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TRANSLATOR'S NOTE

The original of this article, "Untersuchunge methoden
um fertzustellen ob sich ein gegebenes Baumaterial fur den Bau eines
Erddammes eiznet," appeared in volume III of "1®T (Congres des Crands
Barrages,™ Stockholm, 193%. DNo great effort has becen exiended to
make the translationr perfect tevond the demands of technical accu-
racy opecause the time reguired {cr such a runetorical revision is

not felt to be justified in view of the grsat amount of additional

material whose translation is continually in demand,

I.P.3.



CONTENTS
Page
N0,

}_._J

INARCENCTTROR fo) b (5] & ) &) [8) b fe G B @ [sidel 5 & B} &) P Eha® &) B

Part I - The Mechanical Funétions of the ¥arious Parts of

an Embenkment or DEIGe: 16 18 (&) 1© 6 8 opao) ue ©F 00 BFE SEAE gai-iiel @EICINY £
(&Y The Tnpervpous Sodsy o & S G Bl ot 6l el b e G 2

( ) The Supporting BOdy e o @ ® ®© 06 © o e o @ e e o o o o 2

(le) The Proteetime Bayer lor ReVebtwent % e & ww 8w W

(&) The Dem of Unifomm Material v sd & w » @ ogg s ®mw® 9

[eTN RN

Part II - The Physical Processes Transpiring in the Zody
Ofth.eDamco.oc"oi'ﬂi'alloo.ollao....—~—
(er) Seodl snd Water dm-Ceneral « @ 4« 5 @ s e e wE B B3
(B) Grammld@r Soils o 8 o' o » o8 o w fwaeseld o B
(2) CoheEhfe rSondis) Sk 5 @ FrE [= 6 racsierisl Er sl 9 L4
(t) Pressure and Pressure &hanges in Soils Containing
Water. o o o @ @i o i @ i@ o onde o & e He) ie o = fo) B l
(l) GrREmREE [SOUUES| 5 fe, hfaltol No o 4e9) sl iordo (o] ] cle e 1
(8) Tohlcstiviel ISenllis) BhiE] o k) [0 B We) (arfel (o) (o) HITNle] FININE 1

Part III ~ Methods of Testinge o v © @« o 5 s @ 0o ¢ © 0 © & © o 21
(a) Technical Testing Fethods During Exploration and’
ClonisirmNeib il om i I o Ui 8 o @ & o o e o ‘e eris & o or o [& 2L
(1) Trenchkes, Shefts end Boring. The Extruction
ef #Seill Samplels ¥ ldler o o o o ) wr el G fauen i
(2) LL“tbOI'El"BDI‘y SEREL, TeSTSren fo¥ top 1o [oh 18] ror W: (ot 18} 16 131 10 qo) (2O
ot (Egasin (Sl ID AlSibrRilbiThents de) o tor ik ¥l lo) el el i 24
Aiflcarime, Resigtiucey & o @ 5 & w Bead oGl B
(fa SHeCEEE] GREVALI o o) f6 ) (ehiel ls] (o) Ya) (BIEY lohn i) S
()[ PldSthl'ty o le] To ! TeR 8 o (e 1@ wel T8 (8} TeF skl ToF P )
& EyiReECopilCaNEY ( ket ') 'w &) o fe ls (o fhis) el ol S0
L;{:Liﬂle Clonitenit’ s @rie ™ ©F © & 18 [ 1)y Bl Telderue Sl
MEOTISIORRIGIER ONE) i to! (o) lohus. ok BF lo) fin ) oL ke) [P lRA O
GPermeability o BrEl O 1 e B ) e 2 ey 1Y T penl oL
§ Punthe® -Chemical Tests §-w s w o & g w4 b 82
(3) Construsticl Control v ae g @ wap@ g aw °
(b) Testing Methods on the Completed Dille o o o o o ¢ o o 0B
(l) Meviemenit; Snl ithie” Rams, o 6o & 6 B 66 © 6 o fe) otansy ©F
(2) Dynamsle] Sol MEestHa! & o kb o o b e o' ohle a=vc i
7 Watter Chnivent and Percoliaitionk) f 6 el 1o (o @hE o GF ©
)

]

(3
(4)SOilPreSSUI'eSo.ooooototoocoaoo

PaI‘tIV—SUmmaI‘y......oo-..-o..o--.oo..v9

SOUI‘CGS......o.cooo.ooooooooooocoeo'-L'l



METHODS OF TUSTING CONSTRUCTICN MATERTALS TO DETERMINGE THEIR
SUITABILITY ¥OR USE I AN ZAKTH DAM

IWTRODUCT ION

The response to this question, propounded by the Inter-
national Commnission on High Dams of the World Power Cenference, and
whick is to be discussed at the meeting of the conference in Stocl:-
holm during the sumazer of 1933, must be restricted to the narrovest
limits in accordance with the instructions and policies laid down
by the Standing Committee of the Commission, because otherwise the
temptation to bring into the report elements from a large field,
such as geology, soil mechanics or foundations either from consid-
eration of thcir close relation to the problem or Tor the sake of
comple tecness, would be very great. For these reasons any discus-
sion of ecarth as foundation has beon avoidcd and only carth as con-
struction material for dams has becn trcatcd. However, even though
the questions put by the High Dams Commission rclatc only to the
garth dams which impound reservoirs, all of the mcthods used in
conncction with embankments and transportation canals, power canals,
and thc settling basins of ore dressing pilants, or with levces and
dikes, arc pertincnt tecausc of the similarity bhctwcen the comstruc-
tion materials, their method of introductiom into the strueturc,
and the physical conditioms during and artcr construction,

In Part.I the following qucstion will bc taken up: What
propcrtiecs makc & particuiar soil type suitable for usc as a con-
structior matcrial in dams and which propecrties may prohibhit its
usc, cithcr entirely or in ccrtairn parts of the dam? In this con-
nection the report must go into the design of thc cross-section, as
wcll as the type of constructiom which is planncd, whetler dry cump-
ineg iseraping), hydrawilie fillyy meliled NS, on banpinsg, clEerERiEiGn
thesc features are intimately relatcd o the applicability of the
soile Also the principal dimcnsions of the¢ dam, particularly the
hcight and with it the watcr pressure, must te considered,

Primarily ornly rccent dam and cmbankment construction in
Germany will be krought into the discussiore

Part II takes up the physical condition of the water in
the soil,

In Part III arc treatcd the oxperimcntal mcthods ©y mecans
of which the¢ important spropcrties of the soil arc discloscd and
tested, both at the borrow pit and during construction, as wcll as
in the finishod structurc,



PART I

THE MECHANICAL ¥FUNCTIONS OF THE VARIOUS PaRTS
OF AN EMBANIMENT OR Bl

The soil to be empioyed in an earth dam rust fulfill var-
ious functions and must therefore pcssess a number of different »nrop-
erties., 4As @ rule either all of these properties are not to bhe found
together in a single soil type or ot least not imr their full degree
of perfection, or, if the soil is espccially suitatle, it will either
not te found im sufficient guantities for a large dam or will not be
adantable to excawvation by large scale methods, It has therefore
hecome customary to assizn to the various parts of the dam particu-
lar functions and to distinguish in the more recent and cerefully
constructed high dams:

1. &n impervious part, whose function is to prevent or to re-
duce the nenetration of the impounded water;

2o A supporting part, whose function is to withstana the ver-
tical and horizontal forces (weight and water sressure) and to trans-
mit them into the foundation;

S. A protecting part, whose functiom is to resist the attack of
flow, waves, ice, and frost on the upstream side, and of rain and
w7ind on the downistrean: sidse. 4 discussior of the destructive ef-
fects of vwriowing animals and the @opronriate corrective measurcs
does not belong here, In a dam so constructed, this afiords the
possibility of utilizing soils of very dif foerent tynes, each in its
appropriate place,

In many cascs the impcrvious and supporting parts of the
damr consist of a single homogeneous sSo0oil which performs toth func-
tions; particularly in older dams of low height, or with flood com-
trol reservoirs seldom filled and guickly eriptied. The practice of
the Prussian Ministry of Agriculture in 1907, with regard to dems,
recognized only "dam~earths"™; the report ol the Comalssion on Lams,
of the German Association Tor Water Rcoaomy and Water Power foxr 1S30,
concerning the "Principles for the Besign, Construction and Use of
Lams™ on the contrary, recognizes in addition to homogeneous dams,
the dam with functional divisions.

The impervious and the protecting rarts are also sometimes
comtined in the form of a concrete aprom or siope pavinge

(a}) The Impervious Body

The water seal of a dam is of decisive importance, This
is effected either by means of a tight soil, by means oi concrete
(also with masonry ox cement mortar) or ty mcins of steel skeet

pilinz. +ith either the concrete ox the sheet piling an addaitional
seal of cohesive soil is generally understood,

)
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Where there is to be a single seal (figure 13), or where,
as alrecady mentioned, there is to bte an auxiliary seal with concrete,
or sheet piling is to be used, the impervious body lies on the up-
stream side at a flat slope under a protecting layer of sand and
stone or concrete (figures 1 to 3); or where there is danger of
sloughing of the impervious so0il it maylie farther in the inte.ior
of the body of the dam at a steeper slone under a stronger protect-
ing layer which serves as ballast and as resistance to sliding (fig-
ure 4); or it may be arranged in the interior at the middle of the
dam as a core,

The problem of sealing a c¢am on the upstream side with a
concrete or masonry apron without any impervious layer of loam or
similar soil is really foreizn to the question in hand; it will be
treated briefly later (figures 7 and 8}, It represents an excep-
tional practice in reservoir embankments, :

The significant propertiss of a soil suiteble for pro-
ducing a water seal are:

The greatest possitle impermeatility.

Sufficient plasticity to form a coherent sealing layer,
The greatest possible cohesion and internal frictiom to re-~ C:Q
duce the danger of sloughing,

A low water absorption capacity and low swelling so that
the soil neither dissolves, flows away, or slougchs,

Iow shrinkage upon drying so that no fissures fonm, especially
during construction, before the protective .layers have bteen applied.
Also tecause of the possibility of settlement of the deam, the com-
pressibility of the matcrial to be considered, and, primarily in
conjunction with thim concrete aprouns, the resistance to frost -is
of importance,

At present the so-called cohesive soils, clay, red clay,
loam, boulder clay, boulder marl and inarl are used exclusively for
impervious seals,

The old dams of the Oberharze Mine, built in the sixteenth
and eighteenth centuries (probatly also those of the Sexon miners
in the Erz Mountains (figure 9) utilized a snecial type of seal made
of sod or turf blecks which proved quite satisfactory but which have
not been used again in recent times,
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[im the older dams the hceavy sod layer was placed on the upstream
side (figure 10); in the later dams it was placed in the interior

in a trench which reached into the impermeable foundation (figure 11).
For the rest the dams consizted of rubble and talus. A 17-meter
high dom in the Oder bhasin constructed between 1714 and 1721 ({i-nre
12), esxhitits the only departure from this practice by utilizing
downstream from the soé core am additional fixed ccre of dccomposed
granite, a product of kaolinizirg decomposition, which czhibits
certain cohcsive propertics; the rcmainder of the dam is of dry
masorry with moss packing in the jointse The tight root mass of

the sod whick held the earth together effected the seal and thus pro-

tected the dam from piping (9);. ,

The upper end of the impervious laycr must ke carried
higk cnough abowe the highest rese.voir level - including allow-
ance for flood conditions, ipiling up from the cffeets of wind, and
wave actiom - so that any consideratrle guentitics of atcr may be
prewented from climbing over the imporvious layer through capillary
action im the proteccting apron; this capillary risc cam te defi-
nitely broken ty mcans of a layer of coarsc-grained suvil,

