
ionce in Det erm ining tho Spoc ii' ic Surf.::;cc of Soil s ) ,  Kul� ortcc:.nikor , 
19 25 - Rahn , v. v . , I: ispcr sc id-:.:L12 l:ss e ( D i sp cr s o i d.  .lmalys i s ) , rrc s dc,n­
Lc ip zig ,  19 28 - O o.cn , Sven , trc c r  d ie Vorb ohandlm1g cior Eodenprob cn 
zur me chnnis chon analyse ( Conce rn int; t he Pr0 pDra t ion of S o il SmnpL.:: s  
for Moch an i ml _tu10. lys is ) , Bul . 16 of tho Ge ol . Inst . o f  Upsala , 1919 
- .S chuber t ,  H . , E influs s der Vorb ehand lunc der Bo den auf die Ergebuisse  
de :::' mechanis chen .:�nalyse ( Influenc e of Pr Gparat ion on the Re sul t s  of  
Mech an ical .Analys i s  o f  So il Sampl es ) , Kulturt e chn iker, 19 29 , NJ . 3 -
Ge s sner , H. , D i e  Schlammanatyse ( se a imentat ion .Analys :is. ) ,  Le ipz ig , 
1931 ( conta ins exte ns ive refe re:i.1ce ) .  
( 5 ) Ramann , E . , Bodenkurde ( Soil  Sc i enc e ) ,  Berlin , 1911 . 
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MECHAN ICAL ANALYSIS OF VARIOUS SOI L TYPES 

GRAVEL SAND MEAL SAN D COLLOID CLAY 
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(3 Shear ing Res istance 

Per haps the most important part of any so il invest igat ion 
for eartb dams is the d eterm inat ion of t he she ar ing resistance . So il 
types without tens ile strength such as those free of loam or com­
ple tsly dry, or wholly saturated sands will take up natural slopes 
corresponding to the ir· angle s of frict ion. So i ls exhib it ing a ten­
sile stren gth, however, in a cond ition of under-sc::turat io:r;., may teLd 
up to a certain he:i..ght corresponding to t he ir cohesive strength to 
stand on much steeper slop es and even sometimes overhang. S ince , · 
however , w it h  a c onstant  water content the port ion of the shearing 
resistm1ce dependent upon t he cohesion increases only w ith the first 
powe r of the he ight whereas t he mass forces ( we iQ;ht and wat er p res­
sur e )  and also the fr ict ional resistances  increase w it h  t he se cond 
power of the he ight ,  the inf luence of the co hesion upon the maximu:rE 
slope dim in ishes with increasing he ight so that the slope necessary 
for the stabi li ty of an ea rth structure becomes increas j_ngly flatter 
wit h  t he increase in t he he ight and t he slope f inally becomes depen­
dent upon the we ie:.:ht and t he angle of fr ic tion alone .  

In t he determ inat ion of t he she aring resi stance t he pres­
sure an d the wcter content must b8 shown to correspond with a prob­
able or pe rhaps even po ssible conditions in the darn . As a rule 
t he re are to be deter-mine d :  

l .  The shear ing resi stance of the soil in t•the mature state , H 

am viit h a constant water content . 

2 .  The she aring resistance of t he pre pare d soil at the "natural 
wat er content corresponding to the so il pre ssure 1 1  ( compare pages 13 
and 141 ) .  In this ,,ray t hE- port ion of t he shearing re s ista:nce  to te 
ascribed to co hes ion and that resulting from internal fr ict ion may 
be d istinguished . 

In plott ing ( f igure 26 ) as an example t he value of the 
shea rinc; re s is t ance T mat i s  fir st g iven ( ind icat ed  w ith x) as it 
may be at ta ined fo r smnples in t he mature s tate y;j_ th a constant 
wate r c ontent ( her e al:::ou t 25% of the t otal material) . Second the 
co eff i c ie nt of shearing res j.stance , '( nat , fo :::- the natural wat er 
conten t is  p_._o tted as  determined in the following way . 

Afte r mix ing wi th wat er the soil is introduced into the 
testing frame.. Its or igj_nal struc tur-e i s  t hus destroyed  as is also 
mo re o r  less t he case in ac tual construct i on .  In t hi s  testing frrune 
the so il is  lo :ided for several d.ays wit h 0 . 5, 1 .0 , 1. 5 ,  2 . 0, 2. �·i , 
3 . o  kilograms per squar e centimeter under water . FoT each ot the 
va r ious "cond itions of" natural water content " which are t hus estab­
l i shed. the shearing  res istance under t he appropr iate normal lo ad is 
det ermin ed .  In the graph, ( f igure 26 )  thes e po ints are i:i.1dica ted 
witt an 11 0 . 1 1  From the two ser ies  of po ints may be dete rrr_ined the 
curves of shearine; res istance ( 7'mat J and ( 1� nat l . .Aft er each 
se parate test t he wat er content of the so il sample is det ermined 
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and. the wat er content cu rve plotted. 

The l nat curve makes an angle [D 1 with the hor izontal , 
and on t he m�is of' ordinates in tercepts the value of km.at which :i.s 
a measure of t he cohesion of the soil in the mature state. 

The ' nat curve , since th s soil has r een thoroughly 
\. 

worked and saturated , intersects the origin of coordinat e and 
makes an a.'11::.:le (}5 2 ( angle of shea ring resistance ) with the hor i­
zontal . The tangent of this angle , Cf 2 , is the coefficient of 

shear ±'or the na tural water content. 

