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I. INTRODUCTICH

A. Purpose of Investigation

Eleotrical condustametric analyses afford relatively simple neans
of interpreting and neasuring phenomens which msy be impossidle or
difficult of interpretation or measurement by other methods, lany of
the problems relating to Portland ocement pastes and mortars are of tihls
olass. The purpose of this inwestigation is to develop conduotometrio
nothods for esveral problems dealing with Portland ocement pastes and
zmortars and to correlate the results where possidble with the results as
obtained by other physioal methods,

B, Definition of Torms

The term gonduotometrio, although not used extensively in the
United States, has beon in use in England for several years. Its

meaning is self desoriptive, being of course, measurement by oonduo-
tances The spelling of this term evidently has not deen atandardised,
Olasstone (12) uses conduotimetric, whereas Britton (5) uses conduc-
tametrio, The French spelling is oonductométrique, and the German,
konduktasetrisohe. In this work the spelling enploying the o will be
used,

e

g — o e
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The tern paste shall bouppliodtonixhz“rol of Portland coment
and water mortar shall indicate a mixture of Portland ocement, sand,
snd water,

The term internal strutification, or more eimply stratification,
shall be used in designating the phenamenon of "bleeding”, (i.e., the
relative movement of water, ocemont partioles, snd other oonstituents
of a plastio mass as caused by oapillary and gravitational foroes).

Ce Soope

The problemns which have been attacked ares (1) the setting
phenamena during the first three hours after gauging a oement pastes
(2) the excess water tendenoy in sandemater mixtures and its possidle
influence upon internmal stratifioationy (3) internal stratification
u-mrqcnh o osment pastes, and a proposed method of tests and
(4) a correlation of the deotrical condustivity and the twentyweight
day campressive strength measurements on mortar mixes.

~
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11« REVIEW OF LITERATURE

A study of the 1iterature dealing with the problems of this
investigation may be resolved into five classest (1) condustometrio
analyses and methods as they have been applied to other problemss
(2) the eleotrochenistry of electrolytes; (3) conduotance measurements
of electrolytio solutions and conglomereticnes (4) the properties of
Portland oements, postes, and mortars; and (6) several aspects of the
phenamencn of internal stratification, commonly oalled "bleeding”, of
ceent pastss and morters.

A. Conduotometric Analyses

The solence of oonduotometric analysis has boen developed
through the work of uny investigations upon the variations of con~
duotivity of solutions of soids, bases, and salts with dilution, A
theory of the phenomena has been evolved through the efforts of
Kohlrausch, Arrhenius, Ostwald, Debye and Hiokel, and othors, for
dilute solutiong. BDoyond that point no exaot theoretical work has
been attempted because of the oomplexity of the problem, However,
by following the eleotrical conduotivity of a solution or plastio
mass in whioch a chemiocal or physioal reaction is oocourring, it often
is possidle to interpret the sotion through logical dedustions, Much




of the work of this investigation, as well as those mentioned delow,
is of this type.

Britton (5) outlines several applicatioms of conductometrio snaly-
sisj the most important from the viewpoint of eleotrochemistry being
the determination of titration points of solutions.

Industrial applications are mmerous. The field of water analysis
alone oamprises appliocations to water-softening plants, power-generating
plants, testing of sewage pollution of rivers, and many others.

Parker (22) desoribes the oonduotametrioc control as used in the
meroerising industry. Close ocontrol of the aoid bath, ueed for
neutraliszing the omustic carried over in the yarn from the merocerising
bath, is very important, Other applications mentioned by Farker
inolude those of sulfuric soid and gugar mamfacture,

The moisture ocontent in wood has been determined bty Stamm (28) of
the U, 8, Forest Products laboratory at Madison, Wisconain, through
such methods. He found that below the fiber saturation point the
logaritim of the eleotrical resistance decrsased directly as the -
molsture content of ths wood inoreased; but he gives no theoretical
reason for this particular funotion of the rosistance,

Kolthoff (18) desoribes methods of determining titration points
for mixturss of aoids, partiocularly those of vinegare

Xolthoff (17), Kremn, (19), and Coste and Shelbourn (7) have dons
considerable work on the oonduc‘_uﬁw of milk, Krenn states that he
obtained conductivitios as low as S.508 x 10" and as high s
10,508 x 10™> mhos/om®. He states that the conduotivity of normal

R S vy
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nilk should never exveed 4.6 x 10°° mhoa/om®, and that milis more ccnw
duoting are always obtained from diseased cows. Coste and Shelbourn,
in tests on several hundred ssmples of normal milk found that the
conductivity always fell in the renge 4.2 to 4.4 x 10 mhog/on® at
189C, They also investigated the effeoct of dilution of the milk with
water upon the conduotivity, but arrived at no practical conslusions.

Eaines (14), in an addition to the earlier work dome by Whitney (29)
and his co-workers at the U, S. Bureau of Soils and Deighton (8),
correlated the electriocal oonductivity and the moisture oontent for
five Ingligh coils.  The veriations smong soils were oonsidersble as
would be antioipated from the possidility of different quantities of
minoral salts in sails -from several localities,

Sen (28), working on soil suspensions in wabter at a ratio of 1
part air«dried scil to & parts distilled wabter, investigated the
scasonal fluctuations for manured and ummanured plots of land and
arrived at his oonolusions of soll fertility by such measurements.

Waerpel (30), through laboratory studies an Missourd River sand

wag adble to determine the moisture cantent of sand used in the oon=
struotion of U, S. Twin locks No, 26 in the Mississippl River at

Alton, 1llinois, by the conduotion current at a given voltage in a
given sample oantainer of molst sands In his oconolusions he states i
that "eaoh projeot on which thig method is adopted requires an
individusl oalibration using the types of sand, water, batoh hopper,
type of electrodes, and length of loads. « « « «" Again this is to be
oxpeoted fram the very nature of the prodlem,
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The galvanio aoction in ooment mortars, a prodlem allied to the
oonduotometric analysis of Fortlend oement pastes or mortars, is die-
cussed by Jesser (15)s This work was pudblished in November, 1934, in
the magasine Zemant, & Gorman publication not carried by the Iowa
State College lidrary. It was indexed in the 1935 Engineering Index
and wag therefore obtained only after the experimental work on this
investigation was ompleteds

Jesser approached the problem of an analysis of oemont mortars
fron an entirely different viewpoint and method than did the author,
He roasomed thus: If the oement paste or mortar oconsists of the more
or less inert partioles of unhydrated ocement together with a solution
whioh exhibits the properties of an eleotrolyte, and if into this
“solution” two metals (he usged sinc and silver, and alumimmm and
silver) are plased, an electromotive force should be produced, the
magnitude of whioch would give a meagure of the electrical activity in
the oenent mortar,

It would be expected that there might bo a relationship between
the voltages observed by Jesser and the electriocal conduotivity. This
tendenoy will be discussed leter (page 180),

Shinisu (26), working at the Téhoku Imperial University in Sendai,
Japan, prosents the only data dealipg direotly with oonduotivity meas-
urements as applied to Portland oement pastes whioh the author has
found in a oarsful survoy of the literature,

Shimisu meagured the eleotrioal conduotivity of cement pastes as
they sot and hardened at various values of tomperature, The ocurves
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which he presents are ghomn in Figure 1, page l1. He oancluded that
eleotrioel measurements gave s much more definite measure of the final
set than mechenical methods, bdut he drew no odmolusions concerning the
first maximm point in the condustivity versus time ocurve, His
exphasis was placed upon the £inal get and hardening phenomena, whereas
the enphasis of this dissertation is placed upon the initial setting
phenmena of oenent pagtes, that is, the conditions during the first
three hours following gsuging.

Bs EKlectrochemistry of Eleotrolytes

The property bty which an eleotrolyte is recognised is the trane-
port of elestrically charged matter whem an eleotric field 1is spplied
to the substance, Passage of eleotrioity through metals ?roduou no
such resultss The eleotrioity in this cass 1s oonsidered to be
earried by electrons. Fleotrolytic conductors msy therefore be dis-
tinguished by the transfer of matter which becames apparent at points
of discontimity of the eleoctrolyte.

In soms of the author's earliest expsriments on cement pastes,
using direot ocurrent and btrass electrodes, this eleotrolytio action
at the eleotrode surfuaces was very pronounced, Comsequently the
eleotrolytio nature of the cement paste was established, Subeequent
investigations into the eleotroochemistry of solutions were undertaken
with this faot in mind,

Glasatone (12) points out that "eleotricity may be oarried through

i i it B A T T SR e
b
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an elootrolyte in either ome or both of two wayss positive oharges may
be ocarried in one direction by ocations, or negative charges in the
opposite direotion by snions”s As & result there are three possidble
ways in which the eleotriocity may be conduoted in sn eleotrolyte to
produce the final results consistent with Faraday's law of electro-
ohemionl equivalents (13)e

A development of the theory of the conduotanse of electricity for
s very dilute solution of an electrolyte is given by Newman (21). This
development will be reviewed briefly.

In an electrolytio solution containing ¥ noicoulu per unit volume,
assune that each molecule is capable of dissooiating into two ions,
each of walency b If F is the oharge on a univalent ian, then emch
ion oarries an equal and opposite charge of & JP, let uy and ug repre-
sent the steady-state velooities of the anion and caticn, respsotiwely,
developed under & unit potential gradient, If B is the potential at
sy point in tho field, then dR/dx is the motusl gradient existing in
the direction x, whore x is taken in the direotion of motion of the
iong, The foroe aoting upon each ion then is VP dR/dx and the steady-

state volooities of the anions snd cations are ue dB/dx and uy dB/dx,
respectively, 1f o is the fraotion of molecules ionized, then the total
mlbor of ions passing aoross a ssotion, of aroa A, perpendicular to
tbodirootionoftlwpormit of time 1s aFA (uy + ug) dR/ax,

Ag oach ion ocarries a charge & JP, the total charge ptulng por unit .
tine (or current) 1s | |
‘ I = qVEAP (u‘n:o)g (g, 1)

b
v
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By Om's law the ourrent aoross the section is
IsA cg (%g. 2)
where & iz the speoific conduotance, or oconduotivity of the solution,
Biuating the right-hand sides of equations 1 and 2, and solving for o
c=al (v, +ug) VP (2q. 8)

Thus, the conduotivity is proporticnal to three ftemss (1) the
consentration of the ions, (aN); (2) the sum of their velooities,
(ug + ug)s and (8) the oharges which they carry (UF).

It should be remexdbered that equation 3 applies only to very
dilute solutions, As the oomcentratien inoreases, other faotors enter
which have been neglected in this deriwation, namely inter-ionio
(Coulomd) foroes snd friotional effects due to the inoressed viscosity
of the fluid, Coulamd forces have two effects. First, soccording to
Fallkenhagen (9)

"the ion is surrounded Yy en oppositely charged ianio atmos=~

phere, The electris field thus ocauses the solvent to move

in the opposite direotion to the ion, and gives rise to the

eoffeot inown as eleotrophoresis, whioch inoreases the ordimary

vigoosity resistance. In the seoond place, an ion moving

with constant velooity must always be bullding up the icnio

atnosphere in the region to whioh it moves, while at points

behind 1t the oharge distribution is continually returning

€0 & random ONGeecsvevccnsscscanelt gives rige to a

~ foroe, termed the relsxation £0rce.ececes.«” (Pallanhagen,

page 183, tranglated by R, P, Bell, 1634)

It would be expeoted that various brands of Portland cements, each
having a different history of manufacture would have different chemioal
propertiocss and as a result, different kinde and mmbders of ions
present for a given water ocontsnt, Also, the oharges on these ions

would be again dependent upon the chemical constituents of the osment,
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Thus, there is very little that oan be predicted in this fleld by &
review of literature.

Howsver, & review of literature dealing with the factors influ-
enoing the conduotivity for a given eleotrolyte omn be very
advantageocus.

Agauming & definite water ocontent, the effect of temperature
acoording to Newsan (21), Glasstone (12), and Palkenhagen (9), is
twofold, Pirst, inoreasing the temperature of the eleatrolyte
inoreases the ionic mobdlity or velooity at which tho ions move, If
this slone were the only effect the conductivity would oantinue to
inorease with inorease of tamperature., However, the degreo of ioni-
sation hag been found to deoreese with increased temperature, Thus
it 1 posesidle that a maximm conductivity may be reached,

Palkenhegon (9) gives & ourve for conduotivity versus temperature for
aguecus golutions of sodium ohloride of 0,01, 0.1, and 0.5 normal
solutions, The 0,01 normal solution reaches & meximum above 320°C,,
the 0,1 normal solution at 280°0,, and the 0.5 normal solution at
24090, That 1s, the maximum ocours at lower temperatures for inoreas-
ing oonoentrations, where the Coulamb forces within the electrolyte
are stronger,

The effect upon oonduotivity of inoreasing the amount of olectro-
lyte in solution is rather complicated, At low dilution an inorease in
the smount of eleotrolyte inoresses the cancentration of ions, (Ka),
since N inocreases faster than o decreases. At higher wvalues this

relationship no longer exists, and the conductivity ourve reaches a
maxinun and then deorcases. PFor oonocentrated solutions, other forves,

el TR i s et RO i,
.
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as previcusly mentioned, nemely Coulamd forces and viscosity effects,
aleo tend to deorease the ocnduotivity with inoreased ratdo of elestro-
1yte to water. Mewmen (21) gives a set of ourves of specifio conduo-
tanoe versus conocentration (oancentration here meening "gram equiwe-
lents per litre of solution") for several eleotrolytes which bears

out this relationship, Solutione in cement pastes are no doudbt
saturated or neerly saturated solutions. Consequently a deorsase in
the mater-cenent ratio would tond to deorease the conduotivity.
Although thie is the tendenoy observed, the suthor believes other
oonsiderations are much more important than these possidle concentration
changes (pages 178 and 187).

The derivation previously given (pages 15 end 14) for s dilute
solution applied to a statiomary or direot field. Beocause of polerisza-
tion effects, whioh will be discussed later (peges 18 and 19), it is
not practiocal to make most measuremsnts with direot ourronts, ut
rather with alternsting currents. It is cnly when the frequemcy
beocmes sufficiently large so that the time of en ceoillation is
oomparable to the time of relaxation that the foroes of relsxation
change tho wvalus of oonduotivity, The walue of frequency required for
such changes to be cbserved corresponds aocording to Falkenhagen (9),
to & wave length of the order of megnitude "velooity of light x time of
relaxation”. At audio frequencles the effect is not messursble.

(See Figure 11, page 86, for measuromente on a cement paste).

-

gl T S RS AT 81 s s o b s sin e o
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C. Conductivity Keasurements of Electrolytes

The rethods used in measuring the resistance (or oonductance) of
an eleotrolyte may be divided into two olasses: (1) those methods in
whioh the effeots of polarization at the electrode surfaces eare elimi.
mted, and (2) those in which its effects are reduced to a minimum,
Tolarization as applied to electrolytes signifies comcentration
changes in the immediate vioinity of the eleoctrodes whioh give rise to
electromotive forces., Those forces are in opposition to the appliad
voltage,

The methods involved in tho first olasss, whore polarisation effects
are olininated, are, according to Newmen (21), usually two in mmber,

(a) The d. c. rosistance of the eleotrolyte including the polariza-
tion effeots at the eleotrodos is first meagured by dalance of a
Wheatstane bridge. The eleoctrodes are then moved oloser together and
the bridge again balanced by adding a series resistor to the sample arm
of the tridge. The value of added resistance gives the rosistance of
the difforence in lengths of tho electrolyte sample. Obviocusly, the
elootrodes for measurements upon cement pastes and morters must de
fixed, Henoe the mothod ocould not be applied to this problem,

(b) The second method of this olssas consists of using auxiliary
eleotrodes, the potential drop being determined by an eleotrostatic or
extremely high resistance voltmeter., This method was employed by Smith

and Moss (27) and Haines (14)., The ohoioce of suxiliary eleotrodes for
oenont pastes and mortars, in which volumetric changes occur as the
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mixture sets, was & problem undertaken by the author, but not satis-
faotorily solved, 3oth of the sbove investigators used meroury as the
contact medium between the electrolyte and the leads. Smith and !‘oss,
working with liquid eleotrolytes, placed the mercury in cups at the
ends of the seotion of the electrolyte to be nmeasured and allowed the
ourrent to flow through the eleotrolyte past these eleotrodes to the
main ourrent oleotrodes, The meroury, being nore dense than the
olectrolyte, caused no diffioulty as it was fimmly supported in the
oupa, Haines, working with moist soils, molded tho g8oil 1ln the form
of & drick with snall depressions, or cups, in which tho mercury was
placed, Tho goil was so compaot that tho oup held its form, In
ooment pastes, ospeoially during the initial period, the paste may be
80 plagtio that the fluldity of tho paste and the meroury are approxi-
matoly tho ssme. As a result, definite oontaots botween the mercury
and leads, and moroury and paste are very nearly impossible. Tho use
of wire auxiliary oleotrodes 1s open to the objeotion of high contnot
rosistance as tho pasto sgets.

The second olass of measurements, involving those mothods in
whioh tho polarization i1s reduced to a minimum, has becaro the standard
means of determining eleotrolytic resistence., A modified “heatstone
bridge is ususlly used with an el tornating-current supply. The
oleotrodes and electrolyte in reality form a ocirocult of resistance and
offective capacitance., The term Q, the polarization, is in effeot
equal to 1/0; + 1/Cq, whore Cy and Cg are the equivalent capeoitances

of the electrode-eleotrolyte inter-surfaces, As a result, the voltage
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oquation of & oirouit consisting only of the oleotrolyte, of resistance
R, the eleotrodes, and a source of alternating=ocurrent supply is
E sin ot = iR + Qf idt (Bq.4)

and the effective impedance of the oirouit is shown by lowman (21),

page 312, to be &
Z.RUI"miR (qus)

To reduce the effects of polarisation, the second torm of the
radical must be roduced. Sinoe u (21 times the frequency) appears in
the denaminator, the effcot of polarization may be reduced by inoreag-
ing the frequency. As & result 1000 cyoles has becomo the standard
frequency used in making eleotrolytio resistance measuromonts. If
ocapacitance (polarization) is present in the sample branch of a iheat-
stone bridge oirouit, and, if the wariable reaistance arm ocontains pure
resistance only, a minimm point may be deteoted for belance btut the
phones will never indiocate a oomplete silence. Sinoce the exmot deter=
minration of the balanoe point ie extremoly diffioult unleas & complete
sileonce is odbtnined, the capacitance effeocts of the smamplo must bo
balsnoced by & ocoandenser in tho wariable resistance branch. A parallel
arrangement is usually used, (For a more oamplote desoription of the

oirouit and equipment seec page 35 and Fipure 2, page 27.)

D. Properties of Fortland Cements

The ohanges whioh ocour whon Portland oement is mixed with water

ere s0 mumerous and complex that they ocan not be analysod separately
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with any degree of certsinty. Sesrle (24) desorives the phenonens of
sotting and hardening from a physiosl viewpoint.

Ho states that an oxcess of water used in gauging (the process of
mixing wator and cement to form a paste) retards the setting orocess,
and that a vory dry gauging accelerates it., An inorease in temporature
also inoreages tho apeed of the reactions.

The gain of strength, he believes, has no conneotion with the
sotting phenonona, since the csuses of setting and hardening are quite
different. As the emphasls of this investigation 1s placed upon the
sotting rather than upon the herdening rhenomena this seotion of the
roview of liternture will bo discussod accordingly. It will be
suffioiont to state Searle’'s premise then, regnrding the hardening
process, that

"the oonversion of the mixture of cement and water into a

mass of a hard, stony nature may be due to one or more of

the followlng changes, which may procecd simultanecuslys

(a) The formation of a orystalline magma from a
supergaturated salution.

(b) The desioccation of a ocolloldal substanco or gel,
(o) The remotion of wvarious gubstancas upon ench other,

or with water, giving rise to a produot which is eithor

orystalline, as in (a), or colloidal, and is later desiocatod

es in (b)." (Soarle, page 89.)

From the chemical viewpoint Searle states that the most probadle
oonstituents of cement clinker are tricalcium aluninate and dicaloium
and tricaloium silioetes. io conoludes that tricnloium siliocate is the
mogt important conatituent of rortland coments because its setting and

hardening phenomena appecr to be procisely similar to those in the
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sotting of Portland ocments; wheress tricaloium aluminate is hydrated
in water but does not develop great strongth, and dionloium silicate is
not readily hydrated except in the presence of a solution of calolum
eluninate and then it forms only & very granular mass of nany volds.

An intoresting statement, which will b referred to later
(page 177) is that

™ihen cement is mixed with water, allowed to herden, and then

polighod and examined under a nicroscope, it will be found

that about half of it oonsists of the unnltered zraing of

oenent and the remainder of colloidal or gelatinous materials

ssescscessscsEvon with the nost finely ground cemonts and the

most careofully made mixtures of these with sand, the whole

of tho cemont 1s never hydrolysed the firat tine the mixture

is raured with wvator.” (<carle, pege 97)

Searle draws & final oconclusion that perhaps the sotting thenomena
is povorned largely by the formation of hydrated tricaloium aluninate,
and the inorease in strongth, or the hardening phonomena, by the tricalw
olun gilicate. Theose oonclusions are based upon data of Kloin and
Phillips (16) and Bates and Klein (4) of the U, $. 'ureau of “tandards.

A oonsiderable mmbor of investigations hnve boon conduoted upon
the design of oconorete mixes. One of the earliest of these inveastiga-
tions was that of Duff A, Abrams (1) working et lLewis Institute in
Chiocago, 1llinois., The proportion of wnter was found to be mush more
Importent than had been camonly supposed, Abrams found that the
stroength, as well as meny othor propertics of conorote, made from
different proportionas of cement and sand wns dopendent solely upon the
ratio of weter to cement in the mixture. The only restriotions to this
law ere that the oonoretoc be plastis and workable eand tho agzregates

olean and made up of sound partioles. As the ratio of water to cement
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inoreases the strength of the conorote deoremsess Abrems, in dlsouss-
ing the ourve illustrating this law, states that
"Values from dry conoretes have been amitted, If

these were used we ghould obtain a series of ourves

dropping downward and to the left. (Author's note:

deoreasing strength with deoremsed water-cenent ratio)

from the curve shomn.” (Abrams, Bulletin 1, page 3.)

The offeot of quring conditions upon the strength of aonorets vas
also investigated by Abramg (2). e found that for rnolst ouring the
strength of the oconorete was atill inoreesing at tho end of four months.
The custamary poriod of ouring for ocompressive strength ssaples is
28 days. The type of ouring occmmonly used is either molst closet curing

or immersion in waterg the lattor being preferred.