Wherever possible the impervious layer shonld be con-
nceted at the bottom and the sides vwitk either en impcrvious or a
very slightly pcrvious foundation or atutment in order that watcr
Wwill not scep under or arovnd the dem; in addéition to the loss of
water from the reservoir any considerable movement of water through
the adjacent foundation or atutment cam lead to the destruction of
the c¢am through rupturc o sloughing of the dowmstrcam face., The
conreetion to the impervious layer of the foundation or the abut-
ment where the depth of permeatle overburden is mot grsat, should
he made by muans of a trench filled carefully under water with the
impermeable soil. (comparc figures I to 4, 13 and 14). Where the
depth of the pnerzious overburden is greater or where large quanti-
ties of watcr would penetratc into the trench, steel sheet piling
is indicated (figurc 15), provided the prescnce of large toulders
would not »nruvent the ir tight junctiorn with the impervious founda-
tion, In this case am dmpcrvious hlanket ox apron is implicd. IFf
the junctiom witk an Impervious foundation is not obtainable, thon
the patk of ncrcolation must be cxten:led so that the flow gradicnt
and with it the quantity of flow is ruducede. This can be accom-
piished citheor by driving sheet piling or a clay well deep into thke
foundatior, or by placiny en impcrvious apron of impervious soil on
a long slopc om the upstream side (figure 16), Yiclding soils (bag,
for ezemple) must be removed from wder the impcivicus apron and
from under the ddm itsclf im order that setiling erecks whiech weould
open short channels with a scvere gradicnt under the dom shall xmot
oceur as the remult o the earth or water londing. The choice as
to whether sheet piiing or am apron is to e used is also & gucstion
of cost, but vhere amplc impervious material is @t hand $hc apron
will im goncral ke cheapers Investigitions as to the impermealb:ility



and the formmation of the foundation and observations of the grad-
ient of the natural ground waters at the site of the dam will dis~
close whether cr not an apron can be made to suffice in consider-
ation of the increased excess water pressure of the reservoir,

If any weaknesses are exhivited either in the slope or
at the foot o»f the slope ¢n the upstream side, repairs cam be,read-
ily effected when the re¢servoir is emptye. HMuch more difficult
would be any repair operations if the impervious clay layer were
combined with sheet piling or a trconch in the middle of the dam,
In massive dams witk ccres, which will invariakly te founded on’
rock, the inspection gelleriecs always present will affort oppor-
tunity for the plugging of leaks after constructiom, with no great
difficulty vhether in masonry or in a fractured rock foundation,
With sheet piling, care must be #aken that mo vertical channels
ajong the lock joints which would coanduct wrater from a point of
high pressurc to one of lower pressurce be lcft open; for example;
from the lcier cnd of the piling tc the head romeining in the im-
pervious layer (fisure 17).

Injuries to the impervious layer cam takc place in vari-
ous ways: '

1. With the sloped. impervious layer, the protecting apron .
and the impeivicus layer may sloush away together as a result <:3
of the leaching and dissolution of the upper surface,

2o As a result of the venetration of water into the imper-
vious bcdy its shearing resistance may be so reduced that a slid-
ing surface is formed in the impervicus material itself, particu-
larly if there are sudden changcs in the reservoir level, Tamping
end roller laminations sometimes define the surfaces of such slides,

3e Through transposition of the soil, ®ach impervious layer

nust act &s a filter, foir a completely impervinus tlanket can
scarcely be expected in artificially plazed soils; also the tight-
est soils are also the soils with the smallcst angles of friction
end are thereforc the most susceptible to sloughing. (Where it can
k¢ avoided they arc thercfore nover uscd.) The water which is

forced into the s»il con the upstream side under pressurc nust de-
btouch vm the downstream side with its pressurc completely rclicved
and with so small a velocity that it will be impossible for it to
carry the fincst particles farther into the neighboring and suppart-
ing masse Thce vcids of this supprrting layor must not be so large
that portions of the impcrvious layer may ke prosscd into the foun- .
dation or into the mass, for such transpesition of matcrial would
produce coviticse

On the contrary, a favorablc condition froa the point of
view of the permeability and therefore from the point of view also Cj

of stability, may result if beeause o cither transposition of soil

5



rarticles or the chemiecal separation of dissolved materials; Q)
because of the deflocculation of irreversible colloids (hydrate of
iron oxide, silicic acid, or humus compound) a spontameous seal
on the upstream side is produced.

Careful moistening of loamy and sandy soils with lime
mortar and tamping im very thin layers will produce a particularly
strong and a dense body for the dam (figure 18).

The thickness of the impervious layer will depend upon
its peimeabpility; furthermore, this must be increased toward the
bottom in proportion with the water pressure. The impervious seal
placed as a zore will require the smallest quantity of material
since this type 1s most protected and will be further consolidated
ty the settlement of the dam. Nevertheless half of the tody of
the dam will te saturated. XYor this reason the path of the wster
penetrating the core seal and the foundation will be consideratly
shorter for the same treadth of tase of the dam than if the imuer-
vious blanket were placed upon She upstream .face.

In dams of great height the scili in the deepest portions
is under greater pressure, for the most ~crt under much greater
pressure than in the borrow nits. The water which is naturally
present in the soil as well as that which either intentionally
(as in hydraulic fills) or unintentionalily (rain) is added to the -
materisl during construction, insofar as it is excessive, wust te
giver. time and opportunity to drain off; otiherwise the over-
saturated soil wilil act upon its environment - for example, core
walls, pine gallieries - as a viscous fluid weak in friction or
shecar and will become susceptible to sloughing or piping (compare
helov) .

The speed with which tke coastruction of a dam mogresscs
thus has a consideratle becaring upon its safctyve.

(b) Thec Susporting Eody

Yihereas the imporvious body of the dam must permit the
nenetration of as little water as pessible, the sunporting bodir
on the contrary must permit such seepage water as passes the in-
servious layer as sell as any rain water which has penetrated the
dam, to fall rapidly towards thc botta, and must conduet it under-
ground away from the site of the dam. (A dam constructed through-
out of urniform "impcrmecable" soil ill be considered later.,) Thon
the ma jor portion of thc suproriting body will remain dry and cap-
ablc of resisting horizental forces, Sufficient shecaring strength
and permeability is thercfore an imporiant rcguircrient of soils
far supporting bHodies. 'Their compressibility must te small;
thercfore they must be compacted as densely as possitle auvring
construction im order that sukscquent settlement - particularly x|
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unequal settlement - whick migkt endsnger the various structures in
the dam (weirs, outlets, core walls, sheet piling) may be avoided,
The elastic condition of cohesive soils is therefore very disturb-
ing since it may vitiate the initial artificial compaction in part,.
Gravelly and sandy soils retain their compaction. A high density
increases the resistance to horizontal forces; the particularly

light organic soils (peat mold, marshland, and such) may be elimi-
nated for this reasome. he differences im density of the useful min-
eral soils are fairly small; they depend primarily upom the density of
the deposition and upon the water content; the specific gravity of
most of the soil-fomming minerals is almost the same (about 2.65).

If sufficient so0il of the necessary permeability is not
available for the entire supporting body, then at least the down-
stream side apd the deeper parts should be made of this material,
while the upstream part and the upper nart may be constructed of the
less permeable soil, '"Percolation layers® in the interior of an
otherwise only slightly permeable supnorting body have been used
only occasionally in Gemmany (figures 19 and 20). On the other hand
foundation drains have often been built either of coarsc stone filler

(in trenches) or of drain pipe with filter type btack ill (compare

figures 16 and 20) or by excavating thc tight loam layer over a por-
meable gravel layer undcr the downstream toe of the dam {comparc fig-
ure 6) when conditions such as are fr.quently found in river valloys -
existe Foundation drains can not, howcver, be permitied to wash out XLD
any of the soil without danger,

In dams with concrcte cores any water that may pcnetratc
the core is collected on the dowmstrcam side and carried harmlcssly
dovmward through dry masonry (comparc figurc 5). This stonc rack
fill, howcver, must not bc of such a naturc as to yicld under the

inf lucnee of horizontal forces, for the concrecte corc which is not
designed for bending stresscs would thon carry the complete load,
Dr. Ing., Collorio, dircctor of the Harz Vatcr Company, proposcs a
doublc wall of stcel sheoct piling witk a gravel filling to conduct
the water dowmward.

(c¢) The Protecting Leyer or Revetment

On the downstream side sod in its natdve soil is sufficient
to conduct rain water to the toe of the dam without the formation of
injurious fissures and gullies, High embankments are made with berms
on which the water is collected in small ditches and led awaye. Sprink-
iing water should be permitied to penctrate the soil only so far as may
be necessary for the growth of the sod., For this reason the upper sur-
face should be kept smooth and plaim. As to the propexrties of the
soil, mo particular requirements need be mentioned except that it shall
provide the proper nourishment for the grass., For the most part the
downstream toe 1is equipped with a reverse stone filter to prevent the
debouching seepage water from producing piping or leaching (figwe 21).
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Similarly the crown of the dam - assuming that it has a
gentie slope - and occasionally also the upper part of the upstream
slope beyond the reach of the water may also he covered with sod
(figure 18). If the reservoir is purely for flood control purposes
and is only rarely filled it may hte suf ficient if the dam is cou-
structed of good material, to cover the entire upstream slope with a
dense tlanket of sod (figure 22), or with & pavement as is the prac-
tice in river and sea dikes (figures 23 and 24).

Over as much of the dam as is permanently under water, and

particularly in the range which is subject to fluetuating water
levels, a revetment is required which will provide protection against
the attack of waves, drying out of the impervious layer, frost, and
ice, Protection against current movement is generally important only
in the vicinity of flood-water outlets in some dams, whereas on the
other hand it may frequently be necessary where power intake canals
are inmediately adjacent to the dam.