Iri coh esive soils the tangent _0 2  rmst still be divid ed 
into t he portions descr ibing frict ion and that describing cohe sion. 
To determine the cohesive s trength se.,.-eral samples of the soil must 
te preloaded with for example , one kilogram per square cent irrieter 
and sheared under a reduced load ( th2 t is in t he condition of under­
saturat ion ) ,  and a f u:;::·ther se ries 9reloaded w ith two kilograms per 
sq_uare cent imeter and likewise sh eared under subseq_uently reduced 
nonnal load.  In this way the dashed lines r,hich intersect the axis 
of or dinates at the -rn lues k1 and k2 which , after val ues 1 and 2 
of the normal load have t e en pl.o tted , givenpoints for the Xnat- curve 
which makes an angle ¢3 ( angl e of cohesion) with the horizontal . 
Thus t he coh esion becomes v t imes the tangent / 3; the rema inder , v 
( tangent �t2 - tangent ,:p3 ) , is a frictional resistance . 

In figure 26 the i" nat·- cu rve is a straight line . With 
cohesive soils r ich in electr�lyte a dep a1· ture may b e  more often 
obser ved . As a :result of the C'rumbling of the soil , tangen t  � 2 , 
in the lower range of normal loading somewha t below one kilogran:.. 
becomes increasingly greate r and atta ins h ere a value which ap­
proaches the eoeffic ien t of shear for a mea l sand ( compare figure 27 , 

Soils I and II) . The cohesi on dllninishes with the crumbling ;  never­
thele s s t he . change is very smal l ;  it l ies within the range o:f error 
o:f t he ap paratus. With n01.'1nal loading of somewhat more t han or:!B 
kilogram per sq_uare cent:L11eter the format ion of  c rumbs or lumps no 
long er has any ap parent ef:t'ect ( ,)omp.:,re also fi€}.:.res 26 an d 27 ) . 

Figure 26 illustrates how the "mature soil" exhir.i ts a 
larger sheaT ing resistance  than that in the "state of natural water 
cont ent "  in the raill6e lef t  o:f .A ns a r esult of its creater cohesion 
( caused. by previous kneading unde:0 t:te pressul'e of mountains , ice 
floes , e tc .  and. by the surface tension in the voir. vrat er as th e re­
sult of under-saturatimi) ; it shows also ho1u thereaf ter the cohesive 
strength knat vanish es as a resul t of t he disturbance in the text'J!.' e  
and t he sa turatior� , and how the sh earing strength o f  this soil falls 
off to T nat . Vlith normal loads of 2 . 5  kilograms per square centi­
meter , tbe water content and the shearing resistance in the mature 
and in the preworke d states are equal . With higher loading the 
nmature " soil w il2. re11ert w ith the expression of water to the "natural 
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wate r c onte nt . "  As has ::-e bn mentioned on page 15, wi th coh8sive 
soils this rr.ay take cons iderat l e  time . During t his t ime the shear­
iri_g r esistanc e  is l ess than in the " sta t e  of natural water content 1 1  

( not G the path of' the -r curve to the right of A ) . 

Tho shearing stress req_uire d t o  produce sliding is , with 
th e natm·al wate r con ten t :  

r =- /  V 
In this/1 = tan �P2 is t he coeffic ient of she aring resistance . 

Ir. s oils f reG from a i r  the void ratio  may be determin ed 
with  the aid of the wat er content curvo in saturated cases , and with 
it rr..a y  also b e  dete rmin ed the degree of compacti on r1hich t he s oil 
may have at tain ed under the prosstrre. 

Likeniso to b o  deduced  fT01:::. the curve of ·.,at or c ontent 
is that  nater conten t  with which cohesiv e  so ils may te mo st effi­
ciently placed in d arn fills in orde r that they may have sufficient 
compaction to withstand the subseq_u ent loading and thus to prevent 
settlement a nd sloughing . 

The te sts describ e d  h ere are carrie d out by the Berlin. 
Expe riment Sta tion with th·e assistance of the a;iparatus designed by 
Krey ;  in th is connect ion refe ren ce is mac1e in the follow ing t o  
certa in l i terature on the sub ject ( 6 ) 0 

The soil compa ction tester of the F..xperiment Station for 
Hydraulic and :\' e.rine C onstruc tion ( figure 29 ) likewise permits the 
de terminat ion of the shearing resistance even of rocky soils and 
wit h samples of large d :L.11e nsions. The late ral fluid 9ressure is so 
r edu ::ed tha t the sample is fractured under the vertic al pressure . 

Eq_uiprren.t for dete rn1ining the shearj_ng strength has been 
designe d by m::1ny other s, for example, Muel ler-Breslau ( 7 ) , Nils 

..... •'*" .... t:..:., . .... �.....,_.� .... ·- 10!--j/-O::·.··-:•·----�- -�·*'"''"_....,._ ____,.,_ -
.( 6 )  11'.f,. 'Kri-7 , Ji,rdd:·uc k ,  Erc;vid erstand � Earth Pressure, Earth Res ist-
ance ) ,  4th ed iti on , Revised by J. Ehrenberg , Perlin, 1931 . 
B .  Tie demann, Die Eede utung des 3odens in p,auwesen ( The Significance 
of Soils in Constn:c t ion ) , Hand:: . C.a Bodenkun1d.e (Hand.book of Soil 
Science ) ,  edit ed hy E. Blanck , vol . 10 , 193 2. 
( 7 )  Mueller-Lresha1 1 ; Erddruc:k auf Stutzmanern ( Eartl: P1·essure on 
F.eta ining Walls), Stuttgar t ,  1906 . 
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Westerberg ( 8 ) ,  Streck ( 9 ) ,  Stiny ( 10 ) , Backofen ( 11 ) , Casagrande 
( lla ) and others. 