Es Intermal Stretification in Cement Pastes and lortars

The tendenoy for water to rise to the top of ocoment panstos or
mortars soon after being placed is receiving oconsiderable attention at
the present tims, lowers (23) in a discussion of iieymouth's theory of
particle interference statos that thore are at least two fuctors which
tond to prevent this escapso or xiomont of water, The firat is the
adhesion force betwoen the liquid and the solid surfaces; the seoond
the friotion forces whioh nust be overcome hefore relative notion ocan
ooour,

The first of these forces, the adhesion foroe, inoreases with
inoreased curvature of the surface film between two adjacent partioles.

Consequently the foroe of adhesion if larger if the partioles are of
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meller size.

The seoond faotor mentioned, the resistance to relative novements
between solid partioles and water, nay be approximated aocording to

Fowers, by Folsenille's law of capillary flows

Bur‘

Y (=3, )
where V is the volume of fluid flowing per unit of time, r the radius

of the capillary, 1 its length, n the coceffioient of viscosity of the
liquid, and H the force causing flow, In the oase of ooment pastes
this force is the suspended weight of the particles. The importent
point to be noted is that the velooity of flow deoreascs consideradly
with a deorease in the effeoctive radius of the ocapillary tube, Thus
the flow dooreases for pertioles of smaller sise,

Powers, in the same discussian, has also investigated the effeot
of the thiokness of water layers or filmg upon the loss of strength of
oanorete, To caloulate tho thickness of the films it was neceasary to
Inmow the surfuce area of sand and ocement and the volume of watyr in the
hardoned nmortar. He found that the reduotion in strength became very
rapid when the thiokness of water film exceeded approximately two
niorons,.

Bromn (8), working at tho lassachusetts Institute of Technology,
made determinations upon the "bleeding tendenoy” of several cements.
Hig messurements of this tendenscy oconsisted of determining the volumes
of supernatant water and settled cement psate in test tubes two hours
after mixing under uwniform conditions. The range of water-cement

ratios investigated was 0,7 to 1.0 by weight, These ratios are
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abnormally high tut are necoessary beocsuse of the nature of the test.
As a result the method gives no pioture of the distribution of water
in & normmel mix of cement paste,



I1l, THE INVESTIGATION

A, Experimental

l¢ Flen of the investigation

e, Setting phenonena of cement pastos. The setting phenomena for

three Portland cement pastos was followed oconductometriocally for a
period of three hours after gauging, The effeots of variantions in
water content (water-cement ratio) and temperature were determined by
taking samples at each of four water-cemont ratios, 0,25, 0,30, 0,35,
and 0,40 by weight, and at temperatures ranging hetween 20°C, and 30°C,
The semples were mixod at or neer the tenperature (2 293.) at which
the test was to be mndoe, They were then placed in a thermostatically
controllod testing ocabinet and held at or near the desired temperature
for the period of the test during whioh time the eleotrical conduotivity
noagurements wore made, For the high early strength cament (designated
Coment B in the data) the temperature at two and a half to three hours
inoreased soveral degrees. Consequently the values of oconductivity at
lower temporatures for this ooment were extrapolated. Four or five
samples for each water~coment ratio were necessary to determine the
variation of oconductivity with temperature,

The sample contminers for this portion of the investigation were
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in the form of parallelopipeds with the eleotrodes ocovering the entire
ends of the semples The conductivity as measured was therefore the
effective conduotivity of the entire sample,

Neasurements were made using & modified vheatstone bridge
arrangement (Pigure 2, page 27).

In plotting the data and drawing the curves a statistioal graphio
method was employed, This is desoribed in the presentation of results
(pages 68 and 69).

be Excess water tendency in sandwwator mixtures. A method of

measuring the relative thiokness of water f£ilm for inert partioles was
doveloped. The container and nmethod of elestrical measurement were
sinilar to those used in detemining the setting phenomene,

It is a woll kmown faot that the percentage of voids 1n a compacted
group of dry partioles all of the ssme size depends upon the shape of
the partioles btut not upon their sise., For example, the porcontage
voids for & ocompacted mags of sand particles of 1 millimeter average
dianeter is the same as for partioles of 0,2 millimeter avornge
diemeter provided the sands have the ssme oonfiguration, 7The extrems
cages for ditforen_oe: in oonfiguration would be oudbes, where the per-
oentage volde for perfect compactness would be?tapor conty and spheres,
where the volds for systematio paoidng would be 47.6 per oont, or for
random arrangement approximately 36 per cent (10). In an actual graded
sand the partioles have upper and lower limits on their dimensions.
Since the emaller particles partially £i11 the voids of the larger ones,

the percontage voids may be smamller than 36 por cent.
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If now, the spnces betwsen the eleotrically inert sand pertioles
(carefully washed Cttawa standard silioa sand having no appreciable
ocnduotanoe when pmoked dry) are filled with a conduoting medium of
Imown conduotivity (tap water, for example), and the conductivity of
the combination measured, the ratio of the ssnd-mater conductivity to
the water conduotivity will give a meagure of the percentmge of wet
voids in the sand,

Thie ratio will not be the percentage of actuml woids for two
reasons, rirst, the current lines through the sand voids, i.e.,
through the water, aro not straight lines from one oleotrode to the
other, and seoond, the oross seotional areas of water through which the
owrrent passes are not uniform in dimensions and hence areo not used
nost effectively. Both of those faotors tond to make the ratio as
obtained above less than tho eotuasl perocentage of wet volds. Ilowever,
the ratio does give a relative measure of the wet voids.

Knowing the dry voids for several mites or gradings of sande and
this relative measure of tho wet voids it is possible to determine
whether there are difforences in the tendenocy for water films to sepa=-
rate the gsand partioless The author believes this tendency mey de
nost easily exprossed as & ratio of the relative measure of wet voids
to the aotual moasure of dry wvoids. 7This now ratio is tormod the
"excenss water tendency”, since an inorease in the mumber indicates an
inorease in the excess of water above that necessary to £ill only the
dry voids, A disocussion of this "tendenoy" for tho sands investigated
will be made later (pages 161 and 182).

Two deaigns for grading of sand were testeds one a straight line
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grading, and the other a grading employing ‘eymouth's theory of partiole
nixturoe (23).

The straight line grading, for the three sizes of sand particles
used, was obtained by using 4/7, 2/7, and 1/7 abgolute volumes (or
weights) of the large, medium, and small giges, respootively, The
larger sise particles, having an upper limit on the diamster of twloce
that of the medium, and likewise for tho medium to the small, the
resul ting greading, using the above proportions, gave & straight line
relationship, This is illustrated in Tigure 24, page 112,

The ‘Weymouth grading consisted of finding the proportions of space
svailadble to each sise group and then filling the spaco with partioles
to produoco the desired oconcentration, or relative demaity, dg,
relative to the dry rodded bulk density, dg.

The first step was to seleot tho spaoing of the partioles, This,
for the Tyler seorios of sieves, oan beat he seleoted ag the disnmeter
of the next smaller size partioles. Then, using Weymouth's results,
dg ® 0,206 dg, where there 1g no group of partiocles missing.

[Powers (23)1 A Dlsoussion of Co As O. ieymouth's Theory of Purtiole

Interference, page 4./

The oaloulations for the design of this mix are discussed more
oonpletely on pege 48,

6. Internal stratification in cemont pastes. The mothod used for

determining the change in water content in lateral sections of a
ssmple oonslsted essentially of measuring the eleotriocal oonduotance of

those seotions of the sample, A diagram of the eleoctrio cirouit ie
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shown in Figure 3, page Sl. If a straight line relationship existed
(sce page 183), botween the eleotriocal oconduotivity and the water-
cement ratio these measurements would give direct measures of the
water contents of the layers, and relative ohanges in the water oon-
tents would be evidenced bty relative changes in the conductances.

The sample ocontainer used for those messuremonts was a container
of gix inches depth in which elestrode pairs were placed at different
levels throughout the vertioal height of the sample. Iy maintaining
the same voltage on sll the elcotrode peirs, the sample wag seotion-
alized elootrically into lateral layers. Tho ourronte flowing through
oach of the layers were dotermined from voltage-drop measurements,
using & vaocouums-tudbe voltmeter, aoross low resistance shunts placed in
each oleotrode oirouit.

de Correlation of eleotriocal conduotivity and oompressive

strength of oement mortars. Llortar mixes of various proportions of

sand, cement, and water were moasured for eleotrical oconduotivity at
fifteen minutes af'ter gauging, and for oonpressive strongth at twentyw
eight days. Standard 20/30 Ottawa silica ssnd was used for all nortar
mixes.

The ocontainers and methods used for the eleotrioal conductivity
moasurenents were idontical with those for determining the setting
phenomena of ocnment pastes,

The compressive-strength tests were made upon two=inoh cubos.

These oubes were oured by immersion in water hold st 26°C. by means
of thormostatio control.
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2. Tegoription of apparstus

a, Osoillator. The gowrce of supply used in all measurements of
sleotricsl conduotivity, or conduotance, consisted of a wowmmetube, low
frequency oscillator, type 377-B, manufaotured by the General Radio
Company of Cambridge, assachusetts. A frequency of 1000 cyoles per
second was used in all determinstions except one (pege 176).

b. Sample containers for conduotivity messurements of cemont

pastes ond mortars. The sample containers oconeisted of four paraffined,

wooden containers of approximate inaide dimensions: 12,5 om. ty 2.8 ome
by £.8 ome These containers are shown in Figure 4, page 33, The
matorial of the olectrodos sonsisted of molded graphite brushes mome
faoctured by the National Carbon Company. Thase trushes, spproximately
1.2 om, thiok, were cut to fit the 2,6 om, by 2,5 o, dimensions of
the container. The bead of a 1 1/4 = inch btrass machine sorow was then
anchored into the ocarbon blooks The sorew extended through the end of
tho oontainer, and the assembly of the eleotrode was made rigid by
sultable washers and nuts on the outside of the end of the ocontainer,
The eleotrodes wore sandpapored before esch sanple was packeds
and the containers, with eleotrodes removed, were froquently boiled in
paraffin, The rosistance of one of these oantainers when damp varied
from 10,000 to 25,0C0 ohms. The correaponding conduotsnce amcunted to
fram 0,2 per cent to 3 per cent of the conduotance of the sample,
depending upon the gample, No doudbt most of this oonduotance was a

surfaoce phenamenon, The larger errors were introduced only upon
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Figure 4. Photograph of Sample Conteiners
for Conductivity Measurements of Cement
Pastes and Mortars

Figure 5. Photograph of Sample Container
for Conduotivity Measurements of Sand-
Water Mixtures
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measurenents of cement mortars, whero tho oonduotance of the sample wes
much lower than that for cement pestes, For the pastes the container
canduotance seldom oxoeeded 1,6 per cent of the sample oonduotance., No
attempt was made to correct for this error because it varied considere
sbly during & single test, and there was no means of knowing its walueo
at any definite time. As tho sanple set the surfece wator of the
container weaa absorbed slightly by the semple, thus decrensing the
arrors

Thernometer wells were construoted in one side wall of each con=
tainor so that the thermometer buldb omme in oontaot with the ocement
pagte or mortar but was not placed in the path of curront flow,

Connections to the container were made with Nunber 27 Universal
test olips.

0+ Semple container for ssndewnter conduotivity neasurements.

The ssmple oontainer, Figure 6, page 33, for tho dotormination of the
excess water tondenoy in saturated sand-water mixturos was the same
type as that uged for coment pastos and mortars, Tho dimensions of
this ocontainer, howover, were approximately 26,0 om. by G.4 oms by

6e1 ome The form of tho eleotrodes were identiocal to those previously
desoribed,

The resistance of the container when damp was in exoess of
200,000 olms. Tho conteiner conduotance was thus less than 2,5 per
cent of the conductance of any sample used in it, Again no attompt
was made for a correotion,

de Janmple ocontainer for stretification meagurements, The cone~

tainer, Figure €, page 36, consisted of & peraffined, wooden box,
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with paraffin-gealed joints, of the following dimensions: height,

16,2 oo (8 inches); width, 10.2 on, (4 inches)s and length, 15.2 ca.

(6 inchos). The two sides of the oontainer (15.2 by 16.2 on, dimene-
siona) were drilled as showm in Figure 53, pago 196. A sgheet of 3.2 mm.
(1/8 inch) sheet rubber, drilled with l.1 oma (7/16 inoh) dismoter
holes wag comented over the outaide surfuce of tho container.

The eleotrodes, rlaced as shomm in tho figuros referred to above,
conaisted of twelve graphite cardans of 1.1 am. (7/16 inch) dismeter
approximately 18 om, (7 inches) in length,

Conmeotions to the eleotrodes wore made with Humber 27 Universal
test olips.

e, Theatstone bridge apparatus, The modified Theatstono bridge

oircuit uesed in determining tho resistance of samples of paste, mortar,
and sandewater nixtures is shown in Flgure 2, page 27, The ratio
rosistors woere obtainod fram & plug-type leeds and Horthrup tridge,
nunber 566423 and the wariable resistor fraom & loeds and liorthrup
student type potentiomoter, number 30180, The wveriasblo condonser was
an air oondenser of approximately C.(X}6 miorofarad naximun capacitance
momufactured by the Ueneral mdio Canpany, type 246 P, nunber 4773 and
the fixed condensers, Yestern Flaotrio paper ocondensors of 0,0C6, 0,01,
0,02, 0,02, and 0.06 miorofersds. The paper oondensers wore tested for
phase angle ueing a oathode-ray osocillograph mnd found that the
offective series rosistance was extremely low, The phonos consisted of

Viestorn FElootrie signal oorps phonos, type Fll,
f. Vacuum=tube voltmoter. The vaocouume=tube voltmoter used in

measuring the voltage drops aoross the shunts for the stratification
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Pigure 6. Photograph of Testing Cabinet with Container
for Stratification Keasurements in Place
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Pigure 7. Photograph of Wheatstone Bridge Equipment,
Oscillator, and Vaouum~tube Voltmeter
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measurements was a laboratory nodel monufmotured by the ‘meriocan
Telephone and Telegraph Company.

A photograph of the equiment is shom in Fifure 7, page 3G. The
oircuit of the voltmeter is shown schematiocally in Figure 8, page 37.

The voltmeter oonsisbted essentially of the following olemonts:

(1) A vaomum=tube amplifier

(2) A vaonum=tube dotector to reotify the alternating current so
that a sensitive direot=ourrent meter could be used to indicate the
magnitudes of applied voltages

(3) A calibrated potentiometer used to indiocate the ratio of the
magnitudes of the voltages inpressed on the input of the amplifior.

The operation of the meter oconsisted of adjusting, by means of the
potentiometeor, the input to the smplifier for the warious applied
voltagos so that the cutput meter deflection was maintained constant,
The potonticmetsr readings being inversely proportional to the applied
voltagos furnished the means of oomparison,

For example, assume an applied voltaze of 20 nillivolts and a
potentioneter reading of 280 for a normal ocutput curront of 1 milliw
smpere. Now, if a voltage of 10 millivolts be applied, instead of
that of 20 millivolts, the potentiometer must be adjusted to twloe its
original wvalue, or 600, to manintain the same input to tho smplifier
and thus maintain the output of 1 milliampore.

The range of the meter was adjustable by varying tho grid dias of
the last tube of the anplifier, For a given grid bias the meter ocould
be calibrated by applyin; a lnmown voltage to the input and noting the
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potenticmeter reading for normal output.
ge Eleotrioal testing oabinet. The teating ocebinet, of double-

wall oonstruotion, approximately 60 cme by 650 om, by 45 om,, was
thermostatically controlled (% 19C,) for holding samples at or near a
given temperature for periods of threo hours. The terminology "at or
near a given temperature” is used to signify that it was not always
possible to hold a senple of paste or mortar in whioh thermel reaoctions
were occurring at a given temperature, Tho cabinet is evident in the
photograph, Figure 6, pege 36,

The temporature of tho oabinet, with no heating applicd, was first
maintained below the desired temperature by moans of a coldewater
radiator and slow spoed fan systom, as may be seen in the photograph.
hon d;eirnblo tho temporature of the oabinet aoould be maintained more
or less below roon temperature thy this meansg, the smount below depending
upon the cooling wator (tap water) temperaturo and room temperature,
For example, at a room temperature of 3000, and tap water of 15°C, the
cabinet could be maintained at approximately 22°C, Tho temporature was
then boosted to the desired temperature by thermostatioally ocontrolled
lamps,

The thermostat, construoted by tho author, was of the three-point
varioty, the motivating olement being a bi-metal strip of zino and
ooppers

The relay used in oonjunction with the thermostat was manufaotured
by Struthers Dumn, Incorporated, type ABYT8PO,

The oontrol oirouit for the cabinet is zhowm in Pigure 9, page 40.

he Curing cabinet. The ocuring oabinet oconsisted of a plywood
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box lined with galvanized sheet steel made water tight by soldering,
The dimensions of the box were approximately 60 cme by 6C cme by 46 ome
with an ovorflow drain at the 36 am. lovel,

Sufficient tap wator was allowed to flow into the box to maintain
the temperature of the water several degrees bdelow 26°C,, tho tempsra-
ture at which the sanples wore cured, The temperature was then doosted
to 2850C, by means of thermostatioc control on an immerged heating
element of nichrome wire,.

The thenrostatio control equipment was identiocal with that as
desoribed for the testing cabinet ( Figure 9, page 40),

i. Conpression testingy mechine, Tho oquipment used in testing

the ocured riortar cubes for compressive strength was a Southwark-tmery
76,000=pound machine mapufuctured by the SaldwinesSouthwark Corporation,
Philadelphia, Ponnsylvanias, mmber 50810, under licenso {ram Imery=-
Tatnall Compeany.

3. lothods of prooedure

a. Setting phenomena of cement pastes, Two hundred fifty (260)

grans of oement and a suffiocient quantity of distilled water
(oonduotivity lees than 1 x 10" mhos/om®), moasured in 0.0., to pro-
duce the desired water-ooment ratio were pleced in the testing cabinet
and allowed to oome to the temporature at whioh the test wes to be made.
The coment was then placed on & nom=abgorbent flat surface and
cratored. As tho water was poured into the crater a stop watoh was
started, 0n§-half mimite wag allowod to turn the cement into the
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water with a trowel, The peste was then mixed thoroughly for one
end ono-half minmutes. liixing of the drier emaples was done with the
hande, protected by rubber gloves so as to absord no moisture.

The pasto was thon placed in the sample container, whose dimen-
sions were socurately measured, having the thermometer woll of the
container filled with a solid rode The paste, for the drier sanmples,
was ocanpacted with the thumbs, so that the total applled pressure was
approximately 10 to 15 pounds.

The top of the sanple was then smoothed off with a trowel and the
surface sealod with a thin layer of melted paraffin, This was immed-
iately cooled by placing the sample under & stream of cool water for
soveral minutess This seal was found neocossary to proteot tho sample
fran oraoking and consequently produoing erronsous measurements of
resistances The rod wag removed fram the thermumeter well and reoplaced
by a thermometor,

The sample was then placed in the testing ocabinet which was main-
tained at the desired tonperature, Roadings of sample resistance and
tomperature were made at 15, 30, 465, 60, 90, 120, 150, and 180 minutes.
The rosistance was measured LUy the modified Vheatstone ULridge
desoribed on page 37

So that the cements oould be oampared at the same oonsistencieas
as rogarded vater content, tests with the Viont NHeedle were made for
normel consistenoy. The method of proocedure of the /neriocan 'ocoiety
of Tosting laterials, C 77=50 (3) was followed.

be Excess water tendonoy in sand-water mixtures. In these

conduotivity tosts, as in others, small temperature variations
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(several degrees Contigrade) were found to produce considorable
variations in the eleotrical oconduotivity. 4s a result 259C, wns
chosen ag the nost desirablec temperaturc for theso teets, and all
neasurenents were made within 8°C, of this tomporature, the vwalue
being notoed.

First, samples of tap wmter wers tested for its electriocanl
rosistance at tenperatures in the above range by filling the contniner
o that tho menisous of the water was level with the top surfmce of the
container,

Samples of the desired sizos and gradings of sand wore then tested
accorling to the following mothod: The container was filled approxi=-
mately ocne-half full of tep wator, The washed, wet sand wng then
allowed to settle through the water to the bottom of the container,
This prooedure waas followod to eliminate alr bubbles., .ith the
container full tho mixture was rodded, and the sides of the container
struok sharply with a trowel to produce dense pecking. Tho surface of
the nmixture was thon carofully loveled making certain thore was neither
an exoess or defiolensy of waters This acoomplished, a reading of the
resistance was made usling tho Vheatstone bridge; and the temperature of
tho mixturé wags dotermined immediatoly by ingerting a thermometer.

leasurements of the dry voilds were made by ocompaoting tho sand by
rodding and toapping the 6C o0.0. graduate in which it was plsced until
no change in volume was noteds The volume of sand thus compacted was
recorded, Using & 600 o.0, graduate a volumo of water of approximately

200 a0, was measured and rocorded, The sand was then poured slowly
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into the water and tho combined volume measured. Three determinations
for each sige or grading of sand were nade.

0. Internal stratification in cement pastes. The vacuun=tube

voltmeter was onlibrated by measuring a knowm voltago drop ocaloulated
from & neasured current flow through & gteandard noneinductively wound
regigtor of lmown resistance,

The container and shunts were oalibrated for varlations with the
container filled with a 0,3 normal solution of sodium chloride, This
concentration was found to have a conduotivity of the same order of
nagnitude as most Portland coment pmstes of 0,38 or (440 water-comont
ratio, Throe to five gets of reletive readings of ourrent flow at a
oconstant impressed voltage were mado for this oalibration,

The tost upon a emmple of oement paste was made ecoording to the
following procedure.

Tho oontainer, 5000 grams of oement, and sufficiont dlstilled
water to give tho proper water-cemont ratio were brought to a tempera-
ture of 289C, in the thermostatiocally ocontrolled testing cebinet.

The oement wag thon placed upon & non=absorbent flat surface and
oraterod. Tho water was poured into the orater and a stop watoh
started. Cne minute wang allowed for turning the cement into the
wator with a trowel. Tho somple was then nixed thoroughly for five
minutes,

At the expiration of that time the sample was plaoced in the ocon~
tainer and rodded ten times in the region betweon the electrodes and
five times in each region behind the eleotrodes. The surfece of the
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samplo was smoothed with ss little agitation as possidle. The oon-
tainer and gample were then placed in the teating oabinet, and the
leads to the eleotrodes mede with test olips,

Two sets of readings of ocurrent flow through the six oircuits were
wade each five minutes, beginning at ten mimites, for the first sixty
minmutes. For the remainder of the one hundred eighty minutes of the
tost, two sots of readings were made ench ten mimutes, The temperature
of the sample was meagured with a thermometer placed in the ocement
paste just behind the camon oircuit eleotrodes. Readingas of the
tonperature of the paste and the levels of the water and comont at the
oonter of the top surfnoe were mnde each ten mimutea,

Inaguoh as water colleocted on the top of the sample for some
oanents during a portion of the test, and as the oement also underwent
a shrinkage as 1t set, corrootions for conductance measurements on the
top seotion of tho sample were necessary.