The usval form of a protecting layer consists o & hlanket
of material laid up in the manner of the reverse filter (compare
figures 3 and 16) in the following ordsr: coarse sand, zravel or
stone chips and crushed rock, and a Tiller of fines or of mortar,

The whole serves also to load and hold down the impervious layer,
The more rounded rock (rubkle or river gravel) rolls easily into
koles or cavities that may be formed hy the impact of waves or from ;:E
the ice, A filler of sharp-cornered troken stone, particularly if
it be carefully wedged with stone slivers, is more stable; however,
unnoticed cavities may be formed under the arched deck from the .
washing action. These then become danger points in the impervious
layer., This is even more possiltle with pavement on sand and pavement
on mortars, On the other hand the smooth pavement is least sul ject
to the attacik of ice. The momolithic concrete apron is treated in the
next section om dams of umiform materials (compare page 9 )e AS con=-
struction material for the protection layer on the upstream side, a
coarse sand which wiil not slough and stones of all kinds so long as
they are water and frost resistant, are well adapted, The greater
their weight the more valuable will they te., In stones there will te
found a much greater difference in densities than in soils (basalt
2.8 to 3.3 tons per cubic meter, diakase, diorite about 2.9, granite,
syenite, gneiss, porpkyry about 2.8, grey wache 2.5 to 2.8, slate 2,7
to 3.5, sandstone 1.9 to 2,2, iimestone 1,5 to 3.0 tons per cutic
meter)., If the impervious layer lies more nearly in the interior of
the dam or in the core of the dam, then the filter tyoe of protect-
ing layer is not so imporitant; the nrotectimng layer acts ther pri-
marily as a load or as a surchar;e in® as an sguilibront agginst ™
glouvghing of the satvratedtdan hody;  hi h shearing resistuance is
ther efore important (conpare Tigure 4,




(&) The Lam of Uniform Matcrial

In tlke dams in whick the different functions are not separa-
ted into the different portions of the dam, that is, dams made of uri-
form soil throughout, three cases must be distinguished: eitler the
soil is highly imperwvious, weakly pervious, oxr Tery permeatrle,

Very impervious are fat clays, fat loams, clay-like muck
awd marl, so muck so that they may be utilized in dams without Jjoints
or Iayer s, Much has recently been published concerning the formation
of more or less dense laminations during rolling, the so-called ¥Yroller
skizn" and of tke danger of their presence (14), In contact witk the
water in the reservoir these soils rich in colloids may aksorb certain
guantities of water (compare page 12). Therein lies the danger of
their slipping or sliding, This consideration is less important for
reservoirs omly briefly fiiled, such as the sea dikes which ars often
composed of marl; for the mowement of water in very dense soils is ex-
traordinarily slow so that in this case the tody of the dam never
achieves complete saturation, Another danger of wvery fat soils is
that of the foxmation of fissures as a result of ¥ery slow and lorg-
continued drying. This, howewer, can he prevented with an adegquate
covering layere. Also the rather laxge settlemernt of such cohesive
soils shcul.c %e noted. The moisture conditions and the cranges in the
moisture conditions of ¢ams with the lapse of time may be investigated
hy means of grcunc water olssrvations., This method which is useful in
permeahle soils is impossitle in very dense soils since these exhitit
no distinct ground water surface and no pronounced saturatior line
(see page 16)., Because these dense colloid soils are very unreliable
in their relationship with water, special and more dependable seal.
tecome necessary. The dam i1s then no longer a unifom dame Fat clays
and loams may he diluted with additions of sand, a process which re-
guires very careful work,

In the weakiy permeable soils of uniform dams whick act as
stow filters, the grain distribution must re so favoratle that the
finest particles are not washed away; the voids of the coarsest soil
framework must he well filled with fine grains, Tie saturation line
which in this case is ecasily distinguishabtle must detouck very low
(on the downstream slope), a feature which is achieved by the proper
design of the dam cross-section; the guant ity of seepage water (ani
thus the loss from ths reservoir) must te small. The toe of ths dam
cannot be permitied to softer, The entire mass of such & soil must
be vniform tiroughout so that during constiruction no penmneatle veins
and pozkets may be formed. The practice of dumping lends itseif to
this condition, for the coarse particles roll to the foot of the heap,
and it is very dif ficult im pmctice to correct the effect of sush
depositiones OCnly in rare cases can such thoroughly uniferm fill mate-
riaf of the most favoratle proportions bec oltained from the torrow pit
ny mass production methods, Ncither do the most reeent denvsiting
machines which gather up and redistributc the looscned soil afford
complate safety against the formation of such laminations, weins, or
pockets in the body of the dam,
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Through the deposition of fine sedimentary material ou.the C:>
slope of the embankment or through inundation, or as the result of - _
the precipitation of irreversible soil colloids (irorn oxyhydrate, RN
silitic acid, or humus compound) the body of the dam whick acts as a
slow filter will gradvally and eventually seal itself,

If such a dam of the same impermeable type is constructed
ty hydraulic methods it is possible that the unavoidatle sorting of
the soil according to the grain size may cause the deposition of the
finer parts om the upstream side and of the more coarse and permeable
parts on the downstream sid@. This method is not yet used ir Germany
for reservoir dams; however, in combination with & hydraulic dredge,
transportation from borrow pits by means of wagoms, and hydraulic
distribution and sorting at the dam the method is well adapted to the
construction of high canal embankments (16),

To construct a nigkly permeable dam contradicts the implicit
purpose of the structure; namely, to impound water. Permeable dams may
be used for clarifying or settling btasims in conne>tiom with ore dress-
ing plants and are desizned to filter the water brought to them laden
with mineral particles. Such dams cannot, therefore, be tightly con-
structed, Their height is often consideratrle, but the free depth of
water nevertheless is gquite small since the lcwer part of the reservoir
is filled with the precipitated sediments. The body of the dam con-
sists of coarse stone fragments affoirding considerable friction, Con-
sideration must be given to the sliding effect of the percolating

water because of its steep gradient. ¥Yor such embankments of highly
impermeable material designed to transmit the water any special seal
gan of course not be permitted.

In other lands dams of this type arc frequently comstructed
of boulders or gravel, but in Germany seldom; for example, the scwer-
age and equalizing basins of the Middle Isar; more oftexn pcrhaps for
embankments of large power canals (zompare figurcs 7 and 8). For res-
ervoirs, the seal consists of a concrete apron placed upon the slope
either with or without a cutoff wall of sheet piling; for canals, a
concrete shell generally encloscs the entire cross-section. In many
cases an additiornal seal of a layer of cohesive s»il is added, In
this ‘event thc dam can scarccly te considercd as onc of uniform mate-
riale.

Fecause of the umpreventable settlement of filled soils
there always exists the danger that fissures and open cracks which
may admit large quantities »f water may te produced im the inflexitle
concrete apron., #1so large concrete gurfaces cam szarcely be made
watertight, The perecolating water may transport the finer particles
of the btody of the dam further toward the interior and dowmward and thus
produce cavities under the concrete apron so that after a certain
amount of the progressive extension of these cavities the concrete
erust may collapse umder water pressure, So much water may then
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penetrate the dam that it may be quickly cestroyed. The possibility
must also be considered that lLecause of the presence in the otherwise
permeable material of the layer of relatively impervious (containing
loam) material a region may be formed under the concrete shell which
can retain the water. As long as the reservoir surface remains com-
stant this will not be a source of danger; nevertheless if' the reser-
¥oir level should drop sudlenly tke concrete crust may te broken off
by the excess water pressuie on the under side, This may initiate
the destruction of the dam or embankment.

The hydraulic smoothness of the concrete paving of the eni~
bankments of power canals is of great importance iz conserving the
hydraulie heads In navigation canals the concrete shell must he pro-
tected fram injury with a thick layer of sand so that the reduction
which would result im the resistance to the passage of ships without
this layer is of rno consegquence,
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PART II

THE PHYSICAL PHOCESSES TRANSPIRING IN THE BODY OF THE DAM

(a) Soil and Water in General

Before discussing in detail the narticular properties of
soils suitable for the impervious layers, the supporting body and
the protecting layer of the dam, and the methods of testing, cer-
tain general remarks must be presented concerning the relationship
existing between soil and water; for these relationships are decis-
ive in the appraisal of the suitability of the soil for use in an
earth dam. The extraordinaiily lar;e number of investigations
in the field of soil science are initiated for the most part from
the agricultural point of view and treat the soils as a habitat for
plants, whereas from the point of view of counstruction materials
soils heve been much less investigated. IFrom both standpoints the
physical &nds the chemical conditions are netusally the same; in the
application of the particular properties and in their significance,
however, there exists a very great dif ference,

Every natural soil from the noint of view of construction
is a mixture of mineral particles and water and possibly of air,
Thé ground water contains dissolved mineral salts im various kirds
and quantities, sometimes also carbon dioxide, XHecause of their low
specific gravity and their tehavior with relation tc water, soils
with considerable quantities of organic origin (marl, peat, muck,
etc,) can generally be ignored in connection with dam constructiom
as has buen mentioned; on the contrary organic materials which may
be dissolved in water (humus acids ané the like) may exert an im-
portant influence (compare page 21.).

It is convenient to distinsuish two principal types of
soils: granular, noncohesive; and sticky, cohesive. Between the
two are all pce sible types of the transition forms, € ach according
to the proportion im which the two types arec mixed., In connection
with the granwlar types of so0il are met the simple manifestations
of capillarity - in fact for the more coarse*soils the effect of
water except for uplift may be neglected; on the contrary careful
colloid rescarch must bc applied to cohesive soils with their large
proportion of colloidal particles in order to oktain a knowledge of
their phenomena,

The testing of soils withk regard to their graim size dis-
tribution is therefcre fundamentally importante.

Soil scicnece distinzuishes the following sizes of grains in
accorcance with the internationally accepied Atterberg classification
(6):

O
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Diameter Diameter

Pea gravel, gravel (rounded),

rock {angular) over 20 mu,
Grits, gravel (rounded), 20 - 6 mm., coarse
and fragments (angular) 20 - 2 mm, 8 - 2 mm. fine
Sand 2 - 0.2 MM, 2 - 0.6 mm, coarse
Crab = o2 Ml Fine
Meal sand 0:2 - Qa02 mm, Ne2 - 0,06 mm.coarse
(Swedish "ilo") 0.06 - 0.02 mm. fine
Silt
(Gemman "Sckluif") 0.02 - 0,002 mm., N.G2 - 0.006 mma. coarss
.006 - 0,002 mm., fine
Colloid clay < 0,002 mm, 0l s(mi.crons )
(Gumeo) w2 - 0.00Ydnilli~

microns'.

Particles smaller than 0.CO0L 4/ 1 mm (Hanno meter) are con-
sidered to be molecular components of pure solutions

(1} Granular Soils

In noncohesive granular scils water occurs in three different
forms; namely:

l. Ground water.,--This fills all the voids completely, is sub jected
in general only to gravity forces and during flow to frictior, and is
analogous to cpen water with a gradient dependent upon the resistance to
fiow (width of void, wolume of void, density of depositiom). It may also
be transmitted from points of higher elesvaticn through underground chan-
nels under pressure (artesian water). The surface forces of the soil
particles are not ncticeatle,

2. OGapillary and Tensile Water.--*This fills the finer voids of

the soil above the ground water level e ither completely or in conjunc-
tionm with air and water wvapor, is held abcve the ground water level
against the air to a height corresponding to the so-called capillary height
and in contact with the air forms menisci which produce tensile stresses

in the water. In relation tc the ground water level it therefore exhib-
its negative pressures., In addition to the gravity forces, the frictiom,
and the surface tension opposed to the air, there occur aisc im this
"tensile water" to a certain extent the surface forces of the so0il par-

* Some experimenters distinguish further between these two forms of
water (6).
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ticles; these surface forces hold the water fast im a layer thin in
compariscn w th the dimensioms of the soil particles whereas other-
wise it would move freely in the void. Additional water which may
e added flows into the ground water as "percolating water."

3, Adsorbed or Eygroscopiec Water interspersed with air in the
zone ahove the tensile water.--This is subjected only to the forces
of circumstance and to the attraction of the soil particles, but not
noticeatly to the gravity forces and friction. The layer of water
immediately next to the soil particles is in a campressed state and
can therefore be separated ornly with great difficulty (partly by se-
vere heating); the total thickness of the water shell depends upon
the chemical nature of the soil particles and upom the electrolyte
content of the water as wecll as upon the external pressure; the air
in the soil is im equilibrium with the wvapor pressure.

In addition to the fluid and the wvapor formed the water
may also take the form of ice (see pagelf).

(2) Cohesive Soils

Cohesive soils are distinguished by their content of soil
particles of colloid size (one micron to one Mannometer), This pro-
portion in the mixture fixes almost conclusively the magnitude of the
boundary surfaces tetween the solid phase (soil particles),. the C}
fluid phase (water), and the gaseous phase (water vapor ani air).