The tests described above under ()t, mech anical an.alys is and 
/3 shearing res is ta nee , must be supplemented b y: 

o' Determination of the specif'i c  gra,vity ; 

t' Determinati on of t:te plecstic i t y  limi t ;  

Ei Determinati on of the hygro s,.::op ici ty ; and 

¢; Determinati on of the lime c ontent. 

yr Spe cifi c Gravity 

The determinati on of the average sp sci fic gravity of a 
grain element is made with the aid of a picnometer or with the 
apparatus designed by Erdmenger-Mann ,  a.s has been descri bed in all 
text books dealing with soil s cienc e .  The determination is only ap­
proxima te s ince as a result of' ac1sorpt :i.on phenomena errors are in­
troduced ; but it is s uff :i.c ien tly ar; ,:;urate fo:r engineering purposes • 
.As a rule jn  mineral soils with a quartz content predominating a 
specific gravity of 2. 65 wi ll suff ic e  for the calculation of the 
volume o:f voids and tbe density. 

/' Plasti city _., 

Atterterg thought to divide the soil types into plasti city 
classes ac ,�or M ng to the i r  pla sticity numb ers . By plast i city nt.lL'llber 
was define d  as the differen ce between the v;ater content ( in per cent 
of' the d ry weight) at the liquid lic'11it and the wate1° content at the 
plastic limit of a clay.  The l iqui d  limit is the u pper limit of the 

( 8 )  Westerberg, N. ; Jordtrycki kohasionara j ordarster (Pressure of 
Cohesive Earths) , Telm . Tid.skr . , Stockholm, 19 21, n-as . 3 - 5. 
( 9 )  Streck, A. ; Die Festig keitseigenschaften bindiger Boden ( Strength 
Properties of Cohesive Soils) , Deutsche Tie fbauzeitung, J <J28, no. ?)3. 
(10) Stiny , J . ; Zur Schubfestigkei t der Bode:r1 ( On the Shear ing Strengths 
of Soils ) ,  Geologie u .  BauHesen , 1929, no . 1. 
( 11 )  Backofen, K. ; Eine e:eoteclmische Studie (A Geotechnical Study) , 
Zentr. 31. d .  B,rnwenwltung, 1930, no . 18. 
( lla ) Casagrande, A. ; Proc . A . S . C .E. , Nov . , 1931.  
( lla ) Kulka, H . ; Vers uche zur Best ir1111mne; d.  Scherfesti gk:eit verschie­
dener Sande u .  Tone (Experiment s to Det ermine the Shearing Strenc;tl::s 
of Sands and Clays ) ,  Bauingenieu:r·, J_932, p. 431 . 
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• 
pla stic state . A soil pat about 4 centimeters j _n di ameter and 1 
centime ter thick is placed in a porcelain di sh an d divi ded into two 
parts by means of  a special grooving tool so that the lower edges 
are barely se;iarated. The water content of the soil is then in­
creased until tbs- two halves of the soil cake Y,ill j ust flow to­
gether to a depth of one millimeter along the line of separation 
under t he effect of repeated tapping ( 12 ). Casagrande has designed 
a me chanical method for de termining the liq_uid limit which elimi­
nates all sub je ct h,e erro rs ( 13 ) .  The Exper :iJnent Station V ( Berl in )  
has aclopted this device. 

The lower l i.rnit of the pln .:;tic state is described as the 
pla&t ic  limit . The soil sample is placed on a piece of absorbent 
paper and rolled with the bare ha nd into a thread at out 4 milli­
meters in diameter,  broken in two , and rolled agaj_n. The plastic 
limit is the water cont ent at wh k h  the soil cn1mbles into small 
pieces when further rolled. 

The, plasticity index or numbe:· can only be used for a 
rough charccterization of t he soil and for classification into soil 
groups ( 14 ) . Thus , fo r example , the F j_rmish Geotechnical Commission 
gives t he following plasticity bc'tices : 

Weak clays Pla r3t ic ity no . 6 11 

Moderately fat cla ys - ti 16 - 19 

Fat clays !! 20 - 26 

Extra fa t clays n 27 - 37  

( 12 )  Att erber g ,  A. ; Iie Plastizitat der Tone ( The Plasti c ity  of  
Clays ) , Intern .  :Mitte ilungen Tur Bodenlrnnde , vo l. i ,  1911 , and vol. 
2 ,  1912 . 
( 1�3 ) Casagrande , A. ; Rej)ort on an Inve stig =,ticm of the Methcd s  for 
Determining Atterberg ' s  Liquid Plastic ,  and Shrinkage L :L.'11its of Soils , 
their Physic al Mea ning and Practical Ap;ilic at ion. ( See also Casagrande , 
A. ; Research on t:t:e Atterbe rg Li.rnits of Soils , Public Roaus , O ct . , 
193 2 - Trans . )  
( 14 )  Pedlic h.:.Te:it z1::ghi-Kam9e ,  Ingenieurgeologie (Engineer ing Geology) , 
Berlin , 1929.  
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E Hyg:.·oscopicity 

As has heen  ment ione c. tr..e quantity of water ·which may be 
dr iven off from a dry soil in the fo:rm of wate r vapoI' ( l:ygroscop ic 
wate r )  is a certain measur e of the total surface of the individual 
par tic le s ( see page 14 ) .  

According to the me thod of Mitscherlich the soil rich in 
hygroscopic water is dried over phosphor-pentoxide at a temperature 
of 20 degrees centigrade over a ten percent sulphuric acid with 
a bout 96 per cent o:f its full vapor pressure until a constant weight 
is re�ched . The hy,groscopici ty in peT cent of the dry we ight of the 
soil is thus determine d from the loss in weight ( 15 ) . Fo::..· s imilar 
mineral types this method yields good comparative values for the 
surfaces and thus for the fineness of the soil . In hmnus soils the 
mi-cellular surface within the humus substance is of' some i.rnportance. 

"Soil types with tbe sarn..e hyf;roscopicity are not necessarily alike 
th roughout in thei r other physical properties 11 (16 ) 4 ( See pages 13 
and 14 ) .  