OCne semple of each ocement for whioh water oollested on tho surface
wos used in determining tho oonduotance of this surfuco water, At a
time when the anmount of water on top was a maximum, as determined from
a previous test, a roading was made and then this water was poured or
abgsorbed from the surface and the reading repested.

de Correlation of eleotrical oondustivity and coripressive strength

of cement mortars. Tho constituents of the mortar (send, ooment, and

distilled water) were measured and brought to a temperature of 28°C in
the testing ocabinet,

The sand and cement were placed on a non-absorbent, flat surfaoce,
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nixed thoroughly, and then oratereds The wator wes then pourod into
tho orater and & stop watoh started. OCne-half minute wag allowed for
turning the oement and sand into the water. The conatituents were then
mixed thoroughly for one and one-half minutes by kneading with the
hands. During this operation the hands were proteoted by rudbder gloves.

At tho expiration of this time two sample containers for eleotri-
oal neasurenents wore {illed and paoked as is desoribed for the drier
sanples of cement paste (page 42), except that no paraffin seal vas
ugod. The samples wore then placed in the testing oabinet,

Immediately following, oiled brass nmolds for two-inoch oubes,
plaoced on oilod flat glags plates, wore filled with the mortar and
packed in the same manner. Those molds wore then covered with danp
oloths and allowed to stand twenty to twenty=four hours.

Fifteen minmutes after the sanplos wore nixed the olootrionl
roesistance and tenmperature of tho conduotivity samples wero neasured.

Twenty to twenty=-four hours later tho molds wero carofully
renoved from the compressive strongth samples. Tho samples were thon
nmunbored with water-proof black paint and irmersed in tho ouring
oabinet whero the water temperature was hold at 269C. by thermostatio
oontrol,

At the end of twenty-oizht days the samples wore removed and
Lmediately tested for ocompressive strongth.

Additlonal samples for the eleotriocal conductivity at temporatures
ovor the range of 20°C, to 30°C, were mado according to the above

procedure to determine the ocorrection factor for tempurature variations.
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Be Caloulations

The importance of the caloulations es a logical step between the
oxporinental work sand the presentation of data makes this seation of
the dissertation a necessity. In several divisions of the investiga-

tion tho ocaloulations wore quite simples in others, quite involved.

1. Setting phenamena of cemont pastes.

The caloulations of eleotrical conduotivity were made acocording to

tho relationship

o= 1/rA (Eg. 7)
where 0 is the eleotriocal conduotivity, 1 the length of tho sample, A

its oross sectional aree, and R the measured resistancoe,

2. Exoess water tondenoy in sand-water mixtures.

The percentage of dry voids was omloulated from

kd-"’."'xloo:z (K. 8)

where kg is tho porcentage of dry wolds, Vg the volume of compnoted
dry send, % tho volume of vmtor, and Vo their combined volume after
the sand wes poured into the mater. The caloulations are tabulated in

Table X1, page 108,
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The relative meagure of the wet woidas was oaloulated from the

yatio of the conduotance of the sand-water nixture to the oconductance

=l " °
e

where gy is the relative mensure of wet voide, Pgy the rcsistance of

of tho water alone., Thus

tho eandewator mixture, and Ry the resistance of the wator alone,
The "oxcoss wator tendency”, )\, was obtained from tho ratioc of
e t0 ki
A= (Pg. 10)
with all terns expreesged ns pure numbers,
The rogults of those otloulations are shown in Table X1iI, pege 110.
The oeloulntiona for the Teymouth grading of sand followed the
plan as outlinad on pages 26 snd 23, The lerger size particles, lying
between Tylor sieves numbers 14 and 20, were spaced throughout the
ontire unit volume. dg, tho dry bulk density (percentage of nolids),
was dotormined from the dry voilds moasurements by
do=1-14 (Bg. 11)
whero kg was the fraotion of dry volda., Thus, for the lerpeut sise
particles (y1¢ - 9828), whore kq was 3643, do = 1 = 0,303 = 0,637,
Then dg = 0,296 44 ™ 0,168, Thus the absoclute volume por unit volume
for the largost slze vmo 0,138 x 1,000 » 0,188,
The space available of unlt volume for the next size jroup
(9828 - ¥£40) vas 1,000 = G,188 = 0,812, d, was 0.611, giving & dg
of C,181, and 0,181 x 0,812 w 0,147 the ebsolute volume poer unit

volums for this size,
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Iikewige for the amallost size group (48 - $810<), the absolute
volune was found to be 0,118 per unit volume,

Agsuning constant speoific gravity for all the partioles (the
variation was found to be less than 1%), the percentage weights vore
found by aiding the adbsolute volumes and taking percentags ratios.

The tabular results of theso oaloulations are shown in Table X,
page 107, The grading, as ompered to tho straight-line grading, is
shown in Figure 24, pape 112,

Se Internal stratification in cement pastes.

The voltmetor, with the grid bdlas of tho lnst tudbe adjusted so the
desired range of voltages was obtained, was oalibrated as desoridbed on

Io = ourrent through tho standard resistor during the
calitration

Ry = resistance of the resistor

Py = potentiometer setting of wwouum=tude voltneter
during calidration

P = potontianeter setting of voltmoter for m. reading
1 = current corresponding to reading P
Rgq4 = resistance of the shunt used for reading P,
then, since the roadings of the potentiometer are invereely proportional
to the voltage drope measured,

IRgt = IgRo 32 (Ea. 12)



60

The calidration for variations in Rgqy of the verious shunts and in

the cleotrode spaoings wans nade as desoribed on page 44, let

Py (1 =1, 2,.....6) = average roadings for the
six eleotrode oiroults during the calibtration
with the NaCl solution

8
Pa = 1/6 > Py = grand avorage of 1liaCl calitration
i=] readings

Fy = Po/P; » faotor by whioh readinga of the
potentiometer, when the voltmeter is comneoted
aoross shunt i, must be multiplied to refexr all
roadings to the same lovel of measuremont.

This level of memsuwremont ig fixed if the average value of Ry is
agsumed to do exnotly one ohme The ghunts were wound from the
mamufaoturer's data of rosistance per foot of wire.

Then

E xPsg x P
Rg = T, x R, x Py ~ Nel (Fqe 13)

where Rg 18 the smnple reslstance and I the voltage applied,
Converting to oonduotance
Gy = VR, (Eq. 14)
where G, is the canduotance of the sample,
The onloulations of the correotions for surfaoce conditions,
discussed on page 45, voro nade as follows. If
Gy = oonductance of the top seotion with the water
Gg = oonduotance of the top seotion without the water
dy = depth of water during reading of Gy

d = depth of water during any reading for which the
oonduotance 1a Gg,



then the correoted welue of G was
G} = Oy [T = 3/dy (G = Gg)/ (xq. 15)
agsuning that the water had the same conduotivity during doth readings.

The correotions for shrinimge of the paste were nade on a
volumetric basis. If dg was the distanocs from the top lovel of the
containor to the cement level, messured in inches, thon the
completely correoted value of Gg was

Gg = G§ / (1 = d) (£q. 16)
Tho 1 entered because the normal thiockness of the section was one inch,

The data of tho stratifioation meesurements (potentiometer readings,
P) were plotted sgainst time, as shown in Figures 26 to 3G, pages 148 to
156, inolusiveo, and the preceding caloulations were applied to the
values at 16, 30, 46, 60, 90, 120, 160, and 180 nimites as obtained from
the smooth ocurves thus obtained. The results of theae oaloulations are
tabulated in Tebles IXVIII to XViVIII, pages 129 to 147, inolusive.

The two ocorreotions applied to the top seotion of the sample
rondered it open to conasideradble error. Consequently any basis of per-
ocontage which inoluded these roadings would likewlse admit an
unoertainty to all the readings. If seotion one were exoludod from the
basis, then only tho peroentage oonduotance of seotion one would be in
orror and not thoae of tho remaining seotions, If

Gy = conduotance of seotion i (i = 1, 2, ..ccceg)

B
Ga = 1/6 7 Ggy ™ average basio conductance

-]

thon the percentage oconduotanco, Mi, of any seoticn i, based upon



sections 2 ¢to 6, is

¥y = Gy/Gy x 100 per ocent

4. Correlation of electrical oconductivity and compressive strength

of oement mortars.

The oaloulations of electrioal conduotivity were identical with
those desoribed for cemont vastes, page 47,
The conpressive strength for the 2-inoch ocubo semples wae obtained

from

"7 (Fa. 17)

where s, vas tho compressive strength, W the totsl maximun load
required to orush the sample, and A the oross seotional area (4 sq. in,),

Caloulations of correotion faotors to be applied to the electri-~
oal oonduotivity moagurenmts to ocorrect them to 269C. wore made
socording to the following formula

’
| pow %:- (Bq. 18)

whore § is the faotor by whioch tho ocanduotivity at any temperature
must be multiplied to correot it to 289C., Gy is tho conduotivity at
28°C, in the tost and Gg ig tho conduotivity at tho temperature under

investigation.



Ce Presentation of Results

ls Freliminary results.

Sanples of oement paste were tested for the effeots of wvariations
of tho magnitude of epplied voltage and of frequonoy upon the eleotri-
oal rosistance, or oonduotance, Tho results of theso lnvegtigations
aro tabulated in Tadbles I and IX, pages 654 and 656, respeotively, and

shown graphically in Pigures 10 and 11, pege &6,
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TABLE 1

VOLTAGE=-CURRENT RELATIONS

Cement C

Senple Number 227
Water/cement 0.300

Time 160 to 180 minutes

Total Total
Resistance Voltage

(oims) (volts)
1243.0 1.09
1243.9 1e37
1242,5 1.73
1242.8 1.73
1242.56 2.18
1243.1 2.,76
1243.0 3.45

1243.3 4.32

Current

(ﬂo.o )

0.877
l.102
1.392
1.392
1.766
2.212
2.TT6
3.476

Voltage

aoross

Standard
Resistance

(volts)

0.877
1.102
1.392
1.392
1.766
2.212
26776
3.475

Sample
Voltage

(volts)

0.213
0.268
0.838
0.338
0.428
0.638
0.674
0.846



TABLE 11
EFFECT OF FREQUENCY UPON RRECISTANCE

Cement C

Sample Number 230
Water/cement 0.250
Time 150 to 18U minutea

Frequency Resistance

(ayoles/sec.) (ohms)
200 318.4

400 317.5

600 3177

800 317.4

1000 318.1

1200 318.3

1400 318.6

1600 31844

1800 318.3
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2. Setting phenomena of cement pastes.

The data for the variationa of eleotrical conduotivity of three
ceuents with time, tempersture, and water-cement ratioc are presented in
Tables III, IV, and V, pages 60 to 70, inclusive, and plotted in Figures
12, 13, and 14, pages 76 to 98, inolusive.

The data are presented in two mamners as may bYe noted by referring
tothe s, b, 0, d, o, £, g, and h figureas of each series and oomparing
these with the 1, j, k, 1, m, n, 0, and p figures of the same serises.
The first of those are plotted for increments of water-cement ratio,
the second for inocrements of time. Thus, eaoh curve appears twice in the
entire series, onve on each of the above sets and must agree with each
of those familles of curves. This suggests a moans of checking the
acouracy of tho gmooth ocurves drswm from the datae.

The bLost estimates of the ourves were first drawn and then cheoked
one by one, compromises bein; reached tetween the two families of
curves when necessary. As a result the accuracy of the locations and
shapes of tho smooth curves was inoreased immensely.

After the curves were plotted on the oross-section paper from
which the grid traoings were made, the errors were caloulated, and an
upper limit on the error whioh would be allowed in the final plot was
_arbitrarily fixed. This limit was set at twice the average negative
error. The nagutivo errors were chosen as the buiga?ugﬁey were
always larger than the poasitive errors. A discussion of the errors

may be found in Appendix B, page 215. All the data are tabulated in
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the tables, but those marked s are not plotted.

Tabulations of the results of these curves for inorements of
temperature, water-coment ratio, and time are listed in Tables VI, VII,
and VIII, pages 71, 72, and 73.

To condense these data into three single diegrans, a method
suggested by MNackey (20) was useds The method was applied by him to a
very simple problem where all the variations of the threoe independent
variables were straight-line functions with respect to the fourth
variable, and had no effect upon sach other. Nane of the varlations
enocountored in thia prodvlem followed an oxaot straight-line relation-
ship, bdbut tho method is illustratod, at least approximately, by
Figures 15, 16, and 17, pages 99 to 101, inclusive.

The form of the function varied for various temperaturos aund water-
cement ratios, and, as these functions must overlap somewhat when
applyin; the above graphs, the approximatlon was cncountered. liowever,
the forms of t'e f:notions for all values, oxcept 0.250 water-ocemont
ratio Lelow 25° C., were nearly the same, and the approximation,
except as notod, was loss tlan the uncertainty of tho data.

7o plot thewse two families of curves, both of whioh in genoral
were curved linos involving all four variables, a mothod was devised
by the author. This mothod oonsisted of plotting the points for oon-
duotivity against time on strips of paper approximately 1/5 inech in
width, one strip for cach inorement of temperature and water-cement
ratio, and labeled accordingly. These strips were then lald out on a

drawing board for inorements of temperature at a constant water-cemont
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ratio, so that correspondin; wvalues of conductivity at the wvarious
values of time formed &nooth curves. Then the other families of strips
wero fitted to those already placed until corresponding points on both
families fitted srooth curves. Using this mothod it was possible to
make adjustments of points without erasing porhaps half of the graph.
This is not an exaggoration, since an attempt to change the plot often
produced accumilative results.

The effects of variations involving any one or angy ocambination of
the variables may be determined from these three graphs. Some of
these effeots aro showm in Figures 13, 20, 21, and 22, pagos 103 to 105,
inolusive.

The reaults of the Vicat needle test for normal consistency are

tabulated in Table IX, page 74, and plotted in Figure 18, pege 102.



TABLE III
CONDUCTIVITY OF CEMENT A

Water/cement  0.250 April, 1936
Time Semple Temper- Conduo-~ Time Sanple Temper-= Comnduc-
Number ature tivity Number  ature tivity
(min) (°%c)  (10°% (min) (%) (107
nhos/om®) mhos/em®)
16 96 23.6 8.10 80 96 22,1 8.28
106 20.9 8.03 106 20.2 8.28
115 26.8 8.97 115 24,7 8.70
184 28.3 9.22 184 26,3 9.12
188 30.6 9.62 188 30.4 9.68
30 96 22,1 7.92 120 26 22.1 8.10
106 20.1 8.05 106 21.2 8.26
115 25.7 8.856 116 25.4 8.68
1684 27.6 9.40 184 26.9 8.98
188 30.7 9.86 188 30.4 9.60
45 96 2243 8.31 150 96 22.3 7.97
106 19.4 8.06 106 21.7 8417
115 2440 8.81 115 25.1 8.36
184 27.0 9.44 184 27.8 8.81
188 3060 9.96 laes 31.0 9.13
€0 96 2243 8.46 180 96 22.3 7.76
108 18.9 8.07 106 22,2 8.04
116 23.9 8.66 116 26.0 8.04
184 26.7 9.46 184 27.8 8.48
188 30.7 9.88 188 31.1 8.61
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TABLE III (ocontinued)

Water/cement  0.300

Time Ssmple Temper- Conduo- Time Sample Temper- Conduc=-
Runmber ature tivity Rumber sture tivity
(min) (%)  (20°° (min) (°%c) (107
rhos/on®) whos/ox" )
16 08 233 9.20 90 28 21.8 9.76
108 20.1 8.82 108 20.7 9.68
117 25.1 .31 117 2541 9.49 »
185 27.1 10.19 185 25.6 10.21
189 20.7 10,33 189 31.1 10.80
30 98 21.3 9.19 120 98 22.0 9.59
108 19.8 9,086 108 2.1 9.50
117 24.0 9.16 » 117 24.6 Gel2T *
185 2646 10.39 185 2b.8 10.08
189 23.9 10,G8 189 31.1 10.64
45 98 22.1 J.72 150 98 22,1 9.43
108 1.0 9.06 108 21.3 9.43
117 25.0 9.60 = 117 25.0 9.05 »
185 200l 10.61 185 2640 9,90
189 29.4 10.90 189 31.2 10.42
60 08 22.1 2.92 180 08 3bel 92.24
108 20.4 .66 108 21.3 9429
117 25.1 9.74 117 24.06 8.60 *
186 25.8 10.69 1856 2642 9.62
189 30.0 11.08 189 3le2 9.70

¢ indioates an error of more than 5.58 per cont. Seo Appendix B.



Hater/ocement

Time Sample Temper-

(min)

16

120

150

180

0.350

Kumber ature

102
110
186
190

108
110
186
190

102
110
188
190

102
110
186
180

102
110
188
190

102
110
186
180

102
110
186
180

102
110
186
190

(°c)

27.0
21.8
26.9
28.0

2G.1
20.4
2G.4
28.7

.?.4. 7
19.3
36.0
2843

23.8
19.2
2540
29.3

22.4
2l.0
25.4
29.6

28.3
21.6
2648
29.9

22.8
21.8
25.0
30.3

22.3
2242
26,7
30.1
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TABLE III (oontinued)

Conduo-
tivity

o3
w o)

10.38

9.22
10.38
10.76

10.83

9.58
10.72
11.15

10.93

8.90
10.89
11.562

11.04

9.13
11.01
11.76

10.03
847 =
10.84
11.43

10.67
8.16 »
10.64
11.31

10.43
7.83 ¢+
10.39

11.10

10,24 »
9.00
9,66

10.11

Wntog/bamant 0.400

Time Sample Temper-
Number «ature

(min)

15

30

45

6o

120

160

180

104

187
191

104
112
187
191

104
112
187
191

104
112
187
191

104
112
187
19

104
112
187
101

104
112
187
191

104
112
187
191

* indiocates an error of more than 5.568 per cemnt.

(°c)

19.7
20.4
264
2843

19.3
19.7
26.6
29.0

20.6
19.0
26.1
29,0

2049
20.3
26.0
20.3

22,1
2061
20.1
293

21.6
2l.2
25642
29.7

21.4
21.3
25,1
29.4

21.3
21.6
25.6
28.9

Conduc~
tivity

(103
whos/on®)

B8.34 *
8.74
10.40
10.78

8.83
9.81
10.69
11.13

9.88
9.27
10,91
11.32

10.28
10,00
11.14
11.43

10.36
10.18
11.16
11.08

10.14

9.99
10.90
10.78

9.96
9 .84
10,70
10.44

9.77
9.54
9.48
9.48 »

Soe Appendix B.



TABLE IV
CONDUCTIVITY OF CFifENT B

viater/cement 0,250 June, 1938
Time Semple Tempor- Conduc= Time Seample Temper- Conduc-
Kumber ature tivity Fumber ature tivity
(min) (%) (10~% (min) (°c) (w0
mhos/on®) mhos/en’)
15 214 26.3 14.0 80 214 25.4 15.0
222 24.6 13.9 222 23.5 15.0
242 2842 1643 242 2649 1645
246 31.2 13.7 * 246 2%.0 13.2
250 274 14.2 260 2849 15.3
30 214 2646 14.6 120 214 2645 14.8
222 24.3 14.5 222 23.8 14.7
242 27.7 15.6 242 27.0 16.1
248 307 18.7 » 246 29.0 12.7 »
250 28.3 15.0 260 39.0 14.9
45 214 26.7 16.0 160 214 28,5 14.1
222 23.8 14.8 222 24.1 14.4
243 27.2 1647 242 37.6 14.4
246 29.9 13.8 = 246 29.6 12,0 »
280 23.6 16.4 260 30.0 14.1
€0 214 2546 15.2 180 214 2643 13.5
222 2367 16,0 222 24.9 13.9
242 27.0 16.9 242 28,2 1346
246 29.4 18.8 ¢ 246 30.9 11.0 *
250 28.8 15.6 250 31.0 13.0

¢ indicates an error of more than 7.06 per cent. See Appendix B.



64
TABLE IV (continued)

Water/cement 0.300

Time Semple Temper- Conduo- Time Sample Temper- Conduc-
Number ature tivity Rumber ature tivity
(min) (%) (107 (mdn) (°) (1078
nhos/cnd ) whos/on®)
16 215 23.6 14.4 90 216 23.9 15.9
223 23.8 14.3 azs 23.3 165
243 27.4 16.2 » 243 26.6 16.5
247 27.4 16.3 = 247 27.9 16.8
261 30.6 16.6 261 28.9 16.9
30 2186 23.8 15.3 120 216 24.4 1646
223 23.3 14.8 223 2340 16.3
243 27,0 16.4 243 2649 1643
247 27.8 16.7 247 28,6 16.5
261 29.4 17.0 261 2942 16,5
48 216 23.8 18.6 150 215 24.7 1644
223 2343 15.2 223 2349 15.1
243 26.8 1647 243 27.6 16.7
247 27.8 17.0 247 29.4 1648
261 28.9 17.3 2561 30.0 16.8
60 215 23.9 156.9 180 216 2546 14.9
223 23.3 15.4 223 24.3 14.7
243 67 17.0 243 23.1 16.1
247 27.7 17.2 247 31.0 16.0
261 23¢9 173 261 31.3 14,0

* indicates an error of more than 7.08 per cent. See Appendix B.