The mutual tehavior of the phases of the system rests, however, upon
the houndary surfaces alone

Zunker (6) sives the follewing table of developed roundary
surfaces for one gram of solid material of specific weizht 2.6 grams
per cubic centimeter for spherically shaped particles. The over-
whelming importance of the finest portimms is well illustrated,

TABLE OF LEVELOPED ZOUNDARY SURFACES

' : Phase
; Diemeter Lverage ¢ Boundary
Size : Limits ; T iameter . Surface
Classification, I, y mm . . em.2/z.
i t
Sand 12 - .2 P 0,53 44,6
, !
¥eal sand io.@ - 002 ' 0,053 446
| .
Silt }O - 0.002 , 0.0053 . 446C
‘ i
Colloid 1,002 - .000001l 0.0000077 2,990,000
Clay : = 3/{ - ¢1un' (= 22¢ m.=2)




A sharp delineatiomn between the coarse-disperse system of
granular soil types and the colloid system of cohesive soils does not
exist because of the infinitely various proportioning; the propertiies
overlap, Whereas the soil particles dovm to the size of the silt
fraction are still so large that they camnot be stimulated into mo-
tion by heating of the molecules of water, the finer particles of the
clay fractiom are subject to Erownian movement and produce osmotic
pressure, Whereas with the silt also, the voids, even with the most
dense possible compaction of the soil. particles, are extremely large
in relation to the magnitudes of the molecules of water and dissolved
materials so that for the most part the water is free to move and thus
the soil is more or less permeable, for the finest clays im their most
dense state of consolidatiom the size of the void is mo longer so sig-
nificantly large ir comparison to the dimensions of the soil particles,
A very considerable part of the void water 1is securely anchored ty
the electric fields of the soil material and cam move only with diffi-
culty; the innermost layers of the water molecules are subjected to
pressures of thousands of atmospheres. The permeability of very pure,
densely deposited, fat clays mey completely vanisih and imn any case is
very small, With clay and loamy soils the considerable part of silt
or sand in addéitiom to the colloidal portion increases the breadth
of the voids and with it the freedom of the water or the pemeability.
Also, it is of considerable importance whether a cohesive soil cxhihb-
its individual grain structures, whether the colloid forces are de- C}
flocculated or disperscd, and whether the particles arec densely de-
posited or exhibit a honcy-combt structure with larger cavities in an
otherwise dense soil mass., Thesc things depend upon thc manner in
which the soil is dcposited, upom the electrical capacity of the soil
particles which may be influenced by the clectrolysis of the soil water,
and sometimes upon the lime or salt contente The chemical nature of
the soil material bccause of its various chemical valucs or electrical
capacities influenecs also the density of the laminated and firmly
held shell of watecr about the soil narticle and thecrewith its freudom
of movement, Thus tke univaleht sodium carries a much thicker shell
than the divalent calcium or the trivalent aluminum, Silicic acid
in the form of quartz can retain the divalence of the water molecule
in a satisfied condition only on the Zaces, edzes, and corners of its
crystal lattice and with very little force or in thim layers, The
silicates of clay on the contrary, om whose corners and edges free
charges - and these predominantly negative - of anions of the space
lattice occur, anéd nomally a@sorit the positive water molecules and
draw to them zlso the negatively charged catioms of soil solutions (3)
which on their part again lay on water to the extent permitted bty
their free excess charges (hydration)., To completely satisfy the ca-
tions requires very considerahble quantities of water; concentrated
soil solutions may partly withdraw this blanket of water from the col-
loid particles (denydration),
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The smount of this water and water vapor (hygroscopicity)
is used as a measure of the developed surface of the soils This,
however, is only acceptakhle under limited conditions since the gquan-
tity of this blanketed water as has teen said depends apnreciably
upom the mumter of the sorbant particles in a unit volume, their chemical
nature, and the mumber of ions appended to them, If the determination
of the hygroscopicity is made according to the method of Mitscherlich
(5) (compare pagel) the method is above ecriticism, for maximum hy-
dration is always achieved and all the water which is required for
the release of the entire heat of hydration will be blanketed upon
the particle (3),.

Colloid cations and anions of soil adhere to each other
under the attraction of their opnosing charges and form larger urits
with corresponding reduction of their surTace areas and thus of the
quantities of "water-tlanket"; they coagulate or floc; these coagu-
lants can bte irreversitle and form concretions iz the soil; for tke
most part they are reversible and the soil will re-acquire its orig-
inal quantity of water, Through the introduction of umivalent high-
1y hydrated cations (for example, sodium) through more hizhly valent
less hydrated catioms (sucl as calecium and aluminum) the soil parti-
cles may be drawm together with a loss of water which may lead to the
crumbling of the soil; conversely the introduction of highly valent
cations through univalent cations will produce separate grains
(peptisation), and irn the presence of ample quantities of water will C;
lead to the dissolution of the soil, Slightly hydrated colloid par- )
ticle s are protected against floccing through the blanketing accumu-
lation upon them of the kighly hydrated colloid particles (protect-
ing colloids; for example, colloid silicic acid, and humus substances).

These hriefly sketched remarks have an important bearing
upon the strength properties and the permeability of the soil since
the soil in a dam is permeated with solutions of various kinds and
under certain circumstances may he intentionally influenced by the
addition of lime mortar or lime powder, 'To the samé extent these
chemical relations are important in latoratory testse

. Meny investigators (2) attach considerable importance to
the form of the particle in colloid clays as influencing their re-
havior; thin flakes such as those of clay, mica, talc, etc. yicld
much more under the influence of pressure than the more round par-
ticles such as quartz; irp relation to their weight they have a Zarger
surface andé larger surfaces of contact; they tend therefore to deposit
themselves in parallel laminations so that their plasticity and cohes-
ior are augmented, MNevertheless the electro-chemical ®ehavior of the
elem=nt of cohesive and granular soils must te recognized as the prin-
cipal cause of their various physical properties,

Water in the form of ice may have a unique effect in cohesive
soils sometimes even in the impervious layer under the slope, whereas those
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phenomena do not exist in granular soils, In clays the expansion of
the water during freezirg does not lead to a umiform expansion of the
soil, ©n the comtrary the freezing water builds itself up im the places
where the ice crystals first begim to form., Here larger ice crystals
quickiy form, forcing tke clay particles aside farther and farther from
the regiom - to a greater extent in proportion toc the amount of under
cooling ~ and other water particles draw in and are deposited as ice
crystals, In addition to the increase in volume and to the loosening
effect, there remains, after thawing, a network of fine and larger
channels extending into the interior of the clay (12). There exist

ice layers and upward pressures, and, during thaws, an increase in the
water content and therewith a softening of the soil.

(b) Pressure and Pressure Changes in Soils Containing Water

The soil water must achiewve squilibrium *etween the ext@rnal
load and the internal pressure of a poly-disperse systems If not,
movement begins, partly in the water and partly in the soil, The
equilibrium conditiom is called the "natural water content" of the
soil,

(1) Granular Soils

In granular soils the sorhant capacity is very weak, the CIA
hygroscopicity is small, and the "water-blankets" are subjected to
small pressure; the individual soil particles, separated only hy a
very thim shell of water, are in wvery close contact and therefore in
a fairly stable position. This does not mean, however, that they have
the most dense arrangement or the smallest volume of voids, DParticu-
lariy in the case of very irregular grain forms, for example, needle-
like, plate-shaped, or knobhy grains there may exist a wery btulky de-
position with much greater void volume, according to the method in
which the soil was formed, If the soil changes from the tulky forma-
tion WA to a more dense, ther it settles witk a reduction in volume
which has teen oftemn observed, This change in the relative positions
af the particles can be brought akout through flowing water tut par-
ticularly throughk vibratiom (shaking, tamping or oscillating). An
increase in the static external pressure does mot have so great arn
influence upon the rearrangement of the particles and upon the com-
paction; also the shrinkoge of the already very weak cells of wmater
with the increase in the pressure causes only & very insignificant
inecrease in the density of the soil, On the other hand the increase
in pressure may fracture the soil pariicles and produce elastic defar-
matior whick may after all produce an increase ir the density of the
soil, The volume of the water itself or its density will remain prac-
tically unchanged for any praciicgl range of ircrease in pressures,

When soil is compacted either as a result of an increase
in the pressure or by wibrating, the water tecomes excessive; there
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is more present tham is necessary to fill the pores, In gianular
soils it generally flows quickly away. Until this hannens it is
subjected to an excess pressure (a condition of over-saturation or

of stressed void-water); the friction of the solid particles is re-
duced; the soil tends to flow or to float; it takes or the proper-
ties of a heavy fluid, Appreciatle resistance to this flow is offered
only ry very fine and uniform soils; wherefore these are subject to
sloughing, With a reduction of pressure granular soils take on very
little water, it swells very weakly; sinece only the elastic compression
and to some extent the water ir the shell of the graim is recowered

a compaction produced by the rearrangememt ané the fracture of the
particles remaims,

As lorig as the water is mot farced back intoc the material
(conditiom of under-saturation) tensile forces exist in the void-
water which compress the soil; at the boundaries with the air and the
soil, concave meniscl are formed; also air enters the soil, The soil
thus possesses a slight transitory cohesior, A withdrawal of the
water by evaporatiom produces the same effect as a reductior in
pressure,

The permeatility of tke soil and the velocity with which
the water moves vary with the void ratio and according to the size

of the voidse

The finest gramular soils (dust, reworked loess, and silt),
which in $he pure state exhibit only very weak cohesion, can te ex-
tremely permeatle, It is only exceptionally therefore that they may
be used as sealing material since, as has been mentioned, uncder ex-
cess pressure they tend to slough; they must therefore he deposited
between more permeable layers of material which will act as filters,
a process which in practical constructiom may lead to dif ficulties,
In dams of very great thickness their use may bhe considered, Chinese
river dlkes have beem built of such loess where the material was con-
vernient,

(2) Coresive Soils

In cchesive soils, on the contrary, the sorhant capacity of
the particles is great, the hlanketing water shells are thick, and the
pressure in them is very consideratkle, In order to skrink the water
shells, very great imereases i pressure are necessary., The water
which is squeezed out can drain away through the fine outermost voids
only very slowly, the more especially sinee the breadth of the pores
is reduced by the hlanketing water (conditiom of over-saturation of
the scil;, For the most part, the increase im pressure is transmitted
perpendiculariy to the walls of fthe void by the compressed void-weater;
the pressure between the surfaces of zontact of the soil particles,
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and with it the internal frictiom, mno longer tle refare increases in

the same ratio with the external forces as do the tangential stresses.
A tendency to slough therefore exists in the body of the dam; that is,
there exists im large masses of soil which tend to act together a
tendency to move along distinct surfaces of slip, If in the course

of time the excess water has escaped, then the soil has consolidated,
its particles have grown closer to each other, and its volume has
shrunk, The new equilibrium conditiom corresponds to the "natural
water contert" at the increased pressure, The quantity of the expressed
water corresnonds, during the initial time interval, to the amount of
the shrinkage; during the second time interval water may escape through
evaporation and the penetration of air in the soil without any notice-
able increase in the shrinkage. In comparison with the original con-
dition the shearing strength in the new condition of equilibrium has
been increased, )

If the external pressure is agair released, then, as a re-
sult of the hydratiomn of the colloid particles and of the elastic re-
covery, the soil again regains its water, the particles separate them~
selves from each other; the soil swells under the actuation of consid-
erable inte:mal pressure; in some cases it softens or becomes fluid
in accardance with the nature of the elements in the soil and of the
soil salts, C}