.-6 
) Li':1.e Content 

The determination of the ontent of lime carbonate is 
important for tho appra isal of the phys ical properties of the soil ; 
it se rves to identify the soil acco rding to its formation and type. 
Loam an d  clay soils with a calcium content are classified as marl 
(loam marl , clay marl , calcium marl , etc. ) .  -In soils rich in clays 
calcium d iminishes the coh0sion ( particularly Aetz calcium) whereas 
alkal foe carbonate ( and alkaline hydrate )  increase the cohesion. 
Calcium produc es deflocculation and crurnbl ing in clay colloids ; the 
alkaline colloids strengthen the salt condition of the colloj_ds and 
lead to the stability of the indivi.dual particles . ThG marls as a 
result  of  their crumb-like strl:ctur-e are looser and moro permeable 
than the correspond ing clays and loams . A ccording to various experi­
menters the soil crumbs at·�ain a ma6nitnde of frorr. 0 . 01 to 0 .03 millim­
eters ( the orde:r of magnitude of silt to fine meal sand ) . Because 
of its wide distribution in nature , l imo carbonate is one of the most 
important sources  of crumb formation. Determination of th e content 
of calcium carbonate is made very simply with a Schoibl or appa:i'.'utus. 
Furth er chemical propertie s of the soil may be d0t0rminod by chomi­
c&l analysis ( see late r) . 

( 15 )  Mi tscher 1 ich , :B, • .A. ; Bodenlamio f. Land - und Forstwir ts. ( 3o il 
Science for Agr. and 5'orest Econon:.y ) , Borl in ,  1923. 
( 16 )  Zunker, F . ; fas Vm.·habton des Wassors ZU,'TI Boden ( 'i'he Relation 
of Wat er to Soil ) , Handbuck d ,3r Bodenlehro , vol . VI r Loe . cit . 
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In the surmnary , fignre 27 , the characteristics of four 
types of cohesive so Hs are given in a· single illustration : 

Mechanical analysis ;  

The shearing resistcnce at the natural uater content ; 

Spec if ic gravity ; 

Plasticity index ; and 

Lime content . 

Al though similar in mechanical analysis to the clay , the 
clay marl exhib i ts significantly less cohesion but higher friction 
values , a characteris tic ,,hich mny be  traced to the cn1mo struc ture 
resulting from t he h igh lime con'cent .  

; · Consol ida.t ions 

These values inc:lud.ing the permeabil i ty and the capacity 
for abso rbing 1 ;ater suffi ce in general for th e complete determina­
tion of whethe r or not a so il is suitable for use in a dam and also 
for which part of the dam. The [)roport ions of friction and cohesion 
in the soil are determine d and the r-rater content for various pres­
sures establishe d .  If dur:i.ng the prelo ading o f  the sample during 
these tests the s8ttlemo nt was also me asured with re s:;i ect to time , 
then the consolidati on cliacram may also be plo tted. 

For these c onsolidation tests wi th restra ined lateral ex­
pnnsion , v. Terzaghi has developed a very c onvenient appai·at us de­
scr ibed in his ''Erdbaumochnnik" ( So il r-/Iech an ics  for Earth Construc­
t ion ) . Figure 28 s hows the resul ts of such a test . The relation be­
tween the veT t ical load ing and the vo id rat io : 

� -= '(::-
J - 11::.r 

( based ur.ion the dry rre ight ) is plotted in a simple log&ri t1i..,_11ic  iiia­
g:rnm. The consolidation index : 

-- I ·-11 _ ,:- ;::-; 'f - -. -
-:,( (' 

gives the change in the vo id ratio v1 Hh the increase in t he loading , 
i t  is  the reciprocal of the d irect ion factor ( slope ? )  of the pressure­
voi d  rat io curve. The settlement , L\ h of a soil colmnn of heisht , h, 
consis ts of the shorten ing , !� J .t� , of the ind.i ,i dual la yers , f.., h 

under the pressures to rrhich they a,:·e st�bjected , Pd!, ; t herefore 
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CONSOL IDAT ION  AP PARAT US 
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h - h J . I j f-"°41 j � b -.:. .t- ,::, b e  ft (f l?C C. dh -:::: i) h .  '..£/..§-
. ' , · V if th e pressure rn the layer increases from () to ;::,,1.,; • The con-

sol i dation c oeffic ient , V ,  var i es with p. The value , V, is ob­
taine d from the relati on :  

If the load is r emo ved from a layer of s oil it expands.  
The coefficient of  expans ion , S, describeo thi s swel linG• 

The Berl in Experiment Station has devel ope d  the appa­
ratus shovm 1/fie:;ure 29 for t he same test .  The c ompressib il ity 
of samples  ob tained with the Ehrenrerg soil sampler descr ibed on 
pace 2 2  or of samples in the reworkec.l stat e is tested ,vi th it. 

The sample is surrounded  with a Tubber membrane v:hi ch prevents 
dire ct contact with t he surround:i.ng fluid., but does not res ist 
the distorti on of the sample ; and is S lU1rounded with a sh el l  of 
water so that the friction b etween the walls of the container 
and the sample uill be ol:: viated. 

From the se cons oli da ti oJfa tests the relation between 
time and consol i datLm n:ay be d i rectly dete rmine d and plotted in 
the time-consolidation diagram. These te sts extend over a per iod 
of several weeks wi th dense soils. 

If the relati o:rm. between the fri ction and coh esion c oeffi­
cients and the m echanical analys is is known from a great nu..'Itber of 
test s ,  then an elutriation analysis may l::e suffi cient for a fj_rst 
rough estL11ate o f  the so il. 