Water/cement  0.350

Time Sample Temver-

(min)

15

Number

216
224
244

252

216
224
244

252
216

244
248
252

216
224
244
248

2352

aturo

(°c)

23.0
28.2
27.1
28.5
39.3

23.2
23.3
28.9
28,2
29.0

23.3
23.3
2643
28.2
a8.9

23.5
23.3
267
21742
28.9

TABLE IV (continued)

Conduo-
tivity

(103
mhos/oxS)

1345
14.2
15.8
15.6
15.5

14.2
14.9
16.3
15.8
1640

147
15.3
16.6
18.2
16,3

16.0
16.5
16.9
16.8
16.0

65

Time Sample Tempor- Conduce
ature tivity

(min)

120

150

180

Number

316
224
244
248
252

216
224
244
248
252

216
224
244
248
252

216
224
e44
248
252

(°c)

33.8
333
36.8
2845
28.9

2¢.3
287
268
28.9
29.1

24408
2442
27.2
29.9
30.0

2542
24.9
27.8
31.0
3049

(10~
rhos/on>)

15.1
16.8
16.6
18.2
16.3

1449
16.5
16.4
16.0
16.0

14.7
15.3
16,0
15,6
15.6

14.4
16.1
15.6
154
15.1



Wator/cement  0.400

Time

(min)

16

Sample Temper-

Humber

217
228

249
253

217
226
2456
249
253

217
225
246
249
258

217
2286
246
249
233

ature

(°c)

23.1
22.1
26.7
27.1
2349

3343
22.2
2847
275
29.3

23.6
22.5
367
2745
29.0

23e5
22.6
260
27.6
22,4

68

TABLE IV (coumtinued)

Conduo~-
tivity

(105
mhoq/hnp)

14.2
13.6
1G.0
1543
16.6

16.0
14,3
16.6
156.8
17.2

15.4
14.7
1649
18.1
178

1567
15.1
17.2
1643
17.6

Time Sample Tempor-
Humbey

(nin)

120

160

180

217
226
245
249
253

217
228
246
249
233

217
226
246
249
268

217
2256
246
249
263

Conduo=

ature tivity

(%)

23.6
22.9
26.5
27.8
3849

23.8
23.2
2645
28,5
28.9

24,3
24.3
2647
23.3
29.4

24.9
24,7
27.4
30.7
3046

(103
mhos/ceS)

16.0
15.4
17.1
163
17.3

1647
15.1
1G.7
16.1
171

15.4
15.0
18.4
16.0
16.6

16.3
14.7
16.0
15.8
16.1



a7

TABLE V

CONDUCTIVITY OF CEMENT C

Water/cement 0.250 June, 1938

Time Sample Tamper- Conduo- Time Sample Temper- Conduoe-
Eumber ature tivity Rumber ature tivity

(min) (%) (0™3 (min) (°c) (10~

16 218 2667 4.49 90 218 2642 4.87

226 27.7 4.80 326 25,8 68.29

230 22,9 4.12 230 23.2 4.61

234 30.0 4.69 234 29,3 5.10

238 80.3 4.87 238 27.9 5.21

‘ 30 218 2646 4.71 120 218 24.9 4.83

| 326 26.8 5.00 228 267 5.27

230 22.9 4.31 250 23.2 4.61

234 29.9 4.85 234 29.6 5.09

238 29.3 5.12 238 2749 6.18

45 218 26.0 4.85 150 218 24.6 4.82
226 26,5 521 326 26547 8.3

230 23.1 4.61 230 2345 4.69

234 20.8 5405 234 29.9 5,09

238 39.0 5.29 238 27.8 bel4

60 218 25,06 5.00 180 218 24,7 4,80
226 36.0 5.41 226 25.8 5.35 ¢

230 23.< 4.83 230 23.7 4.61

234 2943 5,06 234 30.2 5400

238 2345 6.27 238 28,0 5,06

* indioates an error of more than 7.96 per cent. See Appendix B,




Water/cement

Time

(min)

16

30

Sample
Number

219
227
231
236
239

219
227

2835
239

219
az7
23
236
239

219
a7
asl
236
230

0.300

TABLE V (oontinued)

Tompor- Conduo-

ature tivity
(%) (208
zhos/cm’)
22.6 4.60
269 5.21
23.2 4.74
20.2 5,29
30.0 5.62
23.2 4,89
26.3 5.48
23,3 510
28,0 5.62
29.3 B.79
23.2 5.14
2647 B.72
33.3 5.33
28.8 S5.77
88.9 6001
2343 5441
25,6 5.9
233 5.54
2847 5.84
28e3 Geld

68

(min)

80

120

160

180

219
227
231
235
239

219
227
231
236
239

219
az27
231
236
239

219
227
231
335
239

(°c)

23.7
35.68
23.3
28.8
27.9

23.9
26.6
23.5
29.0
28,0

24.2
25.8
28.8
29.6
28.0

24.4
26.0
24.1
30.0
28,0

Time Sample Temper- Conduc-
Kumber ature tivity

o3
i

6.51
5.81
6.40
B.74
5.89

5.29
679
8.43
5.79
6.89

6.31
8.81
B.43
5.72
5.84

5.29
6.82
5.46
6,79
6.79



Water/cement 0.350

TABLE V (comtinuaed)

Time Semple Temper- Conduc-

Rumber ature

(nin)

15 220
228
a3
236
230

30 220
228
232
236
240

46 220
228
232
236
240

60 220
228
232
236
240

(%)

25.3
24.0
22.0
30.4
2344

25,0
24.6
22.1
30e.8
263

24,06
24.7
22,2
29.6
2043

24.4
24.0
22.4
203
2Ged

tivity

1073
n}(ton/ma)

5.20
574 @
4.7
4.97 »
5.08

5403
6.00 ¢
5.08
§.11 »
.44

5.69
Ged *
8420
Be27 »
5,69

607
.61 ¢
b5.44
5.45 ¢
5.80

69

Time Sample Temper-
Kunber sture

(min)

90

120

150

180

220
228
232
236
230

20
228
232
236
240

220
228
&3
236
240

220
228
232
236
240

¢ indicates an error of more than 7,56 per cente.

(°c)

24.3
25.0
227
293
267

24.2
263
32
23.9
2649

24.2
25.5
233
$0.0
27.1

243
26.5
2346
30.0
27.7

Conduce
tivity

(10~
mhoq/%mg

617
5.74
Bed4d »
.66

6405
8.50
5.655
6s42 »
5.82

6.02
6450
5.66
5.38 »
5.62

6.00
650
6,67
5438 »
§.78

See Appendix B.

)



Water/oement  0.400

Time Semple Temper-

Humber

(min)

16 221
229
233
337
241

30 221
229
233
237
241

48 221
a29
233
237
241

60 az21
229
233
237
241

70

TABLE V (oontinued)

Condus-

ature tivity

(°c)

24.0
27.7
22,8
30.2
28.6

24.0
26,8
22,6
29,6
27.9

24,0
20.6
22,6
29.8
27.4

23.9
2649
22,5
29.1
27.1

(10~3

nhos/on3)

5.41
6.86
5.62
b.46
6.30 «

8.80
6.18
5.96
5.74 »
G.69 »

6.06
6.40
6.11
G.82 »
6.84

8427
6.88
6.46
6,00 »
7.04

Time Sample Temper- Conduo=
Number ature

(min)

90

120

150

180

221
229

as7
241

221
229
233
287
241

221
229
233
237

221
329
233
237
241

* indicates an error of more than 7.96 per cemt.

(%)

23.8
26.6
22.6
29,0
26.8

28.9
2646
29.4
29.4
2849

24.0
25.5
23.1
39,8
26.9

24.2
2645
23.3
29.9
27.2

tivity

o=3
nl(x:a/ms )

6.40
6.80
6.30
6.22 »
6.83

626
6.68
6.30
6.04
6.80

6.26
6.68
6425
6,97 »
6.77

0e25
6.68
6.27
5.90 =
6.69

See Appendix B,
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TABLE VI

SUMMARY OF
VARIATION OF CONDUCTIVITY WITH TEMPRRATURY,
WATER-CRMENT RATIO, AND TIME

Cement A

Water Time Conduotivity (10~5 nhoq/bap) at Temperature of
oenent
(min) 2aoc, 24%. 28°. 28%. 30°.

0.250 15 8.10 8.41 8.78 9.12 9.60
30 8.32 8.64 8.98 934 9.71

46 8.48 8.80 9.14 9.50 9.88

60 8.58 8.89 9.23 9.59 8.97

90 8.49 8,77 9.08 9.41 9.78

120 8.28 8458 8.85 .14 9.46

180 8.0 8.29 8456 8.80 9.20

180 7.75 8.00 825 8449 8.89

0.300 15 8401 9.31 .73 10.15 10.56
30 9427 9.69 10.09 10.50 10.90

456 9.60 10.00 10,40 10.79 11.14

60 9.78 10.14 10,561 10,87 11.21

90 9‘75 10.08 10.40 10070 11 Qm

120 9.58 2.88 10.10 10.38 10,68

150 938 9.60 9.83 10,04 10.21

180 9.00 9.21 9.40 9.68 9.74

0.360 16 9.20 8,66 10,10 10.54 10,98
30 9.70 10.19 10,64 11.02 11.40

45 10,06 10.51 10.96 11.36 11,72

60 10,20 10,86 11.08 11.48 11.81

20 10,29 10,82 10.96 11.28 11,66

120 10.08 10.40 10.67 10,92 11,16

160 9.85 10,10 10,30 10,560 10,70

180 937 9.58 9.78 9.96 10.13

0.400 5 9.38 9.80 10.24 10,70 11,16
30 9,88 10,38 10.80 11.21 11,60

4% 10,16 10.64 11.10 11,60 11.87

60 10.40 10,84 11.25 11.656 12.00

90 10.47 10,82 11.16 11.46 11.76

120 10.26 10,58 10.86 11.11 11.33

150 994 10,21 10.46 10,69 10,86

180 9.58 9.78 9.96 10.16 10.32
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TABLE VII

SUMMARY OF
VARIATION OF CONDUCTIVITY WITH TEMPBRATURS,
WATER-CEMENT RATIO, AND TIME

Cenent B
Water Time Conductivity (103 mhos/om3) at Temperature of

conont
(in) 82°¢C. 249, 28°c. 28%. 30%%,

0,250 15 13.4 13.8 14,12 1444 14.6
30 14.0 14.4 14.8 15.1 16.4
45 14.4 14.8 15.2 16,6 15.9
60 14.6 15.1 15.6 1641 1645
90 14,6 14.9 153 184,56 15.8
120 14.3 14,6 14,9 1652 1644
160 13.9 14.1 14.3 14.6 14486
180 13.3 13.4 13.5 13,6 13.7
0.300 15 18.7 14.2 14.7 16.2 15.6
30 143 16.0 15.6 1661 1C46
418 14.8 16.4 16.0 16.6 17,1
60 15,1 16,8 16.4 17.1 17.7
90 18.1 16,6 16.1 16.68 17.0
120 14,8 15.3 16.8 1642 16.6
150 14.4 14.9 15,3 15,6 18,9
180 14.0 14.6 14.8 15.0 15,1
0.360 18 13.9 14.5 16.1 1646 16.1
30 14,6 16,3 16.9 168,86 17.2
45 16.0 1647 163 17,0 17.6
60 15.3 16,0 16.7 17,3 17.9
90 16.3 16.9 16.6 17.0 176
120 15.0 16,6 10.1 16.6 16,9
160 14.8 15.2 16.1 16,6 16,9
180 14.6 14.8 16.1 16.4 16,7
0,400 18 14,1 14.8 15.4 16.0 16.6
30 14.8 1646 16.2 16.8 17.4
46 168.2 16.9 1646 17.2 17.8
80 16,8 162 16.9 17.8 18.1
90 1546 1642 16,7 17.3 17.8
120 16.3 16.8 163 16.8 17.2
160 15,0 1644 15.8 16.2 1646

180 14.7 16,0 15,3 18.6 15,9
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TABLE VIII

SAMARY OF
VARIATIGN OF CONDUCTIVITY WITH TEMPERATURE,
WATER-CEMENT RATIO, ARD TIME

Cement C
Water Time  Conductivity (10™S mhos/omS) at Temperature of
ocenent
(min) 82°%. 24%. 26°¢, 28°c. 50°C.
0.250 16 4,05 4.26 4.47 4,66 4.80
30 4426 4.50 4,70 4.89 5.03
46 4.46 4.7 4,91 8409 5.20
60 4,60 4.82 804 5.20 B.34
90 4.568 4.78 4,98 5.16 5.38
120 4,51 4.72 4.90 5.08 5420
150 4.47 4,66 4.82 6401 D16
180 4.42 4.62 4.79 4.96 6409
04300 15 4.58 4.79 5.00 6419 6.38
30 4.84 8410 5.30 6450 §.70
48 §.12 5436 5456 5476 6495
80 5436 6457 5.79 5496 G.11
90 Be32 681 5,70 5.87 6401
120 5.29 5448 8.63 5480 5492
150 6423 5442 569 5476 5.08
180 5420 5.38 Be53 ) 8.82
0.3560 16 4090 6409 6429 6446 6460
30 Be29 5449 5.68 5487 6406
45 6468 5.78 697 6.16 8.3
60 576 5498 615 8.30 6440
90 5.81 6+08 6e19 6e34 6e51
120 6480 6.00 6,16 6431 G.43
180 676 604 6,10 8.27 6440
180 B+68 8486 6.,05 6.21 636
0.400 16 6428 B.46 5460 6.74 6.86
30 6.69 §.88 6408 Gel0 6431
46 6.04 6421 6440 6.51 664
60 6421 6441 G.60 6.7 6486
90 6.31 6.51 6469 6484 6497
120 6.26 6.47 667 6480 6494
160 6410 6440 667 6472 G486

180 6e14 6.31 G049 6.66 6460
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TABLB IX
VICAT NBEDLE TEST FOR HORMAL CONSISTENCY
April 14, 1936

Cement Sample Water Initial Final Ret
Number ‘cement Reading Reading Distance
)] (xmn) (mm)

A 124 0.880 S 21 18
126 0.268 6 10 4

128 0.274 6 12 6

127 0.278 6 16 10

128 0,283 4 16 12

129 0.278 6 16 11

B 135 0.270 4 10 6
13 0.279 5 15 10

137 0.286 5 40 35

138 0.276 4 14 10

139 0.272 6 16 9

140 0.283 S 21 18

c 130 0.270 4 35 31
131 0.260 ) 24 19

132 0.250 b 17 12

133 0.240 4] 11 8

134 0.247 ] 14 9
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INSTRUCTIONS FOR USE OF FIGURES 16, 16, and 173

Enter at the water-cement ratio scale; prooeed vertically to the
desired temperature, interpolating if neoessary. Then with this level
fixed, proceed to the left to the other desired quantity, the time.
Below this intersection will be found the desired oconductlvity
corresponding to the three quantities (water-cement ratio, temperature,
and timo). The procedure mny be reversed, starting at conduotivity

and proceediny to the water-ocemont ratio.
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3. Excess water tendency in sand-water mixtures.

Tho results of the caloulations for the Weymouth grading of sand
mixtures, as described on page 48, are presented in Table X, page 107,

The measurements and ocalculations for dry voids of the three sizes
and two gradings of sand are tabulated in Table XI, page 108.

The results of the measurements of electrical resistance at
various temperatures for the above sizes and gradings of sand are tab-
ulated in Table XII, page 109, and plotted in Figure 23, page 111. The
caloulations of exceas water tendency whioh is desoribed on page 48 are

presanted in Table XIIX, page 110, and the results are plotted in

Figure 25, page 113,
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TABLE X

DBSIGR OF WEYMOUTH GRADING OF SAND HIXTURE

Size Groups d, 4 Space Available Absolute Vieight
of Unit Volume Volumo
(0.296 4,)
(Tyler Sieves) (per cent)
#4-28 0.637 0,188 1.000 0.168 41,50
fes-48 0.611 0.181 0.812 0.147 32.46

#48-£100 0.698 0.177 0.668 0.118 26.05
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TABLE XII
CONDUCTANCE MEASUREMENTS OF SAND-WATER MIXTURES

July, 1936
Hater: Tap Water
Sand A:s Pass 14 Sieve, Retained on 28
Sand Bt Pags {28 Sieve, Retained on /48
Sand C: Fass /48 Sieve, Retained on #100
Group Semple Number Resistance Temperature
(ohms) (°c)
Water 254 1070 24.0
2856 1100 38456
256 1080 2349
257 1060 2648
268 10380 28.6
260 1040 2642
262 1060 25.3
264 1080 26.8
288 1140 20,0
268 1080 22.4
296 1060 32,7
Sand A an 4820 19.9
and VWater 272 4480 28,0
278 4460 32,9
274 4580 19.3
278 4220 26.4
376 4190 26.0
am 4090 27.0
Sand B 269 4390 24.0
and Jater 261 4260 26.4
263 4260 26.3
Sand C 268 4100 36.7
and Yater 267 4140 27.1
269 4280 24.8
270 4510 21.6
Straight- 282 4950 24,6
Line Groding 283 §230 22.8
vfeymouth 294 8200 24.8

Grading 2985 6160 2644
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TABLE XIIX

CONDUCTANCE CALCULATIONS OF SAND-WATER MIXTURES

Group Resistance
at 85”.

(ohms)

Wator 1060

Sand A 4335

ad Viator

Sand B 4276

and hizleor

Sand C 4276

and later

Straight- 49680

Line Grading

Weymouth 8230

Grading

Conductance
Ratio

(ratio)

0.248
0.246
0.246
0.211

0.201

Dry Voids

(ratio)

0.363

0.389

0.402

0.351

0.3%4

xcoss Water
Tendenoy

(ratio)

0.683

0.632

0.612

0.602

0.602
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4. Internal stratification in cement pastes.

The measurements and oaloulations for the calibration of the
vacuun-tubo voltmeter are 1isted in Table XIV, page 114. Those for the
calibration of the contalner and shunts are presented in Table XV, pages
116 and 116.

The data of the tests upon the three cements for internal stratifi-
oation are tabulated in Tables XVI to XXVI, pages 117 to 127, inolusive,
and plotted in Figures 26 to 36, pages 148 to 168, inoclusive.

The results from those samples which were used in determining the
oonductance of the surface water are summarised in Table XXVII, page 128,

Caloulations of the conductance of the six lateral sections of the
ssmple and of the percentage conductance, as desecribed on pages 49 to 62,
are shomn in Tables XXVIII to XXXVIIX, pages 129 to 147, inolusive. The
perocentage oonductanco was plottod apfainst electrode mumbers at inore-
monts of time for the three cements st 0.350 water-cement ratio and for
cement A at 0.400 wator-oement ratio. Tihose plots are shown in Figures
37 to 40, pages 169 to 162, inolusive. Finally, from the amooth curves
thus obtainod, peroentage conductance for the six sections were plotted

egalnst tine as is showmm in Figures 41 to 44, pages 163 and 1084.



Sanple
Tumbar

193

195
197
198
200
201
202
807
810
211
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TABLE XIV

CALIBRATIORS OF VOLTMCITER FOR STRATIPICATION MRASUREMENTS

Resistance Current

of Srunt
(otms)
2.00
5.00
5.00
20.00
80.00
6.00
10,00
10.00
10,00
10,00
10.00

(wxperes)
0.00495
0,00338
0,00338
0.00143
0.00143
0.00274
0,00193
0.00193
0.00190
0400190
0.00180

Potentiometer Voltage

Reading

1000

REREEZESEEE B

Used in Test
(volts)
0.547
0.547
0.547
0.547
0.647
0.547
0.547
0.547
0.547
0.547
0.547

Resistance

(ohms)
0.0662 F x
0.0809 P x
0.0809 F x
0.0546 P x
0.0646 P x
0.,0908 » x
0.1161 P x
0.1161 P x
0.0641 I x
0.0541 P x

0.0541 P x

F

F
F
F
F
F
F
F
F
F
F
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TABLE XV
CALIBRATIONS OF CONTAINERS ARD SHURTS FOR STRATIFICATION MRBASURE'BRTS

Aversge
S8ample Electrode Potemtiometer Faotor Resistance
Kumber Kumbexr Reading
(otms)
183 1 476.2 1.094 0.0606 P
2 516.8 1.009 0.,0557 P
3 612.8 1.017 0.0661 P
4 507,2 1.028 0.0667 P
] 589.2 0.986 0.0544 I
6 686.8 0.889 0,0491 P
194 p 257.0 1.088 0.0880 P
2 277.6 1,006 0.0814 P
3 £278.0 1.008 0.0814 ?
4 272.2 1.027 0.0831 P
6 286,3 0.977 0.0790 P
¢} 306.3 0.913 0.0739 P
196 b | 386.2 1.103 0.0892 !
] 411.8 1.032 0,0834 P
3 421.,0 1.009 0.0818 P
4 412.8 1.089 0.0832 P
b 4368.2 0,974 0,0788 P
0 482.8 0.881 0.0713 P
197 1l 442.4 1.087 0.0684 P
2 471.8 1.019 0.,0858 P
3 473.8 1.0186 0.0684 P
4 469.6 1.024 0.0689 P
8 499.0 0.963 0.0826 P
6 627.8 0,611 0.0487 P
198 1 §78.4 1.063 0.08680 P
2 601.8 1.021 0,0867 P
3 612.8 1.003 0.0648 P
4 698.4 1,027 0.,066) P
B 630.68 0.975 0.0832 P
6 666.4 0,922 0.05603 P
200 1 403.2 1.117 0.2115 P
2 468.0 0.990 0.0988 P
3 462.2 0,996 0.0994 P
4 437.8 1,029 0.1027 P
] 458.6 0,989 0.0987 P
6 498.4 0.804 0.0802 P
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TABLB XV (continued)

Average
Sample Electrode Totentiometer Factor Resistance
Humber Number Reading
(olms)
201 b § 153.6 1.080 0.1254 P
2 163.4 1.016 0.1178 P
3 167.0 0.993 0.1163 P
4 161.6 1,028 0.1191 P
] 167.2 0.992 0.1162 P
8 182.4 0,909 0.1065 P
202 1 166.0 1.107 0.1285 P
2 178.8 1.029 0.1196 P
- 178.6 1.029 0.1198 P
4 180.4 1.019 0.1188 P
] 189.8 0.969 0.112858 P
6 200.6 0.877 0.1018 P
07 1l 267.4 1.200 0.0649 P
2 288.6 1.122 0.0608 P
3 307.0 1.048 0.,056656 P
4 324.4 0.989 0.0838 P
5 349.8 0,917 0.0496 P
-] 388.8 0.887 0.0447 P
210 1 307.3 1,078 0.0882 P
2 325.7 1.018 0.0549 P
3 331.7 0,998 0.0539 P
4 328.3 1.022 0.0588 P
6 337.0 0.981 0.0831 P
6 358.0 0.923 0.0499 P
211 1l 498.5 1,096 0.0692 P
2 543.2 1,007 0.0548 P
3 543.0 1,007 0,0648 P
4 §39.2 1.014 0.,0649 P
5 857.8 0,980 0.0830 P
6 §98.5 0.914 0.0494 P



Cemant A

Ssmple Rumber 183
Water/cement

Time
(mnin)

1
13
17
19
23

26
29
34
38
4“4

&0
67
63
G8
74

80
86
93
98
106

110
131
132
148
156

16856
173
179

STRATIFICATION NEASUREMENTS

0.350

TABLE XVI

117

Potentiometer Readings for
Eleotrodes Number

1

366
363
347
344
337

337
3358
332
327
330

332
334
338
346
348

346
3866
366
378
382

393

e

387
389
373
373
356

367
356
350
347
360

386
3489
363
369
352

367
363
363
367
367

369
378
377
376
378

376
380
386

3

394
384
377
377
362

361
368
363

350

363
350
353

369

361
369
367
367

374
378
374
377

380
378
379

4

388
389
372
372
361

368
388
348
348
347

362
347
349
350
360

361
365
368
373
378

372
380
37
877
382

384
386
388

&

408
406
393
396
384

384
382
373
a8
387

377
369
372
n
381

3838
380
379
384
387

383
390
388

393
393

396
397

456
458
447
449
439

438
433
423
416
413

416

Temper-
ature

(°)

30.4

30.1

29.3

29.1

May 6, 1936

Surface Levels

Viater

(in)

0.035

0.047

0,070

0.070

Cement

(in)

0.069

0,094

0.129

0.129

0.140
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TABLE XVIIX
STRATIFICATION MFASURRMENTS
Cement A Hay 13, 1936
Sanple lumber 194
Water/oemont  0.350

Potentiometer Readings for Tamper- Surface Lovels

Time Eleotrodes Number aturo iater Cemont
1 2 . 4 5 4]

(min) (°c) (in) (in)
12 223 248 248 244 266 280

16 220 240 24) 239 252 278 26.3

20 220 242 243 238 262 279

24 217 238 238 236 246 27T

28 214 234 234 228 243 268 26.0 0.089 0.082
32 217 239 239 237 260 274 26.8

36 220 239 239 2335 260 274 25,8 0,069 0,106
40 219 241 240 236 251 274

44 214 233 236 232 247 271

48 216 238 23¢C 233 247 2M 25.6 0,089 0.129
63 213 236 238 234 249 27N

68 211 233 231 330 2486 266 26.3 0.070 0.141
G3 212 233 235 233 2468 266

68 214 230 230 230 245 2G5 25.3 0,070 0e141
73 214 234 234 230 242 263

78 215 238 237 231 249 269 2642 0.077 0.152
88 215 236 234 231 247 266 25.0

921 221 241 242 235 256 274

96 224 246 245 239 289 2378 25.0 0.094 0.162
101 227 248 243 237 266 275

08 251 248 245 237 257 278 24.9 061056 00162
111 239 262 249 241 261 278

121 244 254 260 242 262 380 24,08 0.140 0.162
131 247 258 250 242 260 2380

141 262 253 252 241 269 277 24.7 041562
151 259 287 251 241 260 276 24,7

161 262 26) 253 245 2656 283
in 261 260 262 245 264 283

182 264 283 269 282 271 288 24.9



Camentt A

Semple Number 196
Tater/cement

Time
(min)

883k

87
47

67
a8
74
* 80
8é

98

STRATIFICATION MEASURRMERTS

0.350
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TABLE XVIII

Potentiometer Readings for
Electrodes Xumber

1l

223
232
220
319
316

214
218
210
210
208

208
208
204
201
237

203
206
208

248
249
248
248
243

240
238
as7?
a39
238

238
237

234
240

237
240
248

3

261
261
260
258
253

252
251
250
a61
2561

249
249
249
246
250

a8
288
258

4

258
257
268
265
250

247
246
245
246
245

244
244
244
240
242

244
248
251

am
am
a3
274
an

269
268
268
268
268

268
264
264
260
262

265
269
272

6

m
311
310
308
308

290

203
297
200

Temper-
ature

(°c)

26.8
26.8

26.7
26.4

26,2

26,0
25.7

2546

Keay 13, 1938

Surface Lovels

Wiater

(in)

0.023

0,023

0,023
0.106

0,023

Cement

(in)

0.023

0,036
0.058

0,094

0.108

0,105
0,106

06117

® Water poured from top of cement for a determination of the conduo-
The disturbanoce thus produced rendered
inaccurate further readings on this sample.

tance of the surface water.