As long as equilibrium has not been achieved between the
reduced external pressure and thz complete saturation of the sorptiom
complex of the soil through an incrcase in the quantity of the "water-
blankets," tensile forces {osmotic pressure) are produced in the void
water which tend to hold the soil particles in a more tight mass and
thus cause the so-called "apparent cohesiom" (condition of under-
saturation of the soil),

In many cases thce soil docs not recover as much water when
the pressure is released as was originally exnpressed; there remains a
permanent increase in density as a rcsult of the intensified attrac-
tion between the surfaces of the particles; in comparison with the
original condition the n»nure cohesior has buen inercased,

Suck changes have frequently teen produced by natural evolu-
tionary processes in the soil (turying undex a decp deposit, geological
faulting, ice pressure). Cohesive soils in the compacted state are
of ten particularly impermeatle anéd rcsistant to the attack of flowing
water (for cxample, the apnlieation of bvoulder clay to the Hindenburg
Dam Sylt-Festland, or in the sea dike of the Zuider Sea), Artificial
working also incrcases the density of cohesive soils (tamping and roll-
ing), althoush only to a certain degrec since therc is opportunity for
lateral flow because the duration of artificial pr.ssurc is only short
so that excess water has no time to drain away, and since upon relcase -
of pr.ssure the natural water content in the volume may bc reccvercd. {:}
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Such soils appear to be somewhat elastic,

If the cohesive soil was initially deposited in a loose
state, severe shrinkage may be expected, Any considerable shrink-
age caused by drying produces shrinkage cracks,

The addition of water to air-dried cohesive soils may
lead to their fracture since the water penetrating with consider-
able energy may compress the air and nroduce a disruptive effect,
Also the swelling of the external layers leads to a progressive
scaling. Shrinkage cracks will not close again during a succeeding
swelling if the soil in shrinking experienced a permanent compres-
sion,

As has becn mentioned the pemmeability and the velocity
of water in fat cohesivc soils is very smallj in the finest clays
it practically vanishes, For this reason the condition of danger-
ous susceptibility to sloughing produced bty over-saturation may en-
dure for a long pericd, whereas on the cther hand ir the condition
of under-saturaticm with its accompanying apparent cohesior the
soil may remain stable for a long time,

In very fat clay soils there is no very well defined ground
water koundary vh ich can be measured in okservatior wells; although C}
the soil may contaim a large proportiom of water its entrance into
the air-filled space of the well is obstructed by its capillary surface
tension; thus the concept of a saturatiom line is fruitless, This
is worthy of mnote in connection with "ground water observations®™? in
dams and foundations of such materials,
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METHODS OF TESTING

1. Turing the exploration nrior to construction the 1ock
and soil affecting the dam are investigated as to their quantity, the
degree of difficulty with whick they may oc¢ obtained, and with which
they may be prepared for use, and with regard to their suitability
for the varicsus parts of the dam; the detailed design of the dam can
only be supported upen a basis of such results,

The accompanying proktlems of cost, etce. are not pertinent
to this reporte

2e During the construction of the dam continuous tests must
be performned upon the material, it must be sorted and systematically
distriouted in ths tcdy, of the dam, and in same cases portions must
e excluded. The trsatment of the meterial during placcment must be
carefully watched (mixing, plucing, regulation of the water content
ané the like). Here quick tests arc appropriate.

3¢ In the finished dam the vertical and horizontal move-
mert of the soil and of thce superstructurc must be observed (settle—
ment, consolidation, sloughing, bulging, cracking); lilewisc the
bechavior of the water in and undcer the dam (obscrvatioms on water
level, satumticn, swelling, uplift) must bc observed. Finally,
there may be mecasurcements of the seil nressurcs in the interior of
the dam, temperature meusurcments and color and salt solution tcsts
to determinc the origin of the grecund wat:ir, ctc,

(a) Tcchnical Tcsting Methods During Exploraticn and Construction

(1) Tronches, Shafts and Boring. The cxitraction of Soil Samples

The choice of a damsitec from the geological (1), morpholo-
gical, and nydrographical viewpoints is tascd uporn the tync of soil,
its strength, its physical propcrtiscs and uponr its distance and cle-
vation, as determined by the investigaticn. This covers the follows
ing points:

(1) Lecopla, A; Geonlog. Vurbedingungon d. Steubecker (Geologicel Con-
sideration Preliminary to Dam Dosign), Wasserbau und Wasscerwirtschaft,
19C8., Ieppla, .= Geologe. Voraussctzungen f.d. Rrrichtung vor Talsperrcn
in Doutschland (Geclogical Prercquisites to the Sonstruction of Dams in
Germany ), Doutsch, Wasserurrkraftenlagen, 1924, (Geological Prerequi-
sites to thc Construction of Hydro-Elcctric Plants.)

Terzaghi, Ee¥.; Uctcr dcn Einfluss untergeordn., gcolege. Linzeliceiten

auf die Sicherheit von Dammbauten (Concerning the Influcnec of Minox
Goologicel Details upon the Safety of Dams}, TWasscrwirtschaft, 1930,
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he difficulty of cxcavating the soil.

2 The strilke and dip of the layerss

o

. The ground water conditisns.
4, The cxtractiom of so il samples for laboaratory tostinge

The borrow pits «re decided upon by means of trenclies and
bore holes. Despite the high cost, whick is aggrevated if timbering
and the exclusion of water are necessary, trenches and shafts are
preferable since with these ccnditicns mentioned under parts I, 11,
ané IIT above may be directly tested in the thrust against the tim-
bers and oxm the mottom of the shaft, Here too a mixing of the types
of scils during the extractiom of the samples nsed nst be feared.
The position of the strata and their water-bearing nropencities
may te clearly determined, Also the extrzction of soil samples in-
2luding carefully oriented sampies in their undisturbed state is
possible anywhere im the shaft or trench. The soil profile hased
upon scattered excavaticns should be confirmed and extended by tor-
ing, particularly in glacial denosits since ir these the soils Tre-
quently clange very rapidly in their distribution.

Concerming the fcurth line of investigation noted above,
in conngcticn with the extraction, packing and shipping of soil
samples for the purpose of periorming laboratory tests, tulletins
have been published by the exneriment station im Berlinr and by the
"Society for Constructisn Methcds";* These are briefly revieiwed and
somewhat sxtended here:

Scil bits of various kinds ars used for cxtracting undis-
turted samples from bore holes, John Olsson (2) describes a cylin-
der operated by hand with whick so0il coras of about 64 centimcters
length and 4 centimeters diameter mey be extractcds Under favorable
eonditions it may re used to a depth of about 10 moterse Je Rhrei-
terg** has constructcd a eylinder which cen be used within the 137
millimcter casing of a hale madc with the usual rig, drilling shaft,
etce., and whick needs mercly to he emchangcd for the osrdinary augewr,
to securc undisturbed samples from cohcsive scils to any desired
depthk (a dopth of 25 meteirs has alrcady boen attuined), The ten-—

* Die Gescllschaft fur Bowosen" - Trans,

(2) T OLssony HelWbomms Tekn, Tidekre, Febus LS

** T, Ehrenberg; Geratc zur Entnahme von Bedenproben usw. (Eguimment
for BExtracting Soil Samplcs, etc.), Bullectin Noe 15 of the Preussische
Veruchsamstatt fur wWasserbau und Schiffbau, Rerlin, 1833 - Tians.



centimeter thick core may bec taken in lengths up to 60 centimeters. The
sample is contained in a two-part brass shell with which the cutting pipe
is equipped. This brass shell can bc easily removed and serves also as
a container for the shipment of the sample, For testing, the sample is
easily freed from ths two-part shell., PYuring the breaking off and the
raising of the sample it is held fast in the cuttiing pipe by mecins of a
seclf-closing air valve above., Thc pressurc of the hydraulic jack rcguired
to punch cut the sample is measurcd and provides a measurc of the bearing
capacity of the scil im case 1t may be contemplated as a foundations

Burkhardt (3) describes an apparatus with vhich the undisturtcd
cross-section of the subsoil may he secured and the material to be in-
vestigatecd trought to the surfacc so that the necessary investigation
of the stratification and sirength, of thc ground water level, of the
elevation of the rock, and of the eventual value of the material as re-
vealed by its quantity, proportioning, graim sizc distribution, and pur-
ity may be made without uncertainty (this has been usecd to a @cpth of
about 23 meters). The cquipment is particularly adapted to the removal
of samplcs from beds of cenglomcratce, rubtlc, or like stoncs.

The Comnittee on Foundation Researcn of the German Society for
Construction Mcthods has prepared rules for the uniform description of
soil strata. As a result, instead of the ccnfusion which has prcviocusly
existcd, only a few clear and concise classifications which permit a
unified and comprechensive description arc now in usc.*

(2) Laboratory Soil Tosts

Laboratory tests on soils, insofar as they are concerned with
their use in dams, are primarily directed along two differcnt lines:
(a) To determine their stability in the slope, and
(b) To determine their rclationship to water and air.
A certain overlapping eczists between (a) and (b).
The decision as to whether a soil is suitable for the construec-
tion matcrial in =zn dmpervious layer, Tin & supnoriing tody, ete., iz

{

‘basel uron the roounlds of tact. tests. . Figs

Under (a), thc shearing strength of the soil must te determined
since frum this is derived the maximam slope at which a so2il willi stand
in a dam of given height and of the anticipatced hydrostatic and hydro-
dynamic propcrties.

The shearing strcngth comprises the internal friction and the
cohesive strength (tensile strength, or cohcsion, or coherence). The
friction is that portion of the rcsistance to siiding, distortion or
fracture whick exists betwecn the irrcguiar surfaces of contect of the
soll narticles and which is dcpendent upon the pressurc upor thesc facces,
and upor thc naturec of the facus themselves,

(3) Burkhardt, E.; Zur Aufschliessung des Untcrgrundes (For Found:tiom
Bkploration)y Bawtechn., 1931, No. 17,

* Qbtaincble from the Deutsche Gescllschaft fur Bauwescn (German Socicty
for Construction Mecthods), Berlin N.W. 7, Ingenicurhaus.



The pure or apparent cohesive forces depend upon the sur-
‘face attraction of the soil particles and upon the viscosity of the
highly compressed“water-blankets" (compare page 19. So long as the
water content remains unchanged the cohesion is independent of the
surface pressvre, A reduction of the water content as the result of
an increase in oressure indicates a loss of the less-compressed por-—
tions of this water and therefore an increase in the cohesion,

X Grain Size Listribution

Friction and cohesion are closely related to the grain

size distribution of the soil, Ewery investigation must properly
tegin with the separation of the soils into their component parts,
This is indisnensabtle in the descrintion of a soil, Through this
classification carried out by means of sieves, by means of elutria-
tiom, or through sedimentation, the grain size structure (distinct
grains or crumby structure), the mineral content, etc, of many types
of soils may be observed.