In figure 30 ( const:ructod c y  Tiedemann) s ome f i fty fine 
soils ( g  ain siz e  l ess t han 2 mill imeters ) are plot ted 0c :;ord.in; to 
tho ir mecha.n.ical 3.nalyses . The up per tT iane;l e contains t:i:1e so :Ll 
which consi sts p rimari ly of sand , meal sand , and E;ilt ; some. small 

percentages of clay were include d in the silt ; in the lower tri-
angl e the so il c:rns i st inf; of meal sand , s i lt ,  and clay are ent ered wHh 
small percentages of sand included. in the meal sand . ]'or e-:ery so il 
the re is thus e stabli sh ed a parti cular point in the interi or o f  tte 
triangl e .  The fr icti on coefficient i'o:r these  fi fty f j_ne so ils and 
fo r a nuri1ber of the c ohes tve soils an .:l the cohos :Lon c oefficients 
are then determined so that zones can be set up ,,i thin ,1hich the fr ic­
tion and cohesion coeffi ci ents of the so il are alike w ith in narrow 
lirni ts ; these are to be extonded l:y the addition of fu:;:-th er ]Joints 
as t ime 9ermit s .  This representati on gives a numeri cal classifica­
ti on of the soil types and p ermits an evaluat ion of the fricticn 
and cohesi mi. coeffi ci.ents and thus of the: shearing strer:i.gth on the 
busis of the me chanical analysis alone . 
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67 Permeab ility 

Investi: at  ions 0f permeab ili ty are carried out partly in 
the rewo rked or compacted state, tha t  is, after the original struc­
ture of the soil has been disturbed , and par tly in the mature state. 
In the latter case the sample which has been removed from the soil , 
or the core i s  pleced in a glass cylinder and the space between the 
wall and the sample filled wi th  a skin of paraffin or wi th an elas­
tic  cement solution treated wi th formal in. Fur ther details are 
shorm in figure 31 ( 17 ) • 

The coefficient of permeability , which has a c onstant 
value only when the veloci t y  of the percol ating water varies in 
direct propor ti on to the gradient ( Darcy ' s  law) , i .s  then the q_uo­
t ien t of the flon through o. uni t cross-secti cmal area of the soil 
layer and the hydraulic gracient.  The assumption that Darcy 's  law 
is valid does not hold with very permeable coarse grained soils . 

Figure 32 shows the rela t ionshi_p betvreen the c-:ieffici ent 
k and the void ra tio .c· fo.r clay soils .  

Fur ther Chemical Tests 

Sal ts occurring in certain mineral soils, CaS04 , MgS04 , 
K2S04, Na2S04, (NE4) 2S04 , may cause inj ury to concrete work , p ipe 
conduit s ,  deck plates or aprons, et • uhich may lie within the dam , 
if nater is allowed entrance . Magnes iu.111 carbonates and magnesium 
sulphate  may produce a so-called magne,s ium pi tting ( cement bacillus ) . 
According to Gessner ( 18 )  sulphat es in the soil are injur ious to 
cement i f  the hydrogen chlor ide solution contains more than 0 . 2  grams 
of S03 in 100 grams of soi l  o r  not more than 2 percent of magnesium 
oxide in the mo.gnesium salt contained in the ai r-dri ed s '.) jl ( 19 ) . 
Danger of the destruction of t he cement ex ists  with the exchange 

aci ds if in 100 grams of s oil and 200 cubic  cent ime ters of a normal 
sodium acetate solution ,  more th an 20 cubic cent imet ers of OI'-e-tenth 
normal caustic potash is req_uired for neutralizati on. 

Concerning the relat ion of tt.e soil to the air , test s 
should be made to determine the weather j_ng pr ope rties of the min­
eral const ituents of the so il . 'I'hG chemical meth8d for discovering 
the p resence of injuri rJus components in the water or· the soil are 
not wi thin the s cope of this report e 

( 17 )  Eedlich - Terzashi -Kampe , p .  329 , Loe .  C it .  
( 18)  Gessne:r·, H. ; Die 1Jrsache D:er Be tcnzerst :m.mg in Mineral t oden "The 
Causes of Concrete De tel' iora ti on in Mineral Soils, 11 Transacti cJns of 
the Internat Lmal C '.mgress f or Soil Sc ience , V/ashington,  1927, no . 4 . 
( 19)· Grun, K . ; Chemische Widerstandsfih1igkei t  von B8ton ( Resistance 
of Concre te to Chemic al .attack ) , Berlin, 192 8 .  
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As ye t no par t icular methods have been develop ed by us . 

for invest igat ing the res istance  of s oils to  the effect o-f' frost • 

The approach to a complete invest igat ion of a so il smr.ple ·  
in all of the d i re c t ions de scr ib ed above is long and t ime-consuming . 
The o:dent to which these exper iire nts will be applild t o  soil ssm.­
plcs will only be such as  ne cessa1y to l �arn enough ab out the vari­
ous s o il typ es wi thin the borrow p it area for  the de s ign of the s truc­
ture . The s ifting , the mixing ,  and the control of  the c ompacti on 
ne cessary dur ing the construct ion of a dam must  be a c c ompl ished with 
mas s  methods which are s imple and wh ich can be carrie d  out at the 
c onstruc t ion s ite w ithout elacorate apparatus . For this reas on the 
two shor t methcxdls , the evaluat ion of the so il acco rd ing to its mechan­
ical analys is and plast ic ity index , we 1··e g iven above . 

The f ollow ing is an extract  from a repo rt on const�uction 
control placed at our disposal by Dr . Collor io , d ire ctor o f  the Harz 
Water  Works Company ( Prov ince of Hanover ) . 

( 3 )  C onstruct ion Control 

"The s cope and organizat ion or a c ons truc tion control fo r 
the Soe se Dam will be des Jr ibe d .  