Cemant B

Senple Humber 197
Wator/cement

Time
(min)

10
15
20
25
30

36
40
46
50
66

60
65
70
75
80

86
80
95
100
110

120
130
140
150
160

170
180

STRATIFICATION MEASURBMENTS

0.350

TABLE XIX

120

Fotentiometer Readings for
Electrodes Number

1

303
298
299
302
30

301
300
299
299
302

301
301
300
301
308

309
311
311
312
313

313
313
314
314
318

517
318

326
322
319
319
318

318
316
313
512
313

312
312
313
314
323

323
324
324
326
328

326
327
328
331
332

336

3

328
321
318
317
316

314
s12
309
308
308

306
307
308
309
818

316
317
317
318
319

320
322
332
326

330
331

4

323
317
313
313
312

511
308
308
303
303

301
302
304
305
S12

310
311
3l
313
514

314
316
318
320
323

326
328

b

349
343
339
339
338

337
354
331
528
528

328
327
328
330
336

336
336
336
337
337
338
343
347

361
383

6

366
361
359
358
367

366
882
349
346
346

343
344
3456
347
356

363
354
364
366
3686

366
368
361
3683
367

372
373

Tenper-
ature

(%)
2849
28.9
28.8

28.7

26.4

27.9

27.8

27.8

30.1

Heay 30, 1936

Surface Levels

Water Cenantt

(in) (in)

0.044

0.0585
0.086

0.087
0,099
0.099

0.110

0.110



Canext B

Sample Number 198
tiater/cement

Time
(min)

10
15
20
a5
30

36
40
45
60
56

a0
88
70
75
80

85
90
25
100
110

120
130
140
150
1680

170
180

STRATIFICATIOR XEASUREMENTS

0.360

TABLE XX

121

Potentiometer Readings for
Rlectrodes Number

1

a98
293
293
294
294

204
296
296
290
294

294
293
294
296
299

299
300
$00
300
304

303
305
308
309
310

3156
326

2

310
302
299
299
297

296
29§
294
296
301

302
303
304
307
308

306
309
300
309
316

314
317
317
317
317

327
341

3

313
304
302
299
298

294
294
294
293
291

292
293
296
297
297

208
206
297
298
303

303
308
307
309
311

321
331

4

314
302
300
a98
298

294
a92
291
290
293

294
296
298
298
299

a9g
297
298
298
304

304
308
308
308
309

318
330

6

328
319
318
316
313

310
308
308
308
302

301
303
306
305
308

304
304
304
306
310

309
313
314
313
316

323

6

350
342
340
337
335

331
329
328
3E5
324

324
326
327
328

327
326
327
327
333

332
336
337
337
340

347
360

Temper-
ature

(°c)
30.0
3043
30.4
30.2
50,0
29,9

29.6

29,1

29.3
30.0
31.0

31.9

May 31, 1936

Surface lLevels
Viater Ceament

(in) (in)

0,033

0.066

0.077
0.087

0,098

0.109

0.120
0.120
0.120

0.120



Cement C

Sample Number 200
Water/cement

Time
(min)

10
16
20
28
30

36
40
60
60
70

80
90
100
110
120

130
140
160
160
170

180

STRATIFICATION MEASUREMENTS

0,350

TABLE XXI

122

Fotentiomster Readings for
Rleotrodes Number

1

434
418
412
408
404

401
389
387
380
378

431
431

2

483
469
457
456
462

451
446
432
423
425

428
440
439
442
442

43
447
449
440
460

450

3

489
470
460
456
450

448
446
431
423
424

426
435
435
434
434

432
436
439
439
440

441

4

476
461
451
447
44

443
437
424
415
421

421
430
430
432
430

430
436
438
436
436

436

5

484
472
465
469
460
458
463

&

428
4132

§ SEEEE ZEREE

6

647
6536
530
626
622

519
613
485
486
489

605

Tenper-
ature

(%)

28.9
28.8

2847

2844
28,2

28.0

28,0

2842

28.4
28.9

29.1

June 5, 1936

Surface Levels

Water
(1n)

0,022

0.033
0,033

0.033

0,066

0.077

0,098

Cement

(4n)

0.055

0,077
0,098

0,098

0.109

0.109

0.120
0.120
0,120



Cement C

Ssmple Fumber 201
Water/oament

Time
(min)

10
15
20
256
30

110
120
130
140
160

160
170
180

TABLE XXII

123

STRATIFICATICH MEASURFMENTS

0.350

Potentiometer Readings for
Rlootrodes Fumber

) §

357
360
362
362
346

346
347
343
340
341

341
343
360
357
360

362
366
367
367
369
368

369
370

409
403
389
386
378

378
378
373
367
367

386
3N
376
3m
378

381
388
390
391
396

394
394
394

419
404
394
39
382

379
379
378
369
369

368
374
378
376
375

376
378
378
380
387

387
387
388

4

406
392
383
379
372

371
369
365
359
357

368
363
367
364
364

387
370
370
37
376

376
376
381

6

413
409
401
397
387

387
382
378
374

373
380

379
380

382
386
386

387
386
588

6

456
452
442
437
429

427
426
420
411
411

410
418
419
416
418
419
422
426

426
420

Temper-
ature

(°c)
29,3
29.4
20.2

28,9

38.4

27.9

877

27.8

June 15, 1936

Surfece Levels

water

(4n)

0.0865

0,088

0.088

cement
(in)

0.088

0.098

0.111

0.111

0.120

0.120
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TABLE XXIII
STRATIPICATION MEASURFMFENTS
Cement C June 16, 1936

Sample lNumbey 202
Water/omment 0.350

Potentiomoter Readings for Tempor- Surface Levels
Timo tleotrodes Number aturoe Ylater Canent
l 2 b3 4 5 ;]
(min) (%) (4n) (in)

10 352 403 403 389 414 467 29,3

15 352 397 393 384 412 465

20 362 394 392 382 410 464 29.3 0.044 0.066
25 353 388 386 379 404 406

30 349 381 376 370 396 446

36 361 379 376 368 394 445
45 346 378 374 368 393 446 0.044 0.066
* 50 359 378 375 369 390 446 0.066 0.086

* Water poured from top of cement for & determination of the conduc-
tanco of the surface water. The disturbance thus produced rendered
inaccurate further reedings on this sample.



Cemexrt A

Semple Numbeor 207
Wator/cement

Tine

TABLE XXIV

125

STRATIFICATIOR NEASURRIENTS

0.400

Potentiometer Readings for
Eleotrodes Number

1

493
490
497
487
408

498

499
499

601

603
504

2

628
526
821
613
513

616
521
524
626
528

631
636
636

3

592
582
682
676
872

569
567
658
667
666

§86
661
547
639
540

541
546
546
644
548

552
558
667

4

608
600
600
596
593

687
583
677
567¢
673

673
669
566
6566
569

860
604
662
860
562

566
670
571

662
651
662
47
644

36
G634
625
G256
621

620
616
610
600
603

€08
607
€06
606
606

609
611
G123

769
769
760
763
748

739
737
726
746
724

722
719
713
702
706

708
709
700
707
7%

710
713
78

Temper-
sture

(%)
25,2
25.3

20.2

36.2

25.1

24.9

24.8

24.8

2448

June 24, 1936

Surfwce lLovels

Wateor

(4n)

0,066

0.066

0,077
0.110

Cenent

(in)

0.087

0,098

0.110
0.110

0.110

0.110

0,110

0.110
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TABLE XXV
STRATIFICATION HMTASUREMENTS
Cement A June 24, 1936

Seanple Number 210
Water/cemont 0.400

Potentiometer Readings for Temper- Surfuce Lovels
Time Rlectrodes Number ature Water Cement
1 2 3 4 6 6
(min) (°c) (in) (in)

10 610 578 588 670 590 646 26438
15 499 560 574 561 584 642

20 494 6567 571 562 58T 645 26.4 0,000 0.033

25 488 566 670 561 589 645

30 487 554 569 56) ©SB9 646 2G.4 0.000 0.0856
* 35 616 556 067 659 G588 043 0,088 0.056

* Water poured fram top of oement for a determination of the cunduce
tance of the surface water. The disturbance thus produced rendered
further readings on this sample inacourate.



Cenent A

Sample Kumber 211
iater/cement

Timo
(min)

10
15
20
a5

8

883% 3888

TABLE XXVI

127

STRATIFICATION MEASUREMENTS

0.400

Potentiomster Readings for
Eleoctrodes Number

1

452
465
467
472

478
409
494

565
844
641
540
533

528
518
513
514
815

615
606
§01
4985
492

495

612
613
5156

818
620
620

3

867
562
561
561
6456

538
632
628
628
529

6527
517
513

507
613
622
521
624

625
623
523

4

663
6560
661
862
547

640
651
530
631
630

628
616
510
503
6504

508
6511
618
610
620

621
637
521

5

581
568
6§70
673
567

560
661
547
547
547

546
634
627
8§20
619

622
528
637
836
6537

538
588
538

6

637
628
629
629
622

614
604
598
599
699

698
586
577
569
569

574

687
586
568

6589
668
588

Temper-
ature

(%)
26.9
2649

267

2647

26.7

26.6

26.3

2642

2642

26.1

June 24, 1936

Surface Levels

HWateor

(in)

0.022

0.044

0.044

0,056

0,066

0.066

0,077

0,100

Cement
(4n)

0.066

0.088

06100

0.110

0.110

06110

0.110

0.110

0,110



Cement Sample
Kumber
A 195
B
c 202
A 210

128

TABLE XXVIIX

CONDICTAKCES OF SURPACE WATER

Vater
‘cement

0.360
0.350
0.360
0.400

(Gy) (c.) (a)
Conduc- Oonsuc-

t teance De -0
T withens h -

water water water O
(0% (0% () (107
mhos)  mhos) mhos/in)

5.88 5.21 0.083 8.10
(no water an top of eample)
2.30 2.22 0,022 3.63

3.89 3.46 0.060 383
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TABLE XXVIIIX

CAICULATIOHS OF PERCENTAGE CONDUCTANCE BASED UPOR THF. AVERAGE
CONDUCTANCE OF SAMPLE BETWEEN ELECTRODES 2 TO 6

Cenent A
Sample Number 193

Mater/cenant

0350

(Gg)

(ag)

(62"

Time Elec- Potentio- Semple Semple Water Conduc= Cement Conduc- Percent-
Resie~ Conduo~ Dopth tance

trode

nmeter

Himber Reading

(min)
15

€o

90

oI O UNK OB QAL GKBNW

O oA

378
386
361

453

333
362
366

378

330

360
347
369
419

336
362
3838
350
371
420

362
362
364
3586
381
427

tance tance
(102
(oms) mhos)
19,8 5,06
20,1 4.98
20,7 4.83
20,7 4.85
20,8 4.81
21.2 4.72
19,0 6.28
18,8 b5.38
18.9 5.29
19,0 65.28
19.6 56.10
20,2 4.956
18,9 b5.29
184 5443
18.7 65.36
18,7 B35
19,1 5.24
19.6 6.10
19.2 5.21
18,6 5.38
18,8 b5.32
18.8 5.32
19,2 b5.21
19,8 64,10
20,8 4.81
19.2 5.21
19,4 6.15
19,7 65,08
19,7 5.08
20,0 5,00

(in)

0.017

0.080

0,083

0,068

0.040

(10~2
wmhos)

4.91

4.86

4.78

4.66

4.49

Level

(in)

0.035

0.098

0.122

0.130

0.140

tance nmge Con=-
ductanco

(102
mhos)(per cent)

5.08 105.0
103.0
1000
100.4
995
97.6

5440 103.9
103.5
101.8
101.2
98.2
95.3

b.46 103.0
102.6
101.1
101.1
99.1
96.4

5.36 101.9
102.3
101.2
101.1
99.0
97.0

5.23 102.3
102.2

101.0

99.4

80.4

97« 8
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TABLE XXVIII (continued)

150

(Gg)

Time Eleo- Potentio- Saxmple Sample Water
Resis- Conduc~ Depth

(min)

120

150

180

trode

Fumber Reading

QAPUNM OO RUN OO D

meter

397
372
374
377
387
431

410
377
378

392

411
379
381
387
396

tance

(ohms)

22.9
19.7
20,0
20.4
20,1
20.2

23.7
20.0
2042
20.8
20,3
20.4

23.8
20.1
20.4
20.9
20.8
20.5

tance

(102
mhos) (in)
4.37 0,000
5.08
5.00
4.90
4.97
4.95

422 0,000
5.00
4.95
4.81
4.93
4.90

4,20 0.000
4.96
4.90
4.78
4.88
4.68

(Gq)

(Gg')

Conduc- Cement Conduo- Parocent-
tance Level

(1072
whos)

4.37

4.32

4.20

(in)

0.140

0.140

06140

tance

(102
mhos)

5.08

4.92

4.89

age Con-
ductance

(per cent)

101.9
101.9
100.3
9843
99.7
99.3

100.0
101.6
1007
07.8
10u.2
99.6

1002
101.6
100.4

98.0
100.,0
100.0
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TABLE XXIX

CALCULATIONS OF PERCRNTAGE CONDUCTANCE BASED UrON THE AVERAGE
CONDUCTANCE OF SAMPLE BETWTEN ELECTRODES 2 T0 6

Cement A
Semple Kumber 194

Water/oement

(xin)

15

30

0350

trode meter

Number Reading

oL O b s B S d N N AN C: Ot O 0O

223
248
246
241
264
2178

216
237
239
235
250
a74

213
233
238
2351
247
270

cl2
232
238
231
247
267

220
241
240
235
2563
en

(Cg)
Time Klec- Potentio~ Sample Sample

Viater

Resis~ Conduc- Depth

tance tanoce
-
10
(otma) ihos)
18.4 G.43
18.9 5.29
19,0 5.28
18,0 G&5.26
19,1 b5.24
19,6 5413
17.9 5459
18,3 bH.46
1B8.6 5.4
18,5 5.41
1847 5.36
192 5.21
17,8 5,68
18,0 8,66
18.2 §5.60
18,2 §5.50
18,6 b5.41
18,9 65.29
17,6 G.68
18,0 b5.59
18,1 6.82
18.2 65.49
18.6 H.41
18.7 B35
18.3 b5.48
18,6 5,38
18,6 5.4l
18.6 5438
19,0 b5.28

19.0

5.26

(4n)

0,000

0.030

0.060

0.075

0.065

(og)

(0g)

Conduc-~ Cement Conduc- Percent-

tance

(102
mhoa)

5.43

5.35

5.19

65.07

4.93

Level

(in)

0,000

0.080

0.120

0.140

0.150

tance aga Con=-
duotanoce

g
i;g.) (per cent)

65.43  108.7
101.0
100.6
100.6
100.1
98.0

b.82 108.4
101.7
100,68
100.8
99.7
97.1

6.90 108.2
102,0
100.9
100,9
09.2
97.0

5.92 107.8
102.1
1009
100.3
98,9
07.8

5.86 109.8
100,86
103.9
100.8
9845
98.6
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TABLE XXIX (continued )

(Gq) (ag) (cg')
Time EKlec~ Potantio- Sample Sample Vater Conduc- Cement Conduc- FPerconmt-
trode meter Resle- Conduo~ Depth tance Lesvel tance ajze Con-

Numnber Reading tance tance ductance
(102 (10~2 (1072
(min) (otms) zhos) (in) phos) (in) mhos) (per cent)
120 1l 242 20,2 4.95 0,000 4.95 0.150 5,80 112.4
2 252 19,6 .13 99.4
3 249 19.3 b6.18 . 100.4
4 241 19,0 5.28 101.9
B 260 1%3.6 §5.13 89.4
8 278 19.86 B5.10 98.8
3160 1l 258 2l.6 4.63 0.000 4.83 0.15. 546 107.5
2 258 230.0 5,00 98.0
3 25 19.7 5.08 100.2
4 244 19.3 §5.18 102.1
6 263 19.8 5.0 99.68
6 282 19.8 5.06 99,6
180 l 264 221 4.62 0,000 4,52 0.150 6632 105.8
2 261 20,2 4.95 98.4
3 256 19,8 §5.06 100.4
4 247 19.6 §5.13 102.0
b 208 18.9 5.03 100,0
6 286 20,1 4.98 99.0
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TABLE XXX

CALCULATIONS OF PERCENTAGE CONDUCTANCE BASED UPON THE AVERAGR
CONDWCTANCE OF SANPLE BETWETN ELECTRODES 2 TO 6

Cement A
Sample Humber 1956
Water/cement  0.350

(Ga)

(Gg')

Tire Rleo- Pitentio- Sample Ssmple \Water Conduc- Cement Conduce= Porcente
Resls- Conduc- Depth

trode meter
Rumber Reading

(min)

16 222
248
201
256
275

311

216
241
254
249
a7n

210
236
260
245
267
302

206
234
248
243
264
207

D RN D O8O (- NN W/ NN DO N

tance

(otms)

18.7
19.7
20,3
20.3
20,7
2l.1

18.2
19.1
10.7
19.7
20.3
30,9

17.6
18.7
19.4
19.4
20.0
2045

17.2
18.4
19.2
19.2
19.8
20.2

tance

(1072
mhos)

5.36
G.08
4,93
4.93
4.83
4.74

5.49
65.24
5.08
5.00
4.93
4.7

5.68
6.36
515
6.15
5.00
4.80

5.81
5043
5.21
65.21
5.06
4.96

(in)

0.008

0.028

0.065

0.083

(Gg)
tance Lovel
-2

10

531 0.01)
5e26 0.028
Bl 04076
65.14 0.104

tance sage Con-
duotance

-2
éign) (per cent)

5.37 105
103.6
10046
160.6
08.6
967

§.42 107.9
104.4
101.2
101.2
98.2
96.2

657 109.1
104.8

100.9

100.9

97.9

96.6

5.67 109.7
105.0
100.8
100.8
87.7
95.7



TABLE XXXI

134

CALCULATIONS OF PERCERTAGE CONDUCTANCE EASED UPON THE AVRERAGE

Leval

{(in)

0.025

0.060

0,079

0,090

0.102

CONDUCTANCE OF SAMPLE BEIWSEN ELECTRODES 2 T0 6

(Gg')

tance sge Con-

(102

mhos)
G.10

637

660

Geb4

Ge40

ductance
(per cent)

103.6
99.8
10046
101.0
90.3
9948

106.5
90.2
101.0
101.0
99.2
7

108.1
9849
101.4
100.3
0.6
100,11

106.8
9847
100.8
101.3
99.4
100,0

10G.6
98.0
10043
101.60
90.8

Cement B
Semple Number 197
Water/cement 0,350
(0g) (cg)
Time Eleo- Potentio- Sample Sample Vater Conduo~ Cement Conduc- Percente
trode meter Resis~ Conduc~ Depth tance
Number Reading tence tance
(10-2 (10-2
{min} (ohnms) ahos) (in) ghos)
15 1 301 168 5.95 0.000 56,96
2 323 17.0 5.88
3 323 16.9 5.92
4 318 186.8 5.9b6
5 344 17.1 6.86
6 362 17.1 5.86
30 1 300 16.7 5.99 0,000 6.99
2 318 16,7 65499
3 314 16.4 6,10
4 311 16.4 6.10
5 337 167 5499
6 386 16,6 6.02
45 b § 300 16.7 5499 0,000 5,99
2 314 166 Gl06
3 309 16.1 6.21
4 306 16.3 GalS
6 331 1664 6,10
6 349 16,3 6.13
6o 1l 301 16.8 5.95 0.000 6495
2 312 163 68.13
3 307 16,0 6425
4 302 5.9 6429
6 327 1642 6,17
6 344 16.1 6.21
80 1 311 174 6475 0,000 5475
2 324 17.0 6.88
3 317 1046 6402
4 312 16s4 ©.10
5 336 1647 5,99
6 354 16,6 6,02

100.3
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TABLE XXXI (ocontinued)

(Gg)

(Gg)

(63')

Time Eleo- Potentio- Sample Sample Vater Conduc- Cement Conduo~ Percent-
Resis- Conduc- Depth tance

Fumber Reeding

(min)