A mechanical @nalysis is given om page 26 of this report.
The propartion greater than 20 millimeters was determined bty direct
measurerent,

Cohesionless sends and coarse "mcal®™ sand up to about 0,06
millimeters diameter cen be scparated by means of sieves. A sieving
machine is test adapted to this purposs since ty this mcans the

personal element (as in hand sicving, particularly with a large num-
ber of samples) may be avoided,

The sieve consists of a wood frame or of sieving containecrs
made of drawn brass pipe which arc drilled with pinholes or cquipped
with a testing mesh up to size Lin 1171, Sieves with round holes are
made with hole diameters up to C.5 millimeters, Wire mesh for testing
sieves may be obtained in certain sizmes betwecm 6 and 0.6 (Din 1171}
milomcters clear mesh opening; that is, frow 1 to 10,000 openings per
squarc ccntimcter,

The fine mcal sand, silt, and cohecsive soils after tcing
prepared (by being washced with a brusk in distilled water and if
neccssary with the addition of am slectrclite or trcatment in a vi-
brator, cte., are sortcd into their respective grain sizes, elutria-
tion or scdimentation mcthods, The clutriation method with a rising
stream of water is satisfactory for the scparation of grain sizes
down to 0.01 millimcter, or, that is to say, 10 microns. Sedimenta-
tion in still water is used for the dctermination of grain size pro-
portions in the range betweon 2C and 1 microm; this work must btc por-
formed with a temperature as nearly constant as possiblce in a ther-
mostatically controlled room since temperature variations have a pro-
nouniccd cfifcet upon the rosult,
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The most diffiecult part of the sedimentation or elutria-
tion method is the preliminary tre:tment of the sample; its disper-~
sion into its elemental components., Very fine soils rich imn elec-
trolite frequently of fer a very great resistance to this separation,
Laborious weashing of the soil with distilled water and sometimes with
the aid of a Pukall candle is often required. Whereas for some soils
a dispersion machine may be of advantage in preparing the sample,
with others this procedurc leads to almost immediz te flocc1ng, a

coagulation of the particles into balls o groups,

The large difference in the results of analyzing one and
the samc soil by the various methods rcsults largely not from the
insufficieneics of the methods themselves but from the diversity of
the methods of preparing the samples, It may be appropriate to mcn-
tion the tochnique here (4)e It should be noted further that the
velocity witk whieh the particles descend has hcen demonstrated to
depend uwpon the specific gravity om the form and unom the position
of their eenters of gravity; so that thce cohcsive soils comprising
as they do mineral fragments of such variocus clements and forms and
treated by mcans of thce elutriation and scdimcntation method arc
not separated according to their grain sizcs but as Ramann (5) has
deelarcd, according to "their hydrawmlic propcrtics.®

The apparatuscs of Schocnc, Kopctzky, Schulze-Harkort and
others are used in Germany for the clutriation process, For the
scdimentat ion method arc uscd the Wicgnoer epparatus, which has been
improved in many ways, an apparatus dcosigned by Sven Odcn, the scd-
imcntation cylinder of Atterborg, and tho pinctte apparatus o Koet-
tgen, as well as cne by Kochn,

The rosults of a graim size determination arc given as
percent of the dry woight compriscd by particles of particular ciam-
et ars, and plotted cithor as curves of succcssive perconts or morc
generally as curves of accumulative perccnts.e It is convenicnt to
plot the grain sizcs on a logarithmic seale in ordsr to magnify the
interval occunied by thc very small but highly important fraction,.
Figurc 25 shows such curvcs for varicus tyncs of soils,

(4) Report of thc Sccond Conventiom of the Sukconmittec for Agricul-
tural Soil Rescarch, Kulturtechnikcr, 1925 - Zunkcr, F.; Gebrauchsan-
weisung zur Bestirmung der spezifischen Oberilache des Rodens (Expor-
ienec in Detcermining the Specif'ic Surface of Soils), Kulbertechniker,
1925 - Hahn, V. V., Lispcrscid-anelyse (Dispersoid Analysis), Dresden-—
Lcipzig, 1928 - Oden, Sven, Urcr dic Vorbechandlung der bodenprobon

zur mechanischien analyse (Cugcernlng the Preparation of Soil Samplos
for Mcchanical Analysis), Bul. 18 of thc Geol., Inst. of Upsala, 1919

~ Schubert, H., Einfluss der Vorbehandlung der Boden auf die Ergebuisse
der mechanischen Analyse (Influence of Preparation on the Results of
Mechanical Analysis of Soil Samples), Kulturtechniker, 1929, Ko, 3 -
Gessner, He., Die Schlamanahyse (Sedimentation Analysis), Leipzig,
1931 (contains extensive reference), ‘

(5) Ramann, E., Bodenkurde (Soil Science), Berlin, 1911.
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MECHANICAL ANALYSIS OF VARIOUS SOIL TYPES
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(3 Shearing Resistance

Perhaps the most important part of any soil investigation
for earth dams is the determination of the shearing resistance. Soil
types without tensile strength such as those free of loam or com-
pietely dry, or wholly saturated sands will take up natural slopes
corresponding to their angles of friction., Soils exhibiting a ten-
sile strength, however, in a condition of under-seaturatior., may texnd
up to a certain heigkt correspondéing to their cohesive strength to
stand on much steeper slopes and even sometimes overhang. Since,
Lowever, with a constant water content the portior of the shearing
resistance depsndent uporn the cohesion increases only with the first
power of the height whereas the mass forces (weight and water pres—
sure) and also the frictional resistances increase with the second
power of the height, the influence of the cohesion upon the maximun
siope diminishes witl increasing height so that the slope necessary
for the stability of an earth structure recomnes increasingly flatter
with the increase in the height and the slope finally tecomes depen-
dent upon the weight and the angle of friction alone,

In the determination of the shearing resistance the pres-
sure ard the witer content must te shown to correcpond with a prob-
able or perhans even possible conditions in the dam. As a ruile
there are to be detsrmined:

1. The shearing resistance of the soil in "the mature state,™
ard with a constant water content.

2. The shearing resistance of the prepared soil at the "natural
water content corresponding to the soil pressure" (compare pages 13
and 143). In this way the portion of the shearing resistance to te
ascrited to cohesion and that resulting fram internal fricticn may
be distinguished.,

In plotting (figure 28) as an example the value of the
. . et . . . ! . - . . .
shearing resistence ( pg¢ 15 first given (indlicated with x) as it
may be ottained for semples in the mature state with a constant
water content (here arout 25% of the total material). Second the
coefficient of shearing resistance,’f'nat , for the natural water
content iz plotted as determined in the following waye.

After mix ing with water the soii is introduced into the
testing frame., Its original structure is thus destroyed as is also
more or less the case in actual construction. In this testing frame
the soil is lowded for several days with 045, 1.0, led; 2.0, 2:8i,
2.0 kilograms per square centimeter under wster. TFor each oi the
various "conditions of natural water content" which are thus estab-
lished the shesaring resistance under the appropriate rormal load is
determined., In thz graph, (figure 26) these points are indica ted
with an "o." ¥From the two series of points may be determined the
curves of shearing resistance {7 pzti and { T nat)e. After each
separate test the water content of the soil sample is determined

oy
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and the water content curve plotted.

The [t Curve makes an angle ¢¥ ] with the horizontal,
and or the axis of ordinates intercepts the value of kmgt which Is
a measure of the cohesion of the soil in the mature state.

The z"nat curve, since ths soil has reen thoroughly
worked and saturated, intersects the origin of coordinate and
makes an angle ¢ o (angle of shearing resistance) with the hori-
zontal, The tangent of this angle, ;¥g, is the coefficiernt of

shear for the natural water content.

Jrn cohesive soils the tangent ¢/ must still te divided
into the portions descriking friction and that describing cohesion.
To determine the cohesive strength seweral samples of the soil must
re preloaded with for example, one kilogram per square centinieter
and sheared under a reduced load (that is in the condition of under-
saturation), and a further series sreloaded with two kilograms per
square centimeter and likewise sheared under subseguently reduced
normnal load. In this way the dashed lines which intersect the axis
of ordinates at the values ki and k2 which, after values 1 and 2
of the noxmal ioad have teer plotted, givenpoints for the xpat- curve
which makes an angle s (angle of cohesion! with the horizontel.
Thus the cohesion becomes v times the tangent yﬁg; the remainder, v
(tangent 2 - tangent ¢3), is a frictional resistance.

In figure 26 the / pat- curve is a straizht line. With
cohesive soils rick in eleztrolyte a departure may re more often
observed. As a result of the crumbling of the soil, tangent 2,
in the lower range of normal loading somewhat below one kilogram
becomes increasingly greater and attains here a value which ap-~
prcaches the coefficient of shear for a meal sand (compare figure 27,

Soils I and IT). The cohesion diminishes with the crumbling; never-
theless the change is very small; it lies within the range of error
of the apparatus. With normal loading of somewhat more than ore
kilogram por square centimeter the formaticn of crumhbs or lumps no
longer has any apparent effect (compure also Tig:res 26 and 27).

Figure 26 illustrates how the "™mature soil" exhitits a
larger shearing resistance than that in the "state of natural water
content" in the range left of A as a result of its greatver cohesion
(caused by previous kneading under the pressure of mountains, ice
floes, etc. and by the surface tensicn in the voicd water as the re-
sult of under-saturatiom); it shows also how thereafter the cohesive
strength kngt varmishss as a result of the disturtance in the texture
and the saturation, and how the shearing strength of this soil falls
off to T pate With normal loads of £2.5 kilograms per squars centi-
me ter, tke watcr content and the shearing resistarce in the mature
and in the preworked states are equal, With higher loading the
"mature" soil will rewert with the expression of water to the ™atural
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water content.”" As has reen mentioned on page 15, wi th cohesive
soils this may take consideratle time., DTuring this time the shear-
ing resistance is less than in the '"state of natural watsr content"
(note the path of the | curve to the right of Aj.

The shearing stress required to produce sliding iz, with
the natural water content:

z; :;///14 1%

In this//4= tan§92 is the coefficient of shearing resistance.

Ir soils freec frar air the void ratio may be determined
with the &id of the water zontent curve in saturatsd cases, and with
it may also he determined the degrec of compaction which the soil
may have atiained under the precssurc.

Likewisc to te deduced from the curve of watcr content
is that water content with wihich cohesive soils may bte most effi-
ciently placed in dam fills in order that they may have sufficient
compaction to withstand the suhsequent loading and thus to prevent
settlement and sloughing.

The tests descrited here are carried out vty the Rerlin
Experiment Ctation with the assistance of the apparatus designed by
Krey; in this coniitect ion reference is made in the following to
certain literature on the subject (8).

The soil compaction tester of the Experiment Station for
Hydraulic and Marine CGonstruction (figure £9) likewise permits the
determination of the shearing iesistance even of rocky soils and
with samples of large dimensions. The lateral fluid nressure is so
reduzed that tie sample is fractured under the vertical pressure.

Equipment for detemmining the shearing strength has Leen
designed by many others, for example, Mueller-Breslau (7), Nils

(8) B. frey, hrédunk, mréaiderstand (Barth pPressurs, Carth Resist-
ance), 4th edition, Revised bty J. Ehrenterg, Berlin, 1931.

B. Tiedemann, Die Bedeutung des RBodens in Rauwesen (The Significance
of Soils in Construction), Hané*. ¢. Bedenlumlde (Hanctook of Soil
Scienee), edited by E. Blanck, vol. 1C, 1952,

(7) Mueller-Freshav; Erddruck auf Stutzmanerrn (Earth Pressure o
Fetaining Walls), Stuttszaxrt, 1906,



Westerberg (8), Streck (9), Stiny (10}, Rackofen (11), Casagrande
(1la) and others.

The tests described above under i mechanical analysis and
)/9shearing resistance, must bte supplemented hy:

¥ Determination of the specific gravity;

$ Determination of tle plasticity limit;

€ Determination of the hygros:opicity; and
S Determination of the lime content.