"The type of dam i s  illustrate d in f igure 6 .  The ma j or 
por t i on of the f ill c ons ists of r iver gravel of var ious c 001posi­
t ion ; the layer on the upstream s i de  of the core c ons ists of  loam 
in slop ing layers .  Cons tru ct ion control was organized as  f ollows : 

" ( a ) At the borrow p it ( a  dre dge excavati on )  samples of  various 
material we re regul arly extracted from excavat ions in each stratum 
and a qu ick te st  by s ieving down to gra in s ize  0 . 25 :mi]ineters was 
undertaken . The d i spos it ion to be made of the so il was det ermined 
from the. re sul ts o:r the s e  analyses , and the construc tion for eman and 
the switchman at the dump were instru cted into whi ch track the tra ins 
to the l� orrow p it ( dredge ) should be shunted . The q_uick test was 
suppl emente d i)Y a more thorough control includ ing a full me chanical 
analysis . 

" ( b )  Upon tbe introduc tion o f  t:be material and t,efore and after 
it had been ran-.med into place w ith a s p ec ial so il ram the compac ti on 
was measure d and the c ons olida tion calcula te d ;  if the c onsolidat ion 
( in percent of the he ight of the loose fill )  was found to be suf fi­
cient , then tha t s e (! t ioL was opene d for add it ior..a l f ill , ot herw is e 
it must t e  fUi'ther ramme d ( a  qu ick test was made with a sp ec i al.  sur­
vey crew) . These 1uick te sts  were oc cas ionally ch ecked Jf ter �e�tain 
intervals \'!ith a n:ore thorough test ; in addition , and at c onvenient 
eut carefully referenced po ints , a so il sample of ar.out one cuo ic 
meter ' s volume was excavate d , the hole carefully measured , an d the 
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void vo lume of the so il w,:\ s de t ':lrmine d in the usual way ( be s ide s 
mak ing a comple t e me c hanical analys is ) . If t he volume o f  voids co ::..._ 
re s p onded to tha t spe c if ie d  by the des igns , then the pe rcentage com­
pa c t ion req_u i rement was allowed to r ema in unchan ged ; o th e 1wise a 
change vms made .  Such a ce.se  mic;h t be produce d  by a change in tl:e 
pro por t ionin ; and q_ual ity of the ma terial . 

"C onclus ion 

11.A s a r e s ult of our expe rien�e the fo llon :ing ansue:::- to 
the q_u es t ion pro poun de d may be summar ize d :  

-� 
,� 

"An eff ic ie nt an d  e c onomical des ign of a dam re q_u ire s an exa ct 
tes ting and inves t ig a t ion of the cons truc t ion mate r ial , jus t as an 
o rderly cons tructi on of th i s  da..-rn req_uire s careful constru ct ion con­
trol. The s cope , na ture and o rganizc:.t  ion of these inV(: s t ig at ions 
have he en de scrib e d ;  they are no more d i fficul t than for concrete 
struc ture s ,  the y have indeod ::!erta in oxt ernal s imilarit ie s to the se 
more usual te s ts .  The s i gn if i c ant cU.f:forcnco l ies in tho fact tha t  
the c onstru ction o f  an ear th dam i s  a daptod to the prope r t ios o r  
the rn....0 tc r ial s , whereas the proport ion ing o f  concru te is u da p tod to 
tbe cons tru ct ion .  For t his re ason t:r.. 0ro is a gro nt mult ipl ici ty of 
pos s ib il ities for the organizc t ion o f  the t0 s t ing , o.nd th is ex­
pla ins al so tho impos s ih il ity of o stubl i sh ing hard and fa s t  d is-
tinc tions as to who th0 r a s oil is suitable or unsu itable . It TTill ·O 
only bo po s s ible to e s tab l is h  such d i s t inc t i on s  af t er long yoQrs of 
e:r.pc r fon cc and then only for cor tc in olcmon ts of particul clr con-
stru ct ion forms . "  

( c )  Tes t ing :Methods on tho Compl o tod Dum 

( 1 )  Movement in the Dam 

Preparat ions for the mci a su:.:·ei'1l& nt o f  tho moveme nts in the 
so il and of the auxil i ary s t ructu re s  in the finished dam , as well 
as me&sur emonts of the pe rcol ation , mus t b e  made during the construc ­
tion per iod cy cmb c,dd ing ro feronc e po int s ,  cons truc t ing ohsorvat ion 
uc lls and ob servat i on gallur io s in tho cone.ro te co ro of the dmn , and 
by introduc ing pre ssure cells  into tho intor ior of the structu :ro . 

Sub s i den ce of tho f ounda t ion u s u re s ult of the loa d of the 
dam and se ttleme n t  in the dam i ts el f  may be mea sured by pl ac ing plates 
at va rious he i ght s  wh i ch aro f i  tt 0d vri th vcr t i cJJ. shc.:fts r0 0.ch ing to 
tho surfaco . Fo r prot o c t i on agu ins t tho se: ttlemc nt of th o overlying 
stra ta tho shaft should bo surrounde d w ith cu s ings . The p0uk of tho 
sta.:rf ca.rr i c;o an clcvat j_ on ma.rk nh ich i 3  ob s c rv0 d �·, ith a l ovol ., Tho 
ob serva t ions shoul d bo bogun Q s  soon a s  po s s ible during the �onstruc­
tion of tho d.?Ill. and should be c c..rr iod out cont inuously .  For parts 
of tho d am  whic h ar c  sub j e c t e d  to o.rtif ic icl c ompc. ct ion by mco.ns of 
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taillping or ro ll ing ,  only the su b s equ ent installat iou of  reference 
po in t s  ne e d b e  consid er e d  for ob s e.::·va t ion of the surface of the f in­
ishe d chm with r es pe c t  to set tle rner.t , fo nnatio:n. o f  c ra cks , an cl s inks 
( 20 ) ar.d then only if af ter careful inspe c t i on of the struc tur e it s 
cond it ion i s  not found to ce ent ir ely s c:t i sfac tory . 