120

150

180

trode

OASANN OO AN RO e

neter

314
328

315
339
367

315

324
319

364

318
336
331
328
3863
374

tance tanoe
(102
(ohms) xhos)
17.6 568
17.2 5.81
16.8 54956
16,6 6402
16,8 8.95
167 5099
1746 H.68
17.4 b5.75
1649 5.92
1648 5490
17.1 5886
171 585
17.8 bH.62
17.7 b5e656
17.83 b5.78
178 5.7
17.6 ©b5.68

17.6

5.68

(4n)

0.000

0,000

0,000

(202
mhos)

5.68

5.68

5.62

Level

(in)

0.110

0.110

0.110

tanoe

(10™2

mhos)

6.38

638

6.31

age Con~
ductance

(per cent)

107.3

977
100.1
102.3
100.2
100.8

108.8
98.1
101.0
101.5
99.8
99,8

110.7
99.1
101.4
100.2
9946
99.6
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TABLE XXXII

CALCULATIONS OF PERCENTAGE CONDUCTANCE BASED UPQGN THY. AVERAGE
CONDUCTAXCE OF SAMPLE BETWEEN ELECTRODES 2 T0 6

Cement B
Ssmple Humber 188

Water/cement 0.350

(ag)

Time Bleo~ Potentio- Sample Sample Water
Resis- Conduc~ Depth

(nin)

156

20

trode

AN (NN N RN QOaPdNe OO (N R R

noter
Fumber Reading

294
306
320

294
297
208
295
312

294
204
293
201

327

294
302
3292
294
303
324

310
297
299

328

tanoce tance
(10-2
(okma) nhos)
18.0 6425
16.8 8433
15,7 ©6.37
16,1 6.21
16,0 8.25
16.3 8.18
16.0 6.25
15,6 B.45
163 6.54
16,6 68.45
15,8 6.41
15,8 6.33
16.0 6.25
16,4 8.49
18.1 a.ez
16,8 6.54
16,3 6.54
164 6.49
16,0 6.25
16,8 64,33
18,0 64,67
166 6445
16.2 6.58
15,3 6.54
16.3 €.13
16.3 6.13
18.3 GeoS4
16,8 6,33
16.3 6.54
16,6 6.45

(4n)

0,000

0.000

0,000

0,000

0.000

(ag)

(cs'

Conduc« Cement Conduo= Percent-

tanoe

(102
mhos)

6425

6.25

6.25

6.256

613

Level

(in)

0,030

0.071

0,090

0.100

0.110

tance age Con=-
ductance

S,gj (per oeut)

Gedd 102.9
101.2
101.8
99,2
99.9
98.0

6o T3 104.6
100.2
101.6
100,2
99.6
98.4

6.87 106.1
99.3
101.3
100.1
100.1
983

6.89 106.6
97.2
102.4
99.0
101.0
100.4

6.89 107.,7
96.8
102.2
98.9
102.2
100.8
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TABLE XXXII (oontinued)

(Gg)

(Gg')

Tire Eleo~ Potentio- Sample Serple Water Conduo- Cament Conduc- Porocent-
Resie- Conduo~ Depth

(min)

120

160

180

trode

AN PUR OO 8N W (W N NN

meter
Kumber Reading

324

310

318

314
338

325

331
329
336
360

tance tance
(102
(otms) mhos)
16,6 6.06
16,6 6.08
16.6 6,41
16.0 6.25
15,8 6.48
16.7 6.37
1648 5,95
16,7 5499
15.9 G.28
16«3 Gel3
16,7 6437
16.0 6425
17.8 b5.62
17,9 B.69
17.1 b5.86
176 5.7}
16.8 5,96

17.1

5486

(in)

0.000

0,000

0,000

(og)

tanoe Level
(10=2

mhos) (in)
6,06 0,120
8.986 06120
6s62 06,120

tance eage Con-

(102
mhos)

6.89

G 76

6.39

ductance

(per cent)

109.2
961
101.6
99.1
102.3
101.0

108.9
9645
101.4
9848
102.8
1007

110.4
8646
101.0
98.8
102.8
101.0
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TABLE XXXIII

(in)

0.010

0,042

0.055

0,061

0.038

Cement C
Seample Number 200
Water/cement 0.350
(g)
Time Elec- Potentio- Semple Sample
trode neter Resis- Conduo- Depth
Humber Reading tance tance
(10-2
(min) (ohnms) nhos)
15 1 419 45.6 2.19
2 47 46.6 2.20
3 478 46.3 2.16
4 404 46,6 2.15
b 478 46.2 3.16
6 637 47.4 2.11
30 1 403 43.8 2.28
2 451 43,6 2.29
3 461 43.8 2.28
4 442 44.1 2.25
B 467 4.1 23.27
6 617 46.6 2.19
46 b 391 42,6 2,36
3 438 2.1 2,38
. 436 42,3 2,36
4 428 43.0 2.33
B 443 42,7 2.34
6 600 4.1 2,27
60 1 381 4ls4  2.42
2 424 40.9 2.44
S 424 41.) 2.43
4 418 41.9 2.39
5 431 41,8 2.41
8 487 42,9 2,33
90 b 396 43.1 2,32
2 434 41.9 2.39
3 430 41.7 2.40
4 427 42,9 2,33
5 441 42,5 2,35
6 498 43.9 2.28

(cg)

tance Leovel

(10~2
mhos)

215

2.13

2.15

2.20

2,18

(4n)

0.020

0.0868

0,092

0,100

0,104

(ag*)

(102

mhos)

2.19

2.29

2.34

2¢44

2443

CALCULATIONS OF PRRCENTAGE CONDUCTANCE BASFD UPON THE AVERAGE
COMDUCTANCE OF SAMPLE BETWEYN ELXCTRODES 2 TO 6

Water Conduc~ Cement Conduc- Percent-
tance age Con-
ductance

(per cent)

101.6
102.0
100.2
99,7
100.2
97.9

101.5
101.5
101.1
99.7
100.6
97.1

100.2
101.9
101.0
99,7
100.2
972

101.7
101.7
101.2
99 .6
100.4
97.1

103.4
101.7
102.1
99.1
1000
97.0
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TABLE XXX11I (continued)

(Gg) (cq (cg')
Time Eleo- Potentio- Sample Sample iater Conduc- Cement Conduo- Percant-
‘ trode meter Resie~ Conduo- Depth tance Level tance age Con-

Nunber Readlng tance tance duotance
-2

(stn) (ome) 8 (1) QO () Q% (per cemt)
1220 1 417  45.4 3.30  0.026 2.11 0.111 2,37  102.4
2 444 439  2.33 10047

3 436 43.3 2.36 1020

4 435 43.5 2430 99.4

5§ 445 42.9 2.33 100.7

6 508  44.5 2.25 97.2

150 1 420 48,7 2.4 0,000 2,14 0,120 2.43 10648
A 448 433 231 100.3

3 439 42,6 2.35 102.1

4 435 43.7 2.29 99,5

5 447 431 2.32 1003

6 505  44.8 2.24 97.3

180 1 433 &7.2 2.12 0.000 212 0,120 2.4 106.0
2 450  43.5 2430 200.2

3 440 42.7  2.34 101.9

4 436  43.8 2.28 99.3

5 447 43.  2.32 101.0

6 506  44.6 224 97.6
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TABLE XXXIV

CALCULATIORS OF PERCENTAGE CONDUCTANCE BASED UPJON THE AVERAGE
CONDUCTANCE OF SAMPLE BETWERN ELECTRODES 2 TO0 6

Cenent C
Sample Number 201
Water/ocement 0,350

(6,) (e2) (Gg")
Time Eleo~ Potontio- Samplea Sample Watoer Conduc- Cement Conduo~ Percente
trode meter Resis- Conduc~- Depth tance Level tancs ago Con-

Rumber Reading tance tance duoctance
(ro~= (102 (102
(wdn) (orme) 20 (1) Q%0 (m) QO (per cant)
18 1 366 43.4 2.30 0.022 2,22 0,080 2.36 108.5
2 400 46.1 2.17 9947
3 407 46.9 2.18 10042
4 392 46.7 2.19 100,6
5 407 46.9 Z2.18 100.2
6 449 46.4 2,16 99.7
30 548 42.5 8435 0.026 2.26 0.092 2.49 109.8

37 43.6 2.29 10U.4
383 43.2 2.%2 101.8
374 43.8 2.29 1004
301 44.0 2.27 99.6
433 44,7 24,24 08.2

342 41.8 2.39 0.030 2.,28 0.1058 2,66 107.0
369 42,6 2,35 100.0
373 42,0 2.38 101.3
363 42.2 2,37 100.9
380 42.8 2.34 99.6
419 43.2 2,31 9863

4l.7 2.40 0,024 2.31 0110 2,60 109,68
366 42.1 2.38 100.3
369 416 2,40 101.1
360 41,9 2.39 100.7
374 42.1 2.38 1003
412 42,6 2436 90.0

356 43.6 2.3 0,009 2,27 0,116 2.56 109.6
376 43.3 2.31 98.8
376 42,2 2,37 101.4
367 42,7 2.34 100,12
37 42.7 2,34 10041
417 43.0 2.33 89,7

OAbGAN OO MW Qb s w Qe



Time GElec~ Poteuntio- Sauple Sample

(min)

120

160

trode
Number

Qg &SN GGl RN

© 01 3 03w

noter
Reading

386
381
372
384
421

369
393
335
375
387
424

370
395
337
378
388
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TABLE XXXIV (continued)

(G,)

Resis- Conduc~- Depth

tance tance

(oma) 297 (1)
mhos)

44.8 2.23 0,000

44.8 2.26

42.9 2.33

42.7 2.34

43.2 2.31

43.4 2,30

45.2 2.21 0.000

45,3 2.21

43.4 2.30

43.7 2.29

43.6 2.29

43.7 2,29

45.3 2.21 0.000

456 2,19

43.6 2.29

44.0 2.27

“3.7 2.29

43.9 2.28

(c3)

tanoe Level

(10~2
mhos)

2.33

2.21

2,21

(in)

0.120

00120

0.120

(6')
tance

(102
mhos)

%253

2e8l

2.51

Vataer Conduc~ Cement Conduc~ l'ercent-

age Con-
ductance

(per cent)

109.,7
97.6
101.0
101.5
100.2
937

1139.3

97.1
101.1
10V,8
1006
100.6

110.8

8Ge7
101.1
100.3
101.1
10067
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TABLE XXXV

CALCULATIONS OF PERCENTAGE CONDUCTAMCE BASED UPON THE AVERAGE
CONDUCTANCE OF SAMPLE BRTWERN ELECTRODES 2 TO 6

Cenent C
Sample Number 202
Water/cemeut 0,350

(Gg)

(cq)

(aq'

Time Elec~ Potentio~- Saxple Sample Water Conduo- Cement Conduc~ Percent-
Resis- Conduc~ Depth tance Level

trode meter
Number Reading

(mdn)

16
397
397
384

466

351
384
381
372
397
450

347
378
374

392

COPRV ooCrhGadM QO Ao e

tance
(ohms)

4.1
46.4
46.4
4.3
45.2
46.3

44.0
44.9
44.5
43.0
43.7
44.8

43.5
44.2
43.7
42,8
43.1
44.3

tance

(102

nhos)

2.27
2.16
2.16
2.26
2.21
2.16

2.27
2.33
2.26
2,33
2429
2.33

2.30
2428
2.29
2,38
2.32
2.28

102
(1n) ihos)

0.010 2,23

0,020 2.20

0.022 2,22

(in)

0,018

0.088

0,066

tance age Con-

(10=2

mhos)

3.28

2.36

2,38

duotance
(per ocent)

104.1
98.8
98.6

103.2

100.9
98.6

104.1
98.4
99.3

102.8

101.1
98.4

108.7
98.4
89.7

102.4

101,0
98.4



Cemant A
Sample Number 207

Water/cement 0.400

TABLE XXXVI

(Gg)

143

(cg)

CALCULATIONS OF PERCENTAGE CONDUCTARCE BASED UPON THE AVERAGE
CONDUCTANCE OF SAMPLE BETWEEN ELECTRODES € TO 6

(o3")

Time FKEleo~ Potentio- Sample Sample Water Conduo= Cement Conduc~ Percent-
Reais- Conduc- Depth
Number Reading tance

(min)

15

46

trode

Ol OO Qbbb OGN Qb AN

meter

495
562
5856
603
652
769

498
539
672
&92
643
749

630
561
680

733

626
6554
672
619
720

616

663
607

(ohms)

31.0
32.5
32.1
3l.3
31.3
32.9

31.8
31,7
31.3
30.7
30,9
33.8

3l.4
31.1
30,7
30.0
30,2
31.7

31.6
30.8
30.3
29.8
29,7
31.2

31.3
30.3
29,7
29.1
29,1
307

tance

(102
mhos)

3.2%
3.08
S.12
3.19
3.19
3.04

3.21
3.15
3.19
3.26
3.24
3.08

3.18
J.22
3.20
3.33
3.31
3.16

3.18
328
S«30
3«38
3.37
.21

3.19
330
3.37
S.44
3.44
3.26

(in)

0.020

0.040

0.030

0.010

0,000

tanoe

(10~
rhos)

316

3.06

3.07

3.12

S.19

Level

(in)

0.045

0,100

0,108

0.108

0.110

tance age Con~
duotance
(102

mhos) (per ceant)

3.31 106.0
98.6
99,9
102.1
102.1
97.8

3.40 106.8
98.9
100.2
102.4
101.8
9647

3.43 106.4
99.0
100.3
102.3
101.7
96.8

.49 106.7
98«4
99.9
102.4
101.8
97.2

3.58 106.6
96.2
100.2
102.3
102,3
97.0
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TABLE XXXVI (continued)

(cg) (Ca) (cg')

?ime Eleo~ Potentio- Sample Sample Water Conduc- Cement Conduc- Perocent-

(mdn)

120

150

180

trode meter
Number Reeding

QAP AN M IO > 00 o N b G300

8§20
541

606

s01
6528

666
608
7o

506
637
668
670
612
s

Regia- Conduo- Depth tance Level tance age Con-
tance tance ductance

2
(o) 80 am) 0% w8 (por oemt)

S51.1 3.22 0,000 3J.,22 0,110 3.62 107.6

30,6 S.28 97.6
29.6 3.38 100.6
29,1 3.44 102.3
29.0 3.45 102.6
30.68 3.27 97.2
3l.4 3.18 0.000 3.18 0,110 3.57 107.1
31.0 3.23 96.9
30,0 3.33 99.9
29.2 3.42 102.68
29.2 3.42 102.6
30.7 3.26 97.8
31le7 8.15 0,000 3.15 0.110 3.64 107.6
3leb 3617 9642
30.6 3.28 99.6
29.6 3.39 102,9
29.4 3.40 103.2
3.0 3.23 8.1
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TABLE XXXVII

CALCULATIONS OF PERCENTAGE CONDUCTANCEL BASED UPON THE AVERAGE
CONDUCTANCE OF SAMPLE BETWERN ELECTRODES 2 TO 6

Cenent A
Semple RKumber 210
Water/cement 0,400

(Ga) (0a) (os')
Time Eleo~ Potentio- Sample Sample Water Conduc- Cement Canduc~ Percent-
trode meter Resis- Conduc- Depth tance Level <tance age Con-

Number Reading tance tance ductance
o=
(atn) (oms) 900 (am) O () 89 (per oemt)
156 1 502 28,1 J.58 0020 3448 0,020 S.58 107.4
2 562 20,9 3.34 101.1
3 8§76 30.0 3.33 100,8
4 5G4 30.2 3.31 100,2
6 584 30.0 3.33 100.8
6 645 31.2 3.21 97.2
30 1 486 27.2 3.68 0,005 3.47 0,065 3.67 110.3
3 554 29.4 340 102.2
3 668 29,6 3.38 l01.8
4 560 30,0 S.33 100.1
6 888 S0.2 3.31 99,5
8 644 31.1 3.22 96.8
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TABLE XXXVIII

CALCULATIONS OF PERCENTAGE CONDUUTAIICE BASED UPON THE AVERAGE
CORDUCTANCE OF SAMPLE BETWERN ELECTRODES 2 TO 6

Cement A
Sample Number 211
Water/cement 0,400

(Gq)

(c})

(c3')

Time Elec- Potentio- Sample Sample iater Conduo- Cement Conduc- Percent-
Resis- Conduc= Dupth tance Level

trode nmeter
Nunmber Reading

(nin)

16 485
546
584
689
677

631

473
631

547
566
620

6514
539
633
549
899

614
526
628
646

447
496
B4
60

621
570

QO RN C b CA N M QS QA PUNE >N

tanoce tanoce
(olms) é;g:?
2843 3466
28.8 3.47
20,8 S.42
39,7 3.37
29.86 3.38
30.2 3,31
26.9 3.72
27.9 3.58
28.8 3.50
29.0 $.48
29,0 3.45
29,86 3.38
25,9 3.88
27,0 3.70
27.9 8.88
38,3 3.63
38.1 3.58
284,686 3,60
38,9 3.86
37.0 3.70
27.7 3461
28,0 357
27.9 3.58
28.8 3.53
26e4 3494
26,0 3.85
20,5 3,77
26.7 8.76
26468 3.76

27.2

3.68

(in)

0,020

0,060

0.065

0.080

0.040

(102
nhos)

347

3,63

3.65

5.67

S.79

(in)

0.040

0.0u0

0.105

0.110

0.110

tance age Con-
ductance
(10~2

mhog) (Por ceut)

3.61 10645
102.4
100.9
99.4
99.7
97.8

J3.84 110.6
103.1
100,8
99.4
99.4
97.4

4.08 114,2
103.5
100.2
98.8
99.6
97.9

4.12 114.5
102.8
100.3
99.2
99.5
98.1

4.26 113.2
102.3
100.2
99.7
99.9
97.8



TABLE XXXVIII (contimed)
(ag)

147

(fa)

(ca")

Time Eleoc- Potentio- Semple Sample Water Conduc- Cement Conduc- Porcent-
Resis- Conduc~ Depth tance Level

(min)

120

160

180

AP e (BN NN

trode meter
Number Reading

616
623
620
637
588

493
520
626
bee
638
509

tance tance

(102
mhos)

(otms)

25,7
26.4
27.0
27.1
27.0
27.6

26.9
27.1
2746
27.6
275
28.0

28.1
27.3
2746
277
27.8
28.1

3.89
Se74
3.70
3.69
3.70
3.62

S.72
3.69
Je84
3.64
.64
.57

3456
3.60
3«62
3.61
.64
3.56

(in)

0.030

0.010

0.000

(102
whos)

3.78

J.68

3.56

(4n)

0.110

0.110

0.110

tance age Con-

(102
mhos)

4.26

4.13

4.00

duotance
(per cent)

114.9
102.4
100.0
989.7
100.0
97.8

113.6
101.5
100.1
100.1
100.1

98,2

110.6
101.2
100.2
9.8
100.6
98.4
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Se Correlation of electrical conductivity and compressive strength of
cament mortars,

A large group of samples of cemsnt mortar wers tested to determine
the wvariation of conduotivity with temperature. The data for this test
are presented in Teble XXXIX, pages 166 and 167, and plotted in Pigure
46, page 172. From the smooth ocurvea thus obtained conductivities at
20°, 229, 249, 25°, 26°, and 2338° C, were chosen and correotion factors
basod upon the 25° C. value were obtained. These caloulations and
factora are 1isted in Table XL, page 168, and the average values of the
factors are plotted in Pigure 46, pege 172.

The results of tests for electrical conductivity at 256° C. and
16 minutes after gsuging, and compressive strength at 28 days are
tabulated in Tables XLI and XLII, psges 189 to 171, inclusive. The
results as functions of water-cement ratio and of sand-cement ratio are
shown in Flgures 47 to 50, pages 173 mnd 174. The direot relationships
between conductivity and strength aro shown in Figures 61 and 62, page

176.
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TABLE XXXIX
CONDUCTIVITY OF CRMEKRT A MORTAR

Sand/cement  2.50 April, 1936
Time 15 minutes

Water Sample Temper- Conduo- Water Sample Tempear- Conduo=-
Sement Number asture tivity “ooment Number ature tivity

(%c) (105 (%) (o3
zhos/cn®) zhos/omS)
0.260 1008 24.0  1.12 0,276 101  28.9 1,40
100  23.8 1.01 101v 28,9 1,50
146a 21,7 0,96 147a  20.8 1.22
146b 21,3 1.01 1470 20.8 1.59
168a  26.6 1.08 166a  24.4 1.24
165  24.8 0480 156b  24.4 1,15 »
167  27.6 1.04 158a  25.6 1.17 »
167b  26¢7 0,94 168b  25.7 1,28
169a  27.9 1.10 160a  27.8 1.36
159  27.8 0,99 160b  27.0 1.19 *
172 26,0  1.16 167 24.4 1,33

173 2646 1.22
0,300 119a 22.8 2.08 » 0.828 120a 24.0 2.43

119b 2247 2,01 120b 23.4 2.39
148a 23.3 1.78 148a 2l.1 1.72 ¢
148b 22.2 .67 145 20,1 1.99
154a 19,1 1.69 162a 267 2.07
154b 19.1 1.64 162y 2642 1.78 »
161a 26.4 1.81 168 26.1 1.88 »
161b 36.0 1.66 ¢ 176 26.6 2.13
171 2649 1.84 laz 24,0 2.12

174 23.8 1.72
183 24.1 1.7

0.350 121a 23.9 2.59 0.375 122a 24,6 2.87
121b 23.8 2.49 122v 24.4 2.82
180a 21.1 232 151a 21.3 2440
160b 20.9 2.09 161b 21,0 2.52
163a 27,0 2,39 164a 27.6 2.62
163b 26.8 2.08 » 164b 26.4 2,33
169 24.3 2.41 170a 24.2 2,51
176 24.6 2.58 170b 24.0 2,58
181 27.4 2.43 177 25.8 2,77

180 28,0 2.78

* indicates an error of more than 14.38 per cent. See Appendix B.



Hater

0.400

Sample Temper=
cement Number

144a
144
168a
162b
166a
165b

167

TABLE XXXIX (contimued)

Conduo-

atwe tivity

(°c)

26.3
24.3
21,0
20,6
2647
3847
23.3

10~
méon/%ns)

2,89
2.78
2.45
2.49
2.84
2.67
2.68

Viater

0.450

Sample Temper- Conduc-

Fumber

146a
145b
153a
163
166a
166b
178

ature tivity
(%) (10~
mhos/an®)
36.2 2.92
24.9 2,90
21.2 2,7
20,9 2.83
36.2 2,96
87.1 S.02

22.6

2.7



Cament A

Send/cement 2,50

Time

Viater
ocensnt

0.250
0.376
0.300
0.3256
0.350
0.376
0.400
0,450

0.280
0.275
0,800
0.328
0,380
0.376
0.400
04860

Averagos

CALCULATIONS OF CORDUCTIVITY CORRECTION FACTORS

168

TABLE XL

FOR CHUENT KORTAR

15 mimites

20°%.