7"Soecific Gravity

i

The determination of the average spescific gravity of a
grain element is wade with the ail of a pienometer or with the
apparatus designed by Erdizenger-ienn, as has teen described im all
text books dealing with soil sciencee The determination is only ap-
proximate since as a result of adsorption phenomena errors are in-
troduced; hut it is sufficiently accurate for engineering purposes.
As a rule in mineral soils with a quartz content nredominating a
specifiec gravity of 2,65 will suffice for the calculation of the
volume of voids and the densitye.

& Plasticity

Atterterg thoughit to divide the =soll types into plasticity
ciaszses according to their plasticity numbers. Ry plasticity number
was defined as the difference tetween the water content (in percent
off the dry weight) at the liquid limit ané the water content at the
plastic 1limit of a clay, The liquid 1limit is the upper limit of the

(8) Westerrherz, N.; JordtrchE kohasionara jordaf§¥ér (Pressure of
Cohesive Eartns), Tekm. Tidskr., Stockholm, 1921, nos. 3 - 5.

(9) Streck, A.; Lie Festig keitseigenschaiten bindiger Hoden (Strength
Properties of Cohesive Soils), Deutschz Tiefbauzeitung, 1928, =mo. 33,
(10) Stiny, J.; Zur Schubfestigkeit der Roder (On the Shearing Strengths
of Soils), Geolozie u. Pauwesen, 1929, no. l.

(11) Packofen, K.; Eine geotechnische 3tudie (A Geotechnical Study),
Zentr. 31, d. Bauwerweliung, 1930, no. 18.

(lla) Casagrande, 4.} Proce A.S.C.E., Nov., 1931,

(1la) Kulka, H.; Versuche zur Bestimmmng d. Scherfestiglkeit verschie-
dener Sande u. Tone (Experiments to Dietermine the Shearing Strengthks

of Sands and Clays), Rauingernieur, 1932, p. 431,
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plastic state. A soil pat about 4 centimeters in diameter and 1
centime ter thick is placed in a porcelain dish and divided into two
rarts hy means of a special grooving tool so that the iower edaes
are tarely separated. The water content of the soil is then in-
creased until the two halves of the soil cake will just flow to-
gether to a depth of one millimeter along the line of separation
under the effect of repeated tapping (i2). (asagrande has designed
a mechanical method for determining the 1iquid limit which elimi-
nates all subjective errors (13). The Experiment Station V (Berlim)
has adopted this device,

Trke iower limit of the plasztic state is described as the
plactic limit. The soil sample is placed on a piece of absorbent
paper and rolled with the bare hand into a thread atout 4 milli-
meters in diameter, broken in two, and rolled again. The plastic
limit is the water content at which the soil crmumbles into small
pieces when further rolled.

The plasticity incdex or numbe:r can only be used for a
rough characterization of the soil and for clessification into soil
groups (14). Thus, for example, the Finnish Geotechnical Cormission
sives the following plasticity indices:

Weak z2lays = Plasticity mo. 6 = 11
Moderately fat clays - 2 16! = 19
Fat clays = i 200 - 28
Extra fat clays - W 27 - 37

(12) Atterberg, A.; Tie Flastizitdat der Tone (The Plasticity of

Clays), Intern. Mitteilungen fur Bodenkunde, vol, 1, 1911, and vol,

2o | L

(13) Casagrande, A.; Report on an Imnvestig-tion of the kiethcds for
Determining Atterberg'!s Liquid Plastic, and Shrinkage Limits of Soils,
their Pavsiceal Mesning and Practical Apslication. (See also Casagrande,
A.; Research on tre Atterberg Limits of Soils, Pukliec Kcads, Oct,,

1932 - Trans.)

(14¢) Eedlich-Terzaghi-Kampe, Ingenicurgeologie (Engineering Geology),
Berlin, 1929,



€ Eygroscopicity

As has heen ment ioned the quantity of water which may te
driven off from a dry soil in the foxm of water vapor (liygroscopic
water) is a certain measure of the total surface of the individual
particles (see page 14 ).

According to the me thod of Mitscheriich 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
about 96 percent of its full vapor pressure until a constanit weight
is reached. The hygroscopicity in percent of the dry weight of the
soil is thus determined from the loss in weizht (15). Tor similar
mineral types this method yields good comparative values for the
surfaces and thus for the fineness of the soil, In hwnus soils the
mi-cellular surface within the humus substance is of some importance.

"Soil types with thie same hygroscopicity are rot necessarily alike
throughout im their other physical properties™ (16).(See pages 15
and 14 ),

4 .
i ILine Content

The determination of the “ontent of lime cartonate is
important for the anpraisal of the physical properties of the soil;
it serves to identif’y the soil according to its formation and type.
Loam and clay soils with a calcium content are classified as marl
(loam marl, clay marl, calcium marl, etc.). -In soils rich in clays
calcium diminishes the cohesion (particularly etz calcium) whercas
alkaline cartonate (and alkaline kydrate) increase the cohesion.
Calcium produces deflocculation and crumbling in clay colloids; thke
alkaline colloids strengthen the salt condition of the colloids and
lead to the stability of the individual particles, Thec marls as a
result of their crumb-like structure arec looser arnd morc permcanle
than tke corresponding clays and loams. According to various experi-
menters the soil ecruwbs atiain a magnitude of from 0.0l to 0.C3 miliim-
eters (the order of magnitude of silt to fine meal sand). Because
of its wide distribution in nature, limc carvonate is one of the most
important sources of crumb fomation. Determination of the content
of calcium carbonate is made wvery simply with a Scheibler apparuatuse.
Further chemical properties of the soil may be determined by chemi-
cal analysis (sce later).

(15) kiitscherlich, ¥F.A.; Bodenkunle f. Land - und Forstwirits. (Soil
Science for Agr. and Forest Econory), Rerlin, 1925,

(16) Zunker, F.; Tas Verhabten des Wassers zum Boden (The Lelation
of Water to Soil), Handhuzk der Rodenlshre, vol. VI, Loc. cit.
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In the summary, figure 27, the characteristics of four
types of cohesive soils are given in a single illustration:

Mechanicel analysis;

The shearing resistence at the natural water content;
Specific gravity;

Plasticity index; and

Lime content,.

Althouglh similar in mechanical analysis to the clay, the
clay marl exhibits significantly less cohesicr but higher frictiom
values, a characteristic whicli may be itraced to the crumb structure
resulting from the high lime contente.

7~ Congolidations
|
These values including the permeability and the canacity

for absorbing ivater suffice in zeneral for the complete determina-
tion of whether or not a soil is suitatle for use in a dam and also
for which part of the dsm, The pronortions of friction and cohesion
in the scil are determined and the water content for varicus pres-
sures estatlished. If during the nreloading of the sample during
these tests the settlement was also meassured with restect to time,
then the consolidation diagram may also be plotted,

For these consolidation tests with restrained lateral ex-
vansion, V. Terzaghi has developed a very convenient apparatus de-
scrived in his "Erdbaumechanik" (Soil Mechanics for Rarth Constiuc-
tion). TFigure 28 shows the results of such a test. The relation be-
tween the vertical Lvading and the woid ratio:

= Ut}'
(based uron the dry weight) is plotted in a simple logarithmic dia-
giram, The consoiidation index:
y" = ;'.://f.’:‘
&

T
e

gives the change in the void ratic with the increase in the loading,

it is the reciprocal of the directinn Ffactor (slope ?) of the pressure-

void ratio curve. The settlament, o4 of & soil colwmn oi heizht, L,
consists of the shortening, ndf , of the individual layers, Al »
under the pressures to which they are subjected, p.y/ ; therefore

38
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Ll = L8l and tdb = Ok Fdb ofa
if the pressure in the layer increases from 7/ to ?ﬁ%;o The con-
solidation coefficient, V, varies with p. The value, V, is ob-

tained from the relation:

If the load is removed from a layer of soil it expands,
The coefficient of expansion, S, describes this swelling.

T?e Berlin Experiment Station has developed the apna-
ratus shown.?figure 29 for the same test. The compressib il ity
of samples ottained with the Ehrenrerg soil sampler described om
page 22 or of samples in the reworkad stete is tested with it.

The sample is surrounded with 2 rubber membrane which prevents
direct contact with the surrounding fluid, tut dves not resist
the distortiom of the sampie; and is surrounded with a shell of
water so that the friction tetween the walls of thke container
and the sample will be okviated,

From these consolidatiom tests the relation between
time and cousniicati.mn way be directly determined and plotted in
the time-consolideation diagram, These tests extend over a period
of several wesks with dense soils,

If the relatiom hetween the friction and cohesion coeffi-
cients and the mechanical analysis is known from a great number of
tests, then an elutriation analysis may te sufficient for a first
rough estimate of the soil.

In figure 30 (constructcd Ty Tiedemann) smme fifty fine
soils (g ain size less than 2 miliimeters) are plotied aczording to
their mechanical 2nalyses. The upper triangle contains tie soil
which consists primarily of sand, meal sand, and £ilt; some small

percentages of clay were included in the silt; in the lower tri-
angle the soil consisting of meal sand, silt, and clay are entered with
small percentvages of sand included in the meal sané, Tor every soil
there is thus estatlished a particular »noint in tke interior of tire
triangle, The friction coefficisnt {'or these fifty fine soils and
for a nuaber of the cohzsive souils ani the ¢ohesion cocfficients
are then determined so that zones can e set up within whick the fric-
tion ard cohesion coefficients of the soil are alike within n&arrow
1imits; these are to lLe extendsd bty the addition of furrther points

as time nermits., This representation gives a numerical classifica-
tion of the soil types and permits an evaluation of the frictiocn

and cdhesiox coefficients and thus of the shearing strength on the
basis of the mechunical analysis alone,



£2 Permeability

Investirations of permeabhility are carried out partly in
the reworked or comnacted state, that is, after the original strue-
ture of the soil has been disturted, and partly in the mature siate,.
In the latter case the sample which has been removed from the soil,
or the core is placed in a glass cylinder and the space hetween the
wall and the samnle filled with a skin of parafiin or with an elas-
tic cement solution treated with formalin, TIurther details are
Sliown" in' Ficure Bl (176

The coefficient of permeability, which has a constant
value only when the velocity of the percolating water varies in
direct proportion to the gradient (larcy's law), is then the quo-
tient of the fiow through & uni%t cross-sectional area of the soil
leyer and the hydraulic gracient, The assumption that Darcy'!s iaw
is valid does not hold with very permeakle coarse grained soils,

Figure 32 shows the relationship between the coefficisnt
k and the void ratic # for clay scils,

FFurther Chemical Tests

Salts occurring in certain mineral soils, CaSO4, MgSO4,

K2S04, NepSO4, (NHa)2S04, mey cause injury to concrete work, pioe
conduits, deck plates or aprons, et:, which may lie within the dam,
if water 1is allowed omtrance. Mognesium carbonates and magnesium
sulphate may produce a so-called magnesium pitiing (cement bacillus).
According to Gessner (18) sulphates in the soil are injurious to
cement if she hydrogen chloride soiution contains more than 0.2 grams
of S03 in 100 grams of soil or not more than 2 percent of magnesium
oxide in the magnesium salt contained in the air-dried =9il (19).
Danger of the destructiom of the cement exists with the eichange
acids if in 100 grams of so0il and 2C0 cubic centimeters of a normal
sodium acetate solution, more than 20 cubic centimeters of ore-tenth
normal caustic potash is required for neutralization.