The horiz ont al and vert ical movement of the core wcJ.1 1 
under the influen ce of per cola tion , e t c . should be l ikevrise ob serve d .  

The pe r colat i on through the dam may be de t ermined by means 
of s tand -p ipe s ( compar e  pag e  21 ) .  In large da.rr1s with core wal l s  and 
ob serYa t ion galler ie s , the s e  fac ilit ie s p rov i de an oppor tun i ty for 
measuring the per cola ting water . The mea sureme nt of c;round ua t er 
tempe rature s may prov ide inf orma tion as to the ir s our ce. 

( 2)  Dynamic So il Tes ts 

The dynamic s o il te sts by moans of  a vir.rat or such as 
Profe sso.::." Hertw ig ( 21 ) , has devel ope d in �onj u.,.7.c tion w i th the German 
So c ie ty fo r So il Me c han ic s ap ;) e ars t o  serve a valuable purpose in 
the te sting of the uniformity j_n tho de p o s i t  io:u. of the dam . Eer twig 
explains how dams depos ite d h y  var ious r1ethods -rmre te s te i  to 0ompare 
their stre ng th and dens i ty ni th tha t  of the or ig inal so il .  The mat e ­
r i als c ons i .stod  o f  3 and and grave l .  In c onne c t i on rrith lab ora t ory 
tes ts this method nill probably al so provide valuable info rma t i on "" 
conc e rn ing the c ond i tions of dams Fi th c oh es ive s o ils  and c ons ider- Y 
ab le na to r con tent . 

( 3 )  Wat E r  Content and Perc olo. ti on. 

:Wor qu ick detc rmina tion of tl:.0 wato r content of t hc- s oi l  
a t  the bo  ITOW p it and in tho dc;m aft c:r compi . C  t i  on , the c l c  c tr ical 
method o f  mc is t m· ,: dc te rmino. t i on may b e  a p pl i cable in cer ta in Cd s o s  
( 22 ) ; in adcl i  t i on o f  co urs e t o  th e uxtro. c t icn of the snmpl0 s .  

( 4 )  Soil  Pro s surn s 

In order t o  moc suro th3 c ompr oss ivo fo rc ec  in th e ir:.tu r i or 
of the rlc..r.'ll ..:nd the stra ins in tho core wc.11 cau se d  hy c� c :::- tL p:;. 0 ssui·c  
and vm te r pr nssurc , pr ::, sBun; c ells , of which the re nr e s c,vora:.:. typo s , 

arc  req_u ir u d .  

20 ) Lauf er , A . ; La s "; en·:: i:i. iun1�: uni Jerun v�·rhe il-:.un6 ( J:.  i s su:re ::?u ni::.inf6 
and it s I'revent ion ) , Was s e r-c irt s c ha f t , 192? , p .  5E 'I .  
( 21 )  Ee rtw ig ,  .A . ; I ie iynam i s c he 3::id enur:.t e::· suelrnngen ( '::'he T1ynai:1 ic  
So il Te s ts ) , }auini::;en ieur , ::..?31 , p .  45 7 e t . seq • . , . •  - k '  . h -- t · 
( 22 ) Gor :, ' A . ; Ub e r  e in I'rar?b m.:e s Ge :rn t ZUI' e .... e .  "GJ' lS 8  er:. 1 '88 mrn.ung 
der Bod enf eueL t i[ske i t ii.'11 Fel :ie ( CoL � e r·n j_ng a Portac l e  .A 9a:ra tus f o:::­
Ele ctr i c ally Detie rrr.in ing tho So il ],fo j_s tu :::·e in the ? fold.  , Int ern . 
Mit t. . f .  E'.:ld.enk im.J.e , 14/35 , 1924 . 
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It has pr ove d d if f i cul t to mak e  such '.')r es sm·e cells  suf­

f ic ie n tl y  rugrse d  to re s is t  the roUf;h treatme nt they exp e:.:· ien �e  d.ur­
ing th e co n struc t ion of the dam. 

Under c ons iderab ly mor e favora1::le cond it i ons  than in the 
f i lle d  dam , pre ssure c el l s  ins tal l e d  by O .  Scha efe r unde ::.· the p::: in­
c ipal p ier s  of the N ie derflno,:r l i ft locks h2. ve y iel de d f o ocl re s ul ts 
( H . Ma ihak Corr,pany , Ea.11bur2-,_; )  . *  The !:ff inc iple upor" whi ch tte mea .s­
urement i s  ba s e d  is  a s  f ollows : .A st eel s ound in�  w i re 1,b'.)se p i tch  
is d ep endent up on the ter.s i on und e :::'  ul:;. j_ c:r, it  i s  s t.re t c he d.  is  s e t  a t  
a pa� t i cular t one ; th is p it ch c hange s TThen the d i stance  h o t wo en the 
an chorage  po ints of the wire - th at is 'r e tween po ints in t he pre s­
sure ::,ell OT in the stru ctur e - is  l en6thone d .  The v; ire i s  S8 t i:c. to  
T itrat ion by m6ans of  ar;. ele c tro -magnet . The  ::i:.e as1..1.romer;.t of the 
p i tc h  is made wi th a teJ.e phon e r e c e ive :::- and. a c ompara tor Vi ire . 