0.92
1.26
1.65
1.97
2.21
2.40
2.61
2.83

Correction Pmotor for Conductivity (per oent)

116.8
112.0
112.7
113.2
112,2
110.9
111.0
1.1

112.3

22°%.

0.99
1.33
1.78
2.10
2,33
2.52
2.64
2.79

107.0
105.3
105.6
108.2
108.3
106.6
105.8
106.0

108.,0

24°C.

1.05
1.39
1.83
2.20
2.43
3.61
2.74
2.89

101.0
100.8
101.8
101.2
102.0
101.9
101.9
101.2

101.4

Conductivity (10" mhoa/or®) at

25%c.

1.06
1.40
1.80
2.23
2.48
2.86
2.79
2,98

26°c.

1.08
1.43
1.90
2.26
2450
2.69
a.02
2.99

98.2
88.6
97.8
98.7
99.2
98.8
98.8
87.9

98,8

28°c.

1.10
1.47
1.93
2.29
2.52
2472
2.86
3.03

96.4
95.3
98.4
97.3
9843
977
967
9647

90.9



Cementt A

ELECTRICAL CONDWCTIVITY~=~COHPRESSIVE STRENGTE DATA

S‘nd/omt 2.50

Time (oonductivity measurements)
Time (strength measurements)

Water

0.260

0.278

0.300

0,325

0.350

0,376

100a
100b
1000
172

101a
102b
10lo
173

119a
119b
1190
174
183

120a
120b
1200
176
182

121a
121b
121¢
178
181

122a
122b
122¢
177
180

S8ample Compressive
Rumber

Foroce

(1bs)

7,200
8,660
10,420

9,080
9,230
9,400
11,000

21,750
18,500
22,020
15,830
16,200

22,160
22,870
23,200
24,760
38,300

25,000
21,960
23,700
24,320
26,860

27,600
28,700
27,800
26,3500
30,720

169

TABLE XLI

28 days

156 minutes

(1bs/1n?) (203 mhos/om3) (°cC)

1,800

2,140

1,620
2,608

2,263
2,308
2,350
2,780

5.‘30
4,128
5,808
3,968
4,050

5,840
8,668
6,800
6,188
8,326

8,260
5,488
5,926
8,080
6,716

7,176
6,950
6,676
7,660

1.01
1.12
1.06
1.15

1.39
l.44
1.50
1.22

2406
2.01
2.08
1.72
1.7

2.39
.43
2.41
2.18
2.12

2.64
2.49
2.59
2.68
2.43

2.82
2.87
3.64
3.77
2.78

Compressive Conductivity Temper- Conduc—
Strangth

ature tivity
Corrected
?o oC.
10
mhnq/&m§)
24.0 1.03
23.8 1.14
28.9 1.08
26.0 1.14
23.9 1.41
23.9 1.46
83.9 1.53
85.6 1.21
82,7 3.14
32.8 2.09
32.7 2.17
23.8 1.75
24.1 1.74
28.9 2.‘3
24.0 2.47
23.9 2.46
25.6 2.11
24.0 2.16
238.7 2459
23.6 2.68
23%.9 2.63
24.6 2.60
274 2.368
24.4 2.84
24.6 2.89
24.6 2.88
26.8 2.74
28.0 2.70
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TABLE XLI (oomtinued)

Water Sample Compressive Compressive Conduotivity Temper- Conduc-

ocement Rumber Foroe Strength sture tivity
Corrected
to 25°C.
(2bs) (2vs/1n?) (103 mhos/am®) (%)  (20=
mhos/om>)
0.400 144a 25,750 6,438 2,78 4.3 2.81
1440 26,8560 6,713 2.89 2543 2.89
IMO 37’120 6.780 2088 z‘.s 2.88
179 30,980 7,745 2.68 2343 2.7
0.480 145 22,690 5,873 290 24.9 2.90
145b 23,680 5,820 2.92 26.2 2.91
146 22,460 5,618 2.91 25.0 2,91
178 24,400 6,100 2,76 2246 2.89
0.6500 203a 16,900 4,225 3.08 26.4 3.03
203b 19,900 4,978 83.04 24.6 3.07
203 21,000 5,280 3.06 25,0 3.06
0.660 204a 18,800 4,560 3.28 26.0 S.24
204b 19,900 4,978 3.29 26,2 3.24
2040 18,600 4,660 S.26 26.9 3.22
0.600 206a 14,100 3,585 3.38 24,3 3.39
205b 13,400 3,250 3.38 24.3 3.41
2060 14,000 3,500 3«40 24.3 .43
0.650 200a 11,200 2,800 3.40 25.0 3.40
206b 11,400 2,860 3.76 26.2 S.74

2060 11,500 2,878 3.68 26.1 3.67



ELECTRICAL CORDUCTIVITY==-COMPRESSIVE STRENGTIH DATA

Cexent A
Water/osment 0.350

Time (oconductivity measurements)
Time (strength measurements)

Sand Sample Compressive
cement

0.50

1.60

8.60

3.50

4.50

Runmber

200a
308b
2080

209a
209
2090

120a
121b
121e
176
181

212a
212b
8120

213a
213
213

Force

(1vs)

45,200
37,800
45,900

36,400
37,700
36,400

285,000
21,950
23,700
24,320
26,860

9,400
9,700
11,100

4,300
4,300

in

TABLE XLII

28 days

156 minutes

Compressive Conductivity Temper- Conduc~
ature tivity

Strencth

(1bs/in®) (30™ mhog/a®) (%)

11,800
9,476
11,475

8,850
9,425
8,850

6,250
6,488
5,925
8,080
8,78

2,360
2,426
2,776

1,078
1,076
1,060

6.40
G.14
6.27

3.63
3.67
3.63

2.54
2.49
2.89
2,68
2.43

1.45
1.40
l.42

0.82
0.082
0.80

28.3
20.1
26.2

28.6
26.1
2643

23.7
23.6
23.9
24.8
27.4

24.9
24.3
24.6

28.6
256.6
26.6

Oorroog;d
to 889C.
(10"33
mhos/om" )

6.28
6.06
6.18

3.66
3.63
3.60

2.69
2.66
2.83
2.60
2.38

1.45
l.42
1.43

0.81
0481
0,79
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IV. DISCUSSIH OF RESULTS

As Preliminary Results

The results of the preliminary investigatioms involving field
strength (applied voltage) and frequency verified thes theory of electro-
1ytes, that, at low field strengths and frequenoles, the oconductivity of
an oleotrolyte is independent of those itams.

Thus, Figure 10, page 66, beiny; a straight line passing through the
origin, indicates a oonstant conductivity over the range of voltagos
from O to 1 volt. All measurements of conduotivity were made within this
range.

Figure 11, page 56, plotted as resistance versus frequemncy, being a
horizontal line, indiostes a oonstant oonduotivity over the range, 200
to 1800 oyoles per seoond. All measurements were made at 1600 ayoles,
inaamuch es this frequency is recognised as the standard frequenoy for
conductivity measurements of electrolytes. The response of phones to

this frequenocy is of ocourse quite good.

Be S8etting Phenomena of Cement Pastes

In this discussion of the results of the setting process in cement
pastes as analysed oonduotometrioelly, the author will firet set forth
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the process as it appears to him as the result of the study, and then
review the results of this portion of the investigation from the view-
point thus presented.

Pirst, let us visualize the particles of dry oement as finely ground
cement clinker, not perfectly spheriocal in shape, but enough so that
there is a oonsidersble percentage of voids in the dry condition. Now,
as water is added and the two constituents mixed together, the volds
becomo filled with the fluid if sufficlent water is added. At the same
time the water begins to act upon the surfeces of these small particles
of cement., The surfaces of the particles thus begin to dissolve, or
beoome saturated with the water, and, as thoy do so, the water becomes
more and more ioniszed. That is, it takes on the deoided properties of
an electrolyte. As the surface continues to dissolve, slowly to be sure,
sinoce at a single mixing only a portion of the cement particle ever
becomes hydrated (Review of Literature, page 21), the hydrated silicates
and aluminates perhaps produce tho "gel" which Bates and Klein (4) have
investigated. ‘/hether this "solution" is¢ n colloidal gel or merely &
saturated or even supersaturated solution, the offeot from an electrical
viewpoint is en inoreased viscosity to the flow of lons moving in the
oleotric field (page 14).

Henoce we have two effeocts upon the eleotrical conduotivity, firat,
the inoreasing ionisation of the water, and second, its inoreasing
viscosity. These two processes overlap, perhaps to a oonsiderable
extent. However, we would expect the first process, that of inoreasing
fonisation, to predoxinate in the early period following mixing, whoreas
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the second process would predominate at a later time. Thus there would
be & maxirnm point in the conductivity-~time curve. That such a maximm
oocurs is evident from Figures 21 and 22, pages 104 and 105, as well as
from Shimisu's work, Figure 1, page ll.

How, let us investigato the effects of variation in water content
(water-oement ratio) upon the eleotrical conduoctivity of the paste. As
in increased smount of water is added, the aversge distance between
particles must become larger, providing the minimm water content was
sufficient to £ill the volds. No doubt a swelling of the gel ocours in
pastes g0 that this minumm water content is not of primary importance
for the usual water-cement ratios. At least in the range of water-cement
ratios investigated (0.250 to 0.400), no break or decided knee in the
ocurve woa disocovered. An inorease in the average distanoes between
particles then indicates a larger effective oross sectional area avail~
able to the lines of ocurrent flow, and hence an inorease in eleoctrioal
oonductivity.

As an experimental proof that an inorease in water-coment ratio
rosults in an inorease in conductivity, refersnce is made to Figure 20,
page 103, where the conductivity at 16 minutes as & function of wator-
cement ratio 1s given for the three ocements analysed.

The inorease in conduotivity with temperature (pege 16), at least
for the early periods of the setting process, is evident in Figure 21,
page 104. loro important, however, than tiae absolute magnitude of the
conductivity as influenced by tempersture, is the rolative shapes of
the conduoctivity ocwrves as uffoctod by this item; that is, the effect
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of temperature upon the setting charascteristic of the cements.

It 18 & recornized fact (Review of Literature, page 20) that
increared temperature results in faster setting of most cemont pastes.
The reason fcr this ocoursnce is no doubt an increased rate of
dissolviny the surface of the cament partiole with increased tempera-
ture, and then a resulting increase in the rate of chemiocal change
(orystallisation or formation of the colloidal gol). Thus, it would be
expeocted that the maximm point in the conductivity-time curve would be
reached in a shorter interval of time at the hipgher temperature. Also,
the deorease in oconductivity after the maximum was reached ghould be at
a fastor rate for the higher temperature.

Both of these sffeots are very pronounced for cement B, a high
early strength cemsnt. For cament A, a normal hardening cement, the
maximm points ocour at quite differout times for the two tamporatures
investigated, but the nogative slopes of the two ocurves are only
slichtly different. This indiocates only slight influence of temperature
upon the cryatallisation or colloidal formation, tut a decided influence
upon the hydration period. Cement C, another normal hardening cament,
showed no appreciable difference in oithor negative slope or maximm
point at tho two temperatures (22° C. and 30° C.)e

Instead of noting the time of meximm conduoctivity and tho regative
slope of tho ourve thereaf'ter as measuros of the hydration period and
the rato of hardening it is possible to ircludo both of theso items in
one msasure. If the time required for the conductivity to return to

the samo value as it had at some earlior time (15 minutes perhaps) is
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determined for a cement, then both of these items are inoluded. For
samo cements, however, this would require a teast longer than three hours
and as & result would not be as desirable. This is evidently the case
for comont C, as is evident in Figures 19 and 21, psges 108 and 104.

It ie also recognized (page 20) that the water content has an
effoct upon the setting process, an inorease in water content decreasing
the speed of the reections. Viocat needle tests for normal oonsistency
were nmade on the three ocemants so that the maximm eleoctricsl oconduc-
tivities could be compared under the same conditions of plastioity. It
was found that the maximum points of the three curves for normal con-
sistanoy ocourred at approximately the same value of time at a temperw-
sture of 22° ¢, (Figure 32, pege 105). The time required for this max-
imz: to be roached was 70 minutes. At a water-cement ratio of 0.400
the timo required to reasch a maximm was 10 to 15 minutes longer. This
variation in time was more pronounced at lower temperatures. At higher
temperatures tho speed of the reaotions were faster, thus masking to a
large ortent the effeots of variations of water comtents

Josser (15) found that the galvanic astion of cement mortars
inoreased for a period of time and themn decreased, thus produocing the
sane shapo of ourve as does the oconduotivity. Iliowever, the maximm
voltapo obtained from Portland cement "oells" of 0.27 water-cement ratio
ooourred at approximately 10 hours after gauging, whereas the maximum
oconductivity ooocurs usually at about one hour. The present author can
not reason why this maximm galvanic action should oocour at suoh a later

period of time than does the maximum conductivity.
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C. Rxcess Water Tendenoy in Sand-Water !tixtures

The effects of partiocle size upon campactness of the solid par-
ticles under wet conditions are two fold. First, there sxists a wuter
£11m around each partiocle which temds to separate the particles. If
this film wsre of constant thickness for all sises of particles the
effect upon the smnller sisze particles would be greater, producing the
larger porcentage of wet voids for the smaller size. The other effect
of partiole sisc is the effect of adhosion as discussed on paje 22,
Fven if this foroe were not depsndent upon partiole size the compactness
for tle smaller particles would tond to bo greater, that is, a zmaller
porcantago of wet volds. The mass of t'.0 smaller particle is less and
heonco ovon a constant foroco acting upon a smaller mass would tend to
produce more dense peckin;. The inocrease of the forco of adhesion with
decroasod curvature of the film axagyerates this tendenoye.

Thus, there are two sotions cocurring simultanoously: <¢tho water
£ilm tending; to hold the particles apart and the forces of adhesion,
aoting whereo tho films of two particles join, tending to pull them
together, thus squeoszing the water film at their closest point.

It would be expected that the exaggerated action of the adhesion
forces would overcame the tendency of the water films. lowever, a
moans of measuring these wet voids in comprrison to the dry voids 1is
very impractiocal by physical (mechanical) measurements, whereas the
method as discussed on pages 26 and 28 1s quite aimple.

The reasults of these moasurements as shown in Pligure 256, page 112,
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indicate clearly that the axcess water tendency (i. ¢., the excess of
water above that necessary to f£ill the dry voids) deoreases with a
deoreace in the sversge dlameter of the partiocles., A minimm tendency
ratio of approximately 0.8 at particles of very small dismeters may be
found from extrapolation.

Tthen tests were made upon the graded sand mixtures, designed
according to the two gredings as shown graphically in Figure 24, page
112, the results indioated in doth ocases an excess wuter tendency ratio
of only 0.6, that is, the minimum excess water possidble when using sends
of only very small diameters. Thus, a graded mixture, even though
graded perhaps only roughly, would be expected to produce a rather
compact wet mass, tho same resulta as oould be obtained bty using very
emmll partioles.

Sand-water mixtures were used, rather than cement mortars or
psstes, becaugse the sand particles were inert electrically, whereas
very decided roactions osccur with cement partiocles as has been dis-
oussod in the previous section.

Tho oconolusions and their appliocation to intermal stratification,

which oan be obtained from this study, will be made later (page 191).

De Intornal Stratification in Cement Pastes

That water moves upward through e cement peste under certain oon-
ditions has been known for & great many years. Only recently, however,
has any attempt been made to determine the causes for this rise and how
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it may be prevented. The experimental investigstors have sttacked the
problem from an exterior viewpoint. That is, they have mede observstions
upon the surface conditions only. Now it is also a well known fact that
this water, for reasacnable water-cement ratios, is absorbed dack into
the cement paste after a period of time. This is the point then at
whioh other investigations have failed; that is, there was no means of
determining the redistribution of water in the paste. And from an
ultimste viewpoint this 1s the important item. There is no reason to
believe that this redistribution of water should be uniform or that it
should bo the samo for all cements.

Boefore procesding further, reference ghould be made to the relation-
ships between water-coment ratio and conductivity for the three cements
as shown in Figure 20, page 103. A very noarly straight-line relation-
ship may be observed between these two quantities for cements B and C
and for comont A above 0,300 water-cement ratio. As a result percentage
conductanco is very nearly synonymous with percventage water ocontent.

The conversion would be quite possidble if the oonductivity versus water-
coment ratio curves, as obtalned from the analysis, were drawn f{or each
point of time and temporature observed. Illowever, since tho relationships
are so noarly linear, the expendituro is not deemed practioal, since so
vory little eadditional acouracy is to be galned. Consequently, the

term percentage water ocontent, or simply water content, will be used in
the subsequent discussion where the numoriocal results are in reality
porcentage oonductance.

Figure 41, page 163, shows the change in water content of the six
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lateral layers of a ssmple of cement A as a function of time. It will
be observed that the change in water content was quite rapid in the
period 6 minutea to 10 minutes, espeoially for section ome, the top
section. This was the period in which the paste was placed in the con-
tainer. The point at 6 minmutes was, of course, an assumed point since
the earliest r:udinga were possible only 9 or 10 minutes after gauging.
The 6-ninute value thersfore represented a homogemeous distridution of
wauter throughout the sample; that is, 100 per oent conductance for each
ssotion.

Tho spread in wator content reached a maximum for this cement at
spproximately 456 minutes. Furthermore tho water content increased con-
tinuously from the lowest levol to the top. At the end of threo hours
the water had redistributed itself so that the variation in the lower
§ inches of the sample was approximately 1 per M. However, the top
1-inch section showed an excess of approximately S per cent. This was a
rather small excess when ocompared to the other cements tested.

The variations of water ocontent in the lateral layors for cement B,
a high oarly strongth cement, are shown in Figure 42, page 163, For this
cement no appreciable watexr appeared on the surface, and yet the elootri-
cal measurements indicated & very poor distribution.

It should be remembored that all that 1s necessary to prevent water
reaching the surfece is to retard its progress so that the cemont sets
before thoe wator reaches the top. Froam an external view cement B
appoarod to have no bleeding, and yet the f£inal distribution of water
was the poorest for the three cements tested.

The water content of seotion 2, that just below the top, first
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inoreased slightly and then began to deorease until at 100 minutes it
had reeched a peroentsge of approximately 97 per cent. From then until
180 minutes the water content increased slightly. The reason for this
seeming disorepancy may perhaps de explained as follows:

The capillary and gravitational forces in this cement, as in others,
tanded to foroe the water up through the wator passages of the sample.
It mey be that in this cement the effect of pressure, which of course
would te greatsst in the lower sections of tho sonmpls, compacted the
paste to such a dogree that the water was not free to move upward. The
hydration perlod also mny have beon accelorated by this vrocess. ilence
the only aotion which could take placo was in the top sections, result-
ing in theo water bolng drawn from soction 2 into section 1 and thus
accountin,, for the decrease in water ocontent of seotion 2.

Tho excoss water in the top section (10 per cent at 180 minutes)
was held thore by the early hardeming process which ocourred in this
typo of coment. As a rosult no deornase in the water content of seotion
1 was obgerved.

The variations in water content for caement C, a very finely pround
normal hardening cement, were very small excopt in the top seotion where
the oxcess reached approximately 6 per cent at 180 minutes (Fipuro 43,
pagoe 164).

All of these above measurements were mnde at an initial wator-cement
ratio of 0,350, The author regrets that some acoount of the wator
requirod to produce normal consistoncy was not taken in these tests. A
much better procedure would have beoen to take 150 per cemnt of tho water

required for normsl oconsistenoy as tne water content at whioh the cements
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were oonparod. Nommal consistemoy would heve produced a mix of such a
plasticity that proper packing of tho sample in the container would have
bean extremoly difficult if not impossible.

To show that the initial water-cement ratio does influence the
magnitude but perhaps not the general form of the curves, a group of
tests were made at a water-oement ratio of 0,400 for cement A (Figure
44, pege 164)e The general tendencies were the same as those for a
water-cenent ratio of 0,350 The maximm excess in wator ocontent in the
top sectlion of the sample remched 10 per cent as compared to approximate-
ly 7 per cent at 0,360 wator-cement ratioc. At the end of 3 hours tho water
ocontent of this section had deoreased to only 8.5 per cent as against

S por cent for the 0,360 water-cement ratio.

B. Correlation of Bleotrical Conductivity and
Compressive Strength of Cement Kortars

Vhen stating the eleotriocal conductivity for an electrolyto a
statement of the temperature at which the measurements was made is very
important. For this reason temperature corrections enter in most of
these applications of conductamotric analysis.

The ocorrection faotors shown in Figure 48, page 172, indiocate that
the conductivity of the cemsnt mortar wns reaching a meximm very
rapidly with regard to inoreased temperature. The reason for this
maximm ocourring at m temperature perhaps even below 40° C. was no

doubt due to the extreme viscosity effeots in the eleotrolyte in the
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case ol mortars. This would be in agrecment with Falkenhagen's
expression of the tendency as disocussed on page 16. The rough agreement
of all these factors for the renge of weter-cement ratios investigatod
would also bo an argument in favor of the independence of water-cement
ratio upon the concentration at a fixed time after gauging (page 16).

Conductivity and compressive strength of cement mortars oan best
be compared ty mesns of intermediary faoctors, either the water-cement
ratio or the sand-cemant ratio.

First, let us consider tham as functions of the water-cement ratio,
holdin,; tho sand=cement ratio constant.

Provided all the volds were filled for the water-cement ratios
investipgated, wo should obtain a ocurve of conduotivity versus water-
oement ratio of tho samo form as was found for cement pastos; that is,
nearly a straight-line relationship. Iowever, thero are now inort
particleos of sand in the mixture eaoh of which 1s covered with a thin
filn of wator, and this wator does not react to produce swelling of
the sand as it does the coment partiocles. lencoe we would expect that
more water would be required to produce the same plasticity. If less
water than that required just to fill the voids completely existed,
the masc would become loose, and as a result the conductivity would
deorease faster than the straight-line relationship. That thls 1s
exaotly what ocourred is evident in Fipure 47, page 173.

This effect of "unworkability" was recognized by Abrams (1) when
he expressed his law regarding strongth and water contont (page 22).

That 18, at very low water contents the strength curve dooreases with
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decreasing water-cement ratio. Using portions of the seme sample for
both conduotivity and strength tests, it wes found that the maximum
strength ocourred at precisely the same water-cement ratio az did the
break in the conductivity curve. That 1s, the meximum stren;th
ocourrod whero the water contont was just suffiocient to f1ll the voids.
Either an inorease in amount of water, produoing spreading of the cement
and sand particles, or a deorease in water, leaving voids evon in the
wet condition, produced the same result, namely, loss of strength. The
ourve illustrating this faot, Figure 48, page 173, is plotted just
below the oconduotivity ourve so that comparison of water-cemont ratios
oan be mada.