Cconcerning the relation of the soil to the air, tests
should re made to determine the weathering properties of the min-~
eral constituents of the soil. The chemical methcd for discovering
the presence of injurious components in the water or the coil are
not within the scope of this repoxrt.

(17) Kedlich - Terzashi-Kampe, p. 322, Loce. Cit.

eisismiess, et Dbtar i e Der Betcnze orung in Mine tSden €
18) CGessnexr, H.; Die Trsache Der Bet rstorun Tineral tSdem "Th
Causes of Concrete Deterioraticn in Mineral Soils," Transactions of
the International Congress for Soil Science, Vashingtor, 1927, no. 4.

¢ . e I " : . y m 4

(19) Grun, K.; Chemische Widerstandsfdhigkeit von Beton (Resistance
of Concrete to Chemical Attack), Berlin, 1¢28,
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As yet no particular methods have been dcveloped by us .
for investigating the resistance of soils to the effect of frost.

The approach to a complete investigatiom of & scoil sample
in all of the directions described abkove is long and time-consuminge
The extent to which these experiments will be appli€d to soil sam-
ples will only be such as necessary to learn enough about the vari-
ous s0il types within the borrow pit area for the design of the struc-
ture, The sifting, the mixing, and the control of the compactiom
necessary during the construction of a dam must be accomplished with
mass methods which are simple ané which can te carried out at the
construction site without elatorate apharatus. For this reason the
two short methods, the evaluation of the soil according to its mechan-
ical analysis and plasticity index, were given above,

The following is an extract from a report on construction
control placed at our disposal by Dr, Collorio, director of the Harz

Water Works Company (Province of Hanover).

(3) Construction Comtrol

"The scope and organizstion of a comstruction control for
the Soese Dam will be described,

<3

"The type of dam is illustrated in figure 6., The major
portion of the fill consists of river gravel of various composi-
tion; the layer on the upstream side of the core consists of loam
in sloping layers. Construction control was organized as follows:

"(a) At the rorrow pit (a dredge excavation) samples of various
material were regularly extracted from excavations in each stratum
and a quick test by sieving down to grain size 0,25 millimeters was
undertaken., The disposition to be made of the soil was determined
from the results of these analyses, anc the construction foreman and
the switchman at the dump were instructed inte which track the trains
to the Torrow pit (dredge) should bhe shunted. The quick test was
supplemented Hy a more thorough control including a full mechanical
analysise

"(b) Upor the introduction of the material and kefore and after
it had been rammed into place with a special soil ram the compaction
was measured and the consolidation calculated; if the consolidation
(in percent of the height of the loose Till) was found to be suffi-
cient, then that sectiorn was opened for additioral fill, ctherwise
it must te further remmed (a quick test was made with a special sur-
vey crew)., These Juick tests were occasionally checked after zertain
intervals with a more thorougk test; in addition, and at convenient
but carefully referenced points, a soil sample of atout one cubic

metert!'s volume was excavated, the hole carefully measured, and the

§
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void volume of the soil was determined in the usual way (besides
making a complete mechanical analysis). If the volume of voids cor-
responded to that specified by the designs, then the percentage com-
paction requirement was allowed to remain unchanged; otheiwise a
change was made. Such a cese might be produced by a change iIn the
proportionins and quality of the material,

"Conclusion

*As a result of our experience the following answer to
the question propounded may be summarized:

"An efficient and economical desizn of a dam requires an exact
testing and investigation of the construction material, just as an
orderly construction of this dam rsquires careful construction con-
trol. The scope, nature and organization of these investigations
have heer descrited; they are no more difficult tham for concrete
structures, they have indecd certain cxternal similaritvies to these
more usual tests, The significant differcnce lies in the fact that
the construction of an cartk dam is adaptcd to the propertics of
the motorials, whercas the proportioning of conercte is adapted to
the construction, For this rcason thurc is a grecat multiplicity of
possibilitics Tor the organization of the testing, and this ox-
plains also thc irvipossihility of establishing hard and fast dis-
tinctions as to whether a soil is suitable or unsuitable, It will
only be possible to ¢staklish such distinctions after long years of
c¢rpericenee and then only for certein elcements of particular con-
struct ion forms."

(r) Testing Methods on the Complcted Dum

(1) Movement in the Dam

Prcparations for the maasurement of the movements in the
soil and of thec auxiliary structurecs in the finished dam, as well
as measurements of the percolation, must he made during the construe-
tion period bty embcdding refercnce points, constructing obscrvation
wclls and obeservation gallerics in the conercte corc of the dam, and
bty introdueing pressurc cells into thce intcrior of the structurc.

Subsidencc of the foundatiom as & rcsult of the load of the
dam and scttlement in the dam itself may be mcasurced by plocing plates
at various hcights which are fitted with verticad shafts rcaching to
the surfacce. For protoction agueinst the scttlement of the overlying
strata thc shaft should bhe surrounded with casingse The pcuk of the
staff carrics an clcvation merk which is obscrved with & lovel. The
obscrvations should bc bcgun @s soonm as posaiblc during the construc-
tion of the dem and should be carricd out continuously. For parts
of thce dam which arc subjsctcd to artificicl compaction by mcons of

C}.



teamping or rolling, only the subsequent installation of reference
points need be considered for ohservation of the surface of the fin-
ished dam with respect to settlenent, formatiom of cracks, and sinks
(20) and tkem only if after careful inspection of the structure its
condition is not found to te entirely satisfactory.

The horizontal and wertical movement of the core well
under the influence of percolation, etc. should be likewise observed.

The percolation throughk the dam may be determined by means
of stand-pipes (compare page 21). In largze dams with core walls and
observation galleries, these facilities provide an opportunity for
measuring the percolating water, The measurement of ground water
temperatures may provide information as to their source,

(2) Dynamic Soil Tests

The dymamic soil tests by means of a vibkrator such as
Professor Hertwig (21), has developed in conjunction with the German
Society for Soil Mechanics appnears to serve a valuable purpose ir
the testing of the uniformity in the deposition of the dam, XHertwig
explains how dams deposited by various methods were tested to compare
their strength and density with that of the original soil. The mate-
rials consisted of sand and gravel, In connection with latoratory
tests this method will probably also provide valuable information
concerning the conditions of dams with cohesive soils and consider-
able water content,

(2) Water Content and Percolatiom

For guick detcrmination of the water content of the soil
at the borrow pit and in the dem after compection, the clectrical
method of mcisturce determinotion may be applicable in ccrtain cases
(22); in addition of coursc to the cxtracticn of the samplcs.

(4) Soil Pressurcs

In order to measure the compressive forces in the interior
of the dam and the strains in the core wall causcd by cortll piossurc
and water pressurc, prsssurc cclls, of which therc arc scveral iypos,

arec requircd.

)
m

Wia

(2C) Lelter, A.; Lascent iidung und deren verheihung (Fissuve Fooming
and its Prevent ion), Wasservirtschaft, 1927, p. 5€9,

(21) Eertwig, A.; Tie dynamische Zodenuntersuchungen {The Dynamic
Soil Tests), rauingenieur, 1231, p. 457 et. seq.

(22) Gorz, Al Uher ein Tragbaies Gerat zur e ektrischer iestimaung
der Rodenfeuchtizkeit im Felde (Concerning a Portavle Apparatus for
Electrically Determining the Soil Moisture in the Fileld}, Intern.
Mitt, f. Godenkimde, 14/35, 19Z4.
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It has proved difficult to make such pressure cells suf-
ficiently rugrsed to resist the rough treatment they experien-e dur-
ing the construction of the dam,

Under considerably more favoraktle conditicns than in the
filled dam, pressure cells installed by 0. Schaefer under the prin-
cipal piers of the Niederflnow 1ift locks have yielded czood results
(H. Maihak Company, Hamburs).* The nrinciple upon which the meas-
urement is tased is as follows: A steel sounding wire whose pitch
is dependent upon the tension under vwhicn it 1s stretched is set at
a particular tome; this pitch changes wher the distance hetween the
anchorage points of the wire - that is retween points in the pres-
sure 2ell or in the structure - is lengthened. The wire is set into
Tibration by means of an elecitro-magnet, The measurement of the
pitch is made with a telephone rceceiver and a comparator wire.

The firm of Iuess-Steglitz has a pressure cell in the ex-
perimental stages desigred for irnvestirating the pressure distritu-
tion in fills and in foundations, The cell, arout eizit centimeters
in diameter and atout four centimeters high, carriss a horseshoe-
shaped magrnet with a sofy iron core on the inside of one face whick
is oppositc to and separated hy a very narrow clearance Irom a soft
iron plate which is rigidiy attached to the other face. Any change
in distaencze of the face plates produces a change in the self induz-
tion of the magnet whose magnitude is measured with an appropriate
connection and is indicative of the pressurc (23).

*¥ "Ein reucs akustisches lcssverfahren usw." (A New Acoustiz Measur-
ing ethod), Wasserkraft u. Wasserwirtachaft, 1934, no. 17; see

also translation in possecssicn of Xr. Lane - Trans,

(23] Cf. Pfeiffer, A.; Fin neuer Notondehnungsmesser (A Now Exten-
someter for Concrete) Rauirgenieur, 1931, p. 88.
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PART IV
SUMMAEY

The report takes up first the various types of earth dam
cross-sections, in order to show what functions the various parts of
the dam serve and¢ to indicate the points of view according to which
the soil should tc tested with reference to the purposes which they
are intended to scrve, The nrcsentation is illustrated with numer-
ous cross-sections of r.cently constructed German dams,

A portion of the report is devoted to a treatment of the
nature of the soil from the point of view of soil scicnce and of its
reclation to water; and provides a clarification of concepis of the
physical propcrties of the soil important in construction,

Likewise cextensively discussed are the testing methods
appurtenant to earth construction and to the preliminary exploration
and construction of the dam with due reference to the many putlica-
tions on the suhject. The mcthods discussed show that it is today
entirely possible in most cascs to determine with complete ccrtainty
whether a soil is suitatle as a censtructior material for an earth
dam, and to prcdict its propertics,

4 very appreciatle disadvantage of these testing methods IS
. . . . . el
is the long time rcquired for their completion, For the current
testing during the construction of a dam; thercforc, methods must
be devised which will permit the soil pronerties most importcnt for
the foregoing purpose to be determined with sufficient quickness
and accuracy. Along with a more thorough investigation in the lat-
oratory, simple determinations must te made at the constructicn
site; both should serve to check and sunplement each other. Ilose
co-operction and a regulsr exchange of observations on the btehavior
of the soil must te sought tetvieen laboratery and construction crevws,

From a knowledge of this fact the Prussian Research Insti-
tute for Hydraulic and #arine Construction (as has clso been recog-
nized for an even longer time in the Hydraulic Departmert for Hydro-
technical Experiments) has provided in its soil mechanics department,
space in which engineers actively engaged in constructicn may bne
acquainted with its soil testinzg methods and where they may obktuin
an insight into the tehavior of soils, and the necessary prcficiency
to perform tests at the construction site. TFurther, the experiment
station has collahorated with the laboratories at construction sites
in furnishing them with suitable apparatus for soil testing,

& Finully, the experiment station tegs that it be notified
of all slides which may occur, settlement phenomena, ctc., and that
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any drawings which may be made of these occurences be submitted to
the station for insnection,

Theory and practice must here as well as in so many other

_ technical fields, expand and bear fruit in meny directions; only

in this way can progrcss be achieved.
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