() 

The f irm of }i'u.e ss-Stegl i  t7, has a pressur e c ell i1� the ex­
p er iment al sta ge s d e s i;<:c;r:.e d f or ir.ves t i::,;a t ing thP pre s sure d i s tr ibu­
t ion in f ills and in f oun da t i ons . 1he c el l ,  a.r out e ig1:t c0nt t:rre t ers 
in diame te r and ab ou t f our c en t ime ters h i;,;h , c. a:;:-r i :2,s a hor so shoe­
shape d  rr..ag:c.e t w ith a sof "; iron �o re on the ins i de of one f ac e  ,-/t ier.. 
is oppo s it o to and s e ps::.·a t e d  ry a ve ry narrow cle arance fr om a s oft 
iron plate wh i ch is r ig idly at ta c he d  t o  the o ther f a :::e . .Any charcgo 

... /'I in d is tan 2 e  of the :'..'ace  pla t es produc e s  a change ir. the self L1lu :: - v 
t i on of the magne t whoso magn itude i s  mo asured with an appropria te 
c onne c t i on and is j_nuicat i-ve of the pre s sure ( 23 ) . 

* "E in Leuo s a.kust ische s �.1c ,s svc :::-fah::.·en usw . n ( .A  Nor, Acous t i c Measur­
ing :,Te thor. ) , VJas sc rlrraft  u. Vlas s e:::·nirta2 haft , 1934 , no . 1 7 ; s e e  
al so transla t i on ir� p os s e s s ion o f  Mr . Lone - '::Tans . 
( 23 ) Cf . Pfe iffer , A . ; F. in neuGr ��o tondehnu:r..gsme s s c r  ( .A  
s om ete r f or Con cre t e ) Baui�gen ieur , 1931 , p .  88 . 
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PART IV 

SUIVlliI...l\..RY 

The report take s  up f i rs t  the var ious types of ear th dam 
cro ss- sections , in or der to sho w what funct ions tho var ious par t .s o:f 
the da.n s er ve anc:. to ind ic& te the po ints o f  view a c c o rd ing to wh i ch 
the so il shoul d r e  te s te d  wit h re fer en c e  to tl:.e purposes  nh ic h they 
nre int ended to serve . Tho pr esenta t i on is  illus tra toc. with numer­
ous cros s-se c tions of r_ c ontly con structed Ge rman dams . 

A por t i on of the r eport is  devoted to a tr�atment of the 
natu ro of tho so il from the po in t  of vie w of so il s c i en ce a nd of its  
re la t ion to water ; and )rov id os a c lar if i cc t ion o f  conc ept s o f  the 
phys i c al pro por t i es of the s o i l  import ant in constru c t ion . 

L ikew i se extens ively d. i s c us s ed are tho te s t ing metl:cod s 
appurte nant to e arth c onstruc t ion and to the pr el iminary explo:rat ion 
and con struc t ion of tho dmn wi th duo rofe ronc o to tho many pul. l ica­
t ions on t ho suh jo  c t . The metho ds d is cus s  od  show that i t  i s  t oday 
ent ir ely pos s ible in rr.os t  ca s e s  to d. 8 to rm ine i::ith c omple te c ortc. inty 
wh ethe r  a so i2- is su itarlo as a c onstruc tion r.1a t c r ial fo:r an cai· th 
dam , and to pre d i ct it s p ro per t i es .  

A ve ry appro c i at le disadvantage of tho se te s t ing me thods 
is thG long t ime roq_u i ro d  for th e ir c omple t ion . For th e: curr ent 
te st ing dur ing the constru c ti on of a dam ; th orn fo ro , methods must 
be  dev is ed wh i ch r.rill pe rm i t  the so il pro::) er t i es rr.os t  :impor tc:,nt for 
t he  f o re go ing purpo se to be determined rr ith su ff ic ient qu ickne s s  
and ac cu ra cy . .Al ong wi th a more thorough inve s t igat ion i n  t he lat­
oratory , s irr.ple do te l'm inati ons mus t  b e  made a t  the constru c t  icn 
s it e ; b ot h  shoul d s erve to che ck and supplement each o th oJ· . :; l o se 
c o-operc,. t i :m and a re guls.r exchang e  of ob s ervc::t i cms on the l; ehav ior 
of the so il mus t r e  s ought b e tYi8 en lc.:b orat ory an d c ons truc t ion c re�m . 

F:c·om a knovrledge of th is fac t  the Prus s ian Re sec1rch Ins t i­
tu te f or Hydraul k and M:a r inc Cons truc t i on ( a s ha s e;l so b e en re c og­
n ized f or an even long er t ime in the Hydraul ic De pa r tme r t  for �Iydro­
te c hn ic Gl Exp ,:.,r imen ts ) h& s )r ovi d.ed in i t s  so il :;;ie cL.:, n i c .s d.epartment , 
s pa c e  in wh ich eng ine ers act ive ly enf..;aged in c ons tr1..: c t ion may h o  
a cqu a inted wi th it s so il te st j_nG metho ds and 1:here th ey mo.y ob tu in 
an insi ght int o t he behav i or of soils , and the necessary p rc f i c i ency 
to perform te s t s  at t he cons t ru cti on s i te .  Fur ther , the ex;.:e r iment 
s tat i on ha s c o ll abora te d with the lo.r.o rator i e s  ut c onstruct ion s it c::: s  
i n  furn i sh ing them �7ith su itable ap paru tus fo r s o il te stin6 • 

: F in0.l ly , t he  exp er ime nt stnt ion t c:::gs thc1 t  i t  b e  n o t i f i ed 
o f  al l sl i de s  1,hic h may oc cur ,  settl ement phenomen:::i. , e tc . , 2nd that 
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any drawings wh ic h may be ma de of these  o ccurenc e s  be submitted to 
the s ta t ion f or ins 9e ct ion.  

The ory and pra c t ic e  mu st here as  well as  in so many other 
te chnical f ie l ds , exp and and b ear fruit  in mnny d ire c t ions ;  only 
in th is way can p rogre ss  b e  ach iey,o d .  
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