Becauso the mortar mst be plastic enough to be placed in forms,
it is customary to work slightly above the most desired water-cement
ratio. For this reagon the portion of the ourve to the right of the
nocime: will later te spoken of as the working range of this curve.

Now let us consider these two items as functions of sand-oement
ratio, holding; tho water-cement ratio constant.

Since the send ;raina are inert partioles whioh reduce the effec-
tive oross sectional aroa of the sample {rom an eleotrical viewpoint,
a deoreaso in conduotivity with an inoreased sand-cemsnt ratio would
be expected. This cwrve is plotted in Figure 49, page 174.

Also an inorease in the proportion of sand was found to produce
n deoroase in the compressive strength of tho samples., This is a well
recogniged fact, the reason for making tests for this ocurve being

merely to have data on conductivity snd strength from the same samples.
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The curve is showm in Figure 50, page 174.

The original hope of this portion of the investigation was to
devise a means whereby the compressive strength of a mortar mix ococuld
be predicted from the conductivity measurements. That this wus dolusive
reasoning will now be demonstrated.

First, let us note that for constant sand-cement ratio an inocrease
in oconduotivity indicates a deoresse in conpressive strength in the
working range. Whereas, for constant water-cement ratio an increase
in conduotivity indiocates an increase in oompressive strength. Thus
from a proper choice of mixes the same conduotivity oould ocorrespond
within limits to any oompressive strangth. The above ststements ocan
be cheoked against the curves to whioh reference has alreoady been made,
but perhaps more easily from Figures 51 and 52, page 175, where the
two quantities, compressive strength and conductivity, are plotted

agailnst oach other.
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¥. CCNCLUSIONS

A, Setting Fhenomena of Cement Pagtes

1. Two processes coour in the setting of cement pastes (the period
0 to 8 hours after gauging). These processes are evident from changes
in the eleotrical oonductivity.

2. The first process produces an inoresse in the electrionl
oonduotivity with inoroased velues of time. It is a hydration process,
osusing inoreased ionisation of the 1liquid portion of the paste.

3. The second process causes a deorease in eleotriocal oonduotivity
with inoresesed wvaluos of time. It is either & orystallization or a
oolloldal-formation process, oausing inoreased visoosity effeots in the
eleoctrically oonduoting meodis,

4. The two proocesses no doubt overlap. In any oaso, they causo a
maximm point in the conduotivity ourve. The time at whioh this maximm
ooours glves a meagure of the hydration period. This measuremont has
more meaning, and may be obtained muoh more acourately than a physiocal
measurenent of initiel sotting oonditious,

8. The nogative slope of the conductivity-timo ourve gives a
measure of the rate of hardening, Thus, with respect to Shimisu's
work (Pigure 1, page 11) the sudden deoresse in oonduotivity whioh he

obtainod at larger values of time (causing a large nogative slope) wos



10

indiocative of the hardening {orystallization?) ccourring at a faster rate.
6. An increase in the tomperature produces e shorter hydration
period (initial setting period) for most cements.
7. An inoreese in the water-cement ratio produces a longer hydre-
tion period (initial setting pericd) for most cemonts, ospeoially at

lower temperatures.

B Excess Water Tendenoy in Sand-iinter !lixturos

1. The excess wator tondonoy (i. ¢., the excess vator above that
roquired to fill the dry voids of a granular mnterisl) dooreases with
deorensed dimmeter of the partloles.

2. Iiroperly graded material has an excoss water tendenoy of
approximately tho sane amount as material which is 8ll of very small
diameter.

3, Internal stratifiostion can be eliminated to a largo extent by
removing one of its prinoipal oauses---oxoess water tondenoy, Either
properly graded materials or very fine grinding of the oement olinker aro

offective moans of accomplishing the same effeot.

0. Internal Stratification in Cement Pastes

The oonolusions for this seotion will be presente! in tho form of a

proposed method of test for internal stratifiocation. This method of test



192

vas sulmitted to several ocement reseerch laboratories and members of the
Amerioan Soolety for Testing Vaterials in June, 1936. The method of

test follows:

TENTATIVE METHOD OF TBST
FOR
INTERNAL STRATIFICATICH (BLEEDING) OP PORTLAND CEYENT PASTES

Soope
1. This test providea a quantitative neasure of the "bleeding™

property of Portland cemont pastes from ratios of electrical ocondustamnoce,
This is aocoamplished by seotionalizing the sample eleotrically by a set
of six pairs of fixed potontial eleotrodes, each neir beingz placed in

tho ocenter of & one-inoh horizontal seotiom of the sample,

APPARATUS

Genoral

2. The electrioal oircuit shall oconsist of a constant voltage,
1000-0yols, vacuum~-tube osoillator supply of five-tanths (0.5) volt,
conneoted to the six pairs of eleotrodes in parallel in the sanple
oontainer. In each eleotrode oirouit shall be inserted & one (1.0) ohm
non-induotively wound shunt. The woltege drop eorose oach shunt shall
be measured with a vacuunm=tube voltmeter. A diagram of the oirocuit is
shown in Figure A (Figure 3 of thosis, page 193). Ench voltage~drop
reading gives & measure of the eleotrioal oonduotance of the oorresponde
ing one-inch seotion of the sample. General congiderations indicate a
direot (elthough not nocessarily linesr) relationship between eleotri-



193

VACUUM - TUBE
OSCILLATOR

IMPEDANCE MATCHING
TRANSFORMER

L@._lvm.mmea
SHUNTS
gy =A—
)=
: 1
|
b s
iy
-
P
i -
-
13113} M»Ld
2 GANG
6 CONTACT
SWITCH ¢ ¢
- -
DIRGRAM OF ELECTRICAL vl
CIRCUIT FOR MEASURING VOLTMET
THE INTERNAL STRATIFICATION
(BLEEDING) OF PORTLAND
CEMENT PASTES
4T -9
Figure A
(Figure 3 of

Thesis Repeated)



194

oal conductance and water oontent (or water-oement ratio) of the sample.

Osoillator

3. The source of voliage supply shall consist of a vacuum=-tube
osoillator and an inpedance matohing transformer such that a voltage
of five-tenths (0.5) volt may be mmintained under a load ourrent of one

hundred (100) milliemperes.

Voltmoter
4, Tho voltmotor for indicating the constanc, of the voltage

supply shall have a range of sero to one ( O - 1 ) wolt.

Sample Container

5. The ssmple container shall consist of the oomtainer proper and
the eleotrodes, and shall include the following features:
(a) Container Propere--The container proper shall consist of a

wator-tight, non-conducting box preferably of molded hard rubber or
balelite of the following dimensionass
Helght ¢ ¢ ¢ ¢ ¢« ¢ ¢ ¢ 0 inches 2 0,05 inches
Wdth ¢« ¢ ¢ ¢ o o ¢ ¢ 4 inches & 0,2 4nches
Length ¢ ¢ ¢ « « ¢ ¢« 6 inches £ 0.2 1inchos
The two sides of the oontainer (6 by 6 inoh dimensiona) shall bo
drilled acoording to the diagrem shown in Figure B (Figure 53 of theails,
page 195), The 9/16~inch dismeter holes shall be fitted with water-
tight, soft rubber bushings of 7/16-inch inside diameter.
(v) Eleotrodes=-~The electrodes shall oonsist of twelve (12)
graphite carbons of 7/16~inch dismoter, seven (7) inches or more in
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length,
(0) Commeotionge==Connsotions o the eleotrodes shall be provided

by Number 27 Universal test olipa.

Metoring Devise

6. The motering devise shall consist of six (6) shunts, one being
inserted in each of the six (6) eleotrode circuits, and a wvacuun-tube
voltmatar for measuring the voltage drop soross each shunt,

(a) Shunta=e~Bach shunt shall bo non-inductively wound and have a
resistance of one (1.0) olm 3 0,056 ohm,

(b) Vacuum=tube Voltmetere—Tho vaouum=tube voltmetor shall be

capable of measuring voltages in the range of ten (10) to one hundred
(100) millivolts with & sensitivity of one-tenth (0,1) millivolt
(0.1 per cent at the upper limit).

CALIBRATION OF APPARATUS

Calidration _cﬁ Veouun-tube Voltmeter

7. Tho weocuun~tube volimeter shall be oalidrated by measuring a
known voliage drop oaloulated from a measured ourrent flow through a

standard non-inductively wound rosistanoe of lmown reasistance.

Calidbration g_i_‘_ Container and Meter Shunts

8+ The container and shunts shall be calibrated for variations
with the oontainer filled with & 0,5 normal solution of sodiwn chloride.
The calibration shall consist of three or more (preferably five) sets

of readings with the asaigned voltage of 0.6 volt applied to the
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oombinntion, The electrodes shnll be sand papered clean of enorusted

cgement before each calibration and test.

TEST SAUPLE

Size of Test Sanple

9. The sample shall consist of 5000 grams of the cement to be
tested and 150 per cent of tho water required to produce normal con-
sistency as dotermined by the Vicat needle test (A. S. T. M. Standardet
C 77 - 30). Distilled water of oonduotivity less than 10~4 mhos/om®

shall be usged for gauging.

Rumber 9_1'_ Test Sanples

10, Mot less than two (preforably three) camplete samplos shall be

made before the final curves for a given oement are drawm.

Proparation 21_' the Sample

1l. The ocontainer, cement, and water shall be brought to a rom
tomporature of 269 C, (780 F.) before the test is mnde. Tho oement shall
then be placod upon a non=-absorbent flat surface and oratored. At thils
point the oement should oover an area of approximately two (2) square
feot. The water shall then be poured into the orater and a timing devioe
(e stop watoh for example) shall be met at zero and started. Ome (1)
minuto shall bo allowed for turning the cement into tho water with a
trowel, care being taken that no liquid overflows the rim of the orater.
" The sample shall thenm be mixed thoroughly for five (§) minutes. At a
total elapsed time of six (6) minmutes the sample shall be placed 4n the
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container, osre being taken not to dammge the eleotrodes. ith the oon-
tainer filled as much as possiblo the sample shall be rodded ten (10)
times in the rogion between the eleotrodes and five (5) times in each
region behind the electrodes. (See note). The rod shall consist of a
ono half inch solid metal rod twelve (12) inches in length. The
surfaoce of the sample shall then be smoothed with as 1littlo agitation as
possible, and the leads shall be made to the ends of the eleotrodes
extending outside the box.

ROTEBe===It is very inportant that this procedure be carefully

followed. Any wide deviations as regard temperature, tine, or oondi-
tions of rodding may give incomparable results.

TEST PROCEDURE

Readings
12. Two (2) sets of readings for the six eleotrode oircuits shall

be made each five (5) minutes beginning at ten (10) minutes total

elapsoed timo, for the first sixty (60) minutes. For the remainder of
the ono hundred eighty (180) minutea of tho test, two (2) aots of read-
in;s shall bo made each ten (10) minutes. The two sets of readings shall
be taken in suocession and recorded as the readings at the averepge time
of the readings. The extornal temperaturc of the container shall de
maintained at 26° C. (780 F.) during the test. The temporature of the
sanple shall be moasured by a thermomoter placed just behind the oormon
clrouit electrodes in the ocement paste. Then testing high early strength
cemente this thermometer should be turned frequently to provent it

beooming sealed in the oemont. Readings of theo level of tho water and
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the ocement at the ocenter of the top surface of the sample shall be mnde
oach ten (10) minutes starting at twenty (2C) minutes total elapsed
time.

CALCUIATIONS

Caloulations 9_2_ Results

13. Caloulations of the elestrical osonduotances shall be made
acoording to the followin; proocedures

(a) Culibration of Equipmente——(The followin; procedure applies

speoifiocally to the type of wacuum=tube voltmeter used by the author,
and oonsequently that part pertaining to the voltmetor mey require
revision acoording to the equipmont used.) Let

I, = ourrent through tho shunt during calibration of volt-
neter

R, = resistance of tho shunt for voltmeter calibration

Po = potenticneter getting of vacuum=-tube voltmoter during
oalibration of voltmotor

Py (1 =1, 2, «co 6) = avorage readings for the six eleotrodes
oirouits during the calibration with the NaCl solution

6
Py = 1/6 E P, = grand average of Nall calibration readings
iw)

Py = P/P; » factor by which readings of potontiometer, when
the voltmeter is comnecoted aoroes shunt i, must
be multiplied to refer sll readings to the same
lovel of moasurement

E = voltage applied to the sample during all the readings

Rai = resistance of shunt in oirouit i3
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then the sample resistance of section i, Ry, for any reading of the
potontiometer, P, is

ExF
Ry = IS _Pa-Rrg (Bq. 13)
onl’oxﬂo

Converting to conductance,
Gy = 1/Ry (Eq. 14)
(b) Correstions for Surface Conditions=—-Inasmuch as wator will

collect on the top of the sanple for some cemonts during a portion of
the test, and as the oamont pasto also undergoes a shrinkmgo as it sets,
it ie necessary to make correcotlons to the oonduotanoco momsurements of
seotion one (top seotion) for these two items. One semplo of eanch
oeent for which water colleots on the surfmoe shall de used in doter-
nining the conductance of the surface water. At a time when the amount
of water on top is a maximun (See note) this water shall bo poured or
absorbed from the surface and the readings continued. If

Gy = oonduotance of tho top seotion with the wnter

08 w» gonduotanco of the top seotion without tho water

dy = dopth of water during reading of Gy

d = depth of wantor during any reading for whioh tho oconduc-
tanoce 1s Gys

then tho oorreoted value of Gy is

6j = Oy /T = &ty (O = 05) 7 (53, 15)
assuming that the water has the same oonduotivity during both readings.
The correotion for shrinimze of the cement paste shall be made on a
volunetric basis., If dy is the distance from the top level of the ocone

tainer to tho cement lovel, measured in inohes, then the ocomplotely
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sorreoted value of G.' is
Gg' » 63/ (1 = qy) (Eq. 16)
The one (1) enters becauso the normal depth of the section is one (1)
inch,
NOTE,»=w=(ne sample should be run through the complete 18C-mimute
poriod of test and from the data thus obtained the time at which the
emount of water on top is a maximm may be deternined.

(o) Caloulation of lercentage Conductance--~The percentage conduce

tance shall bo baaed upon the averape oonductance of sections two (2)
to six (6), exolusing the ton mection (sootion one). If
G = aonduotance of seotion 1 (1 =1, 2, ... 6)

]
Gy = 1/5 Z Gy = average basio oconduotance,
il

then the perocentage oconduotance, lij, of any section i, ie

My = 0y3/G, x 100 per cent

RBSULTS

Curves

14, lhon two (or three) completc samples have boon tested, the
data (potentiocmeter readings) obtained from the individual runs shall
be plotted vorsus time and snooth owrves drawn, From theso curves
readings et 16, 30, 45, 60, 9¢, 120, 15650, end 180 mimutes shall be
ploked and used in the oaloulntions. Finally the averago ourves of
poroontage oonduoteanco versus time for emoh of the gix seotions of the

samplo shall be drawn,

(End of Tontative Method of Test for Internal Stratification)
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D. Correlatiom of Elestrical Conductivity and
Compressive Strength of Cement Nortars

1. A droak in the conductivity wversus water-cement retio ocurve,
at oconstant sand-cement ratio, ocours whoro the water contont is just
gufficiont to f1l11 the voids of the sample. Above this point the con-
duotivity inoreases slowly with inoressed wator-cement ratio. DBelow
the point the conduotivity deorcases rapidly with deoronsed water-cement
ratio.

2. The omprossive strongth, at oongtant sand=coment ratio, is
affeoted by the same roquirement of suffioclont water oontent as 1s the
oonduotivity rolationship. The ontimm in oomnressive strongth can be
obtained whon the water is juat suffiocient to £il1 the volds, tut not
in oxcess to produce excossive spaocing of the mortar partiolos.

3. At oonstant sand-oement ratio an inorease in electriocal con-
duotivity corresponds to & deorease in ocompressive strength in the
working range,

4. /'t constant wator-camont ratio an inorease in cleotrioal
condustivity oorresponds to an inorease in oompressive strength.

6. A oorrelation dotween oleotrical oconduotivity and oonpressive

strength for mortar mixes in general is impossible.
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Vi, SWMARY

This investigation dealas with the application of conductonetrio
analysis to sovoral phenomena of Portland cemont pastes and nortars.
Yfuoch work involving conductomotrio enalysie has beon undertaken in
allied fields, but only a very limited mrmount has dealt direotly with
Portland cement pasteas or mortaras.

A oemont pasto or mortar fronm an oleotriocsl viewpolnt oonaists of
a more or less granular substance saturated with an electrolytio
solution, Varintions in the ratio of eleotrolyto to the granular
substance, and in tho conoentration and viscvsity of tho eleotrolyte
produce varistions in the conductance fron whioh deduotiona nay be
drawn as to the physiocal prooesses whisch oocour,

A, Sotting Thenomena of Cemant Fastos

Tho sotting phenomena for three Portland comont pruotes wore
followod oonduotanetrioally for throe hours. Tho results of thase
analyses indicated that thoro are two defimite poriods in the sotting
process.

The first, whioh is predoninately s hydration poriod, produced an
inoresse in conductivity as time inoreased. The sooond, whioh is pre-

dominately a period of orystallization or colloidal formation, caused
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s deoreage in the conduotivity with inorease in tine.

These two influences resulted in a maximum oonduotivity being
reached at 45 to 80 minutes followlng gauging, the exnsct time depending
upon the ocement, water content, and the temperature. At standardized
temperature (25° C,) and water oontent (normal consistency) a very
definite measure of the hydration pericd can be made by rather simple
eleotrical memsuremonts.

Likewise the rate of hardening, desicoation, or perhaps both,
ocan be measured relatively by the negative glope of tho oconductivity
ourve after the maximm is reached.

B. Exocess Vater Tendenoy in Sand-Vater ixtures

Belisving that stratification, or "bleeding”, in cemont pastes or
nortars oan be elininated to a large extent by employing mixtures whioh
have 1littlo or no tendenoy for requiring exocess water, the author
daviged & meoons of measuring this exoess water tendency for eleotrio-
ally inert particles. It is belleved that the oonclusions, namely,
that either fine particles or proporly greded mixes require s minimum
of this excoss wator, can be applied to cement mortars and pastos as
woll as to sand-water mixtures. Thus, a very finely ground oomsant or
a woll graded sand-cement mixture will help reduce one of the primary

cauges of internal stratifiocation.
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C. Internal Stratification in Cement Pagtes

An analysis of the problem of stratification, or "bleeding”, in
cement pastes or nortara indicates that such phenomera ocour if there
is an excess of water, and if ocapillary and gravitational foroes can
overcone its resistance to flow. A method of measurin; the relative
water ocontent in lateral seotions of the sample has been developed by
the author end is preosonted in the corclusions as a proposed method of
test.

Tests mnde upon the three cements, indiocatsd that although the
water did not rise above tho surface for the high early strength
cement samples, the final digtritution of water in these sampleos was
the poorest of all the oements tested.

A rether coarsely ground, normal hardening cemont may under reason-
able conditions of water content produce a good final disgtribution of
wator, since the cambinatiom of gramular material and slow hardoning

allows tho water to bo absorded rather uniformly baok into the samp.e.

D. OCorrelation of Fleotriocal Conductivity and
Conpressive Strength of Cement Mortars

Although a oomplete correlation between conductivity and strength
was found impossible for cement mortars in genmeral, a very interesting

relationship was observed when the sand-cement ratio was held oonstant.
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The maximun ocompressive strength was found to oocur at tho sane water-
oement ratio as did a decided break or knee in the eleotrical conduoc-
tivity curve. This seems to indicate that the most desiradle water
content in & cement mortar is that oontent whioh will allow the par-
tioles of mortar to be as close together as possidle and yei campletely
saturate the voids of the mixture.
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X« APPENDICES

Appendix A == Symbols

Area
Capacitance
Depth of water

Relative density, or concen-
tration

Dry bulk density (percentage
of 81lida)

Depth of water during eon-
duotance determination

Potential, potential differ-
ence, or applied voltsge

Frequenoy
Charge on & wiivalent ion

Po/Py
Avergge basio conduoctance

Conduotanoe without surfeco
wator

Conductance of section 1
Sample conductance

Sample conductance correctod
for water conductance

Sample conductance corrected
lor water conductance and for
ghrinkage of cement paste

.F"‘l"&" H»mf

<]

=

Q

Conductance with surfeaoe water
Force

An index mmaber (1,2,...8tc.)
Current

Current through standard
reaistor

Fercentege of dry volds
Relative measure of wet voids

Length

Peroentage oonduotance of
section i of sample

Viscosity

Kumber of molecules per unit
volume

Potentiometer reading

Orand avorage of calibration
roadings

Potentiometer readings for
oalibration of container and
ahunts

Potentiometer reading for
ocalibration of voltmeter

Polarigation
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Radius
Resistance

Resistance of standard
resistor

Sample resistenoe

Resistance of ahunt in
oiroult %

Resigtance of sand-water
nixture

Rosistance of waler
Compressive strongth

Timo

214

> a

=

Steady-state velooity of anion

under unit potential gradient

o

Stoady~state velooity of cstiom o

under unit potential gradient

Volume

Volume of wster and sand
Volume of sand

Volume of water

Total load (force)

Distance ordinate

Impedance

Fraction of moleculea ionized
Excess water tendency
Temporature correction faotor
Valency of an ion
Conductivity

2n times frequency
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Appendix B «- Errors

The term error in this disoussion is striotly technioal and is not
intended to inoclude mistakes.

The designation of signs to errors is made aocording to the
acoepted sense (10), namely--an error is that quantity whioh muat be
added algebraioally to the true (or emooth curve) walue to give the
observed walue,

Errors whioh may ooour in making samplos of cement pagte or mortar
inocludes

le Errors in nessuring the constituents

2+ Errors in the degree or thoroughness of mixing

S. Errors in filling the sample ocontainers or molds to the same
level

4. Errors in the degree of packing the samples

6. Errors in holding sotting or curing conditions at the sexe
lovel

6s Errors in making readings upon the samplos

7. Errors oasused by oconductance of the sample container

8e Errors ocsused by shrinkage of the sample

From the wviewpoint of elestrionl conduotivity meesurements, errors
2, 4, and 8 tend to produce neyative errors, whereas error 7 produces a
positive error., Those errors may therefore be termmed systemstic errors,

with a predominance of causes for negative errors.
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As a result, when drawing the smooth curves of oconduotivity an
allowence was ~ade for this possibility., Usually a definite indication
of larger negative errors appeared as may be noticed in the error
distribution curves doaling with the eleotriocal measuremonts.

Error distribution ourves for twolve sets of the most important
detorminations are given in Figures 64, 656, and 56, pages 217, 218, and
219,

An upper limit om the magnitude of error to be plotted in the
noasurenonts of conduotivity of the neat samples of cemonte A, B, and C
was arbitrarily sot at twice tho average negative error. This proocedure
elininated those data which were most obviously in error due to any of
the above mentioned causes. The average negative errors are indiocated

on these distribution ourves.
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