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Eaoh of the ten sample a oont&ined grains within the range of two successive aoreens of the standard 
Tyler series. Eaoh of the samples after soreening was oarefully washed to remove all fine material and 
was oven dried and stored in desiooators until tested.

T A B L E  A

CRUSHED QUARTZ, LOOSE STATE

Grain Size in mm Sieve Noc1. Test Nos.
2+.Ó99-1.651 Through h on 10 196-21h
1.651- .833 II 10 11 20 215-23U
.833- .589 II 20 " 28 60-99
.589- M l

n 28 "
P

100-121

M 7 -  .295
11

35 n 48 121-11+0
.295- »208 11 J48 » 65 150-170
.208- .ll+7 11

65 " 100 171-195
.1I47- .loi* 11 100 " 150 220-21(0
.10U- .07U 11 150 " 200 251-268
.07V 11 200 270-291

Tan <p 
0.7552 
o.óijaU 
0.601+5 
0.6168 
0.61Ì+5 
0.6^35 
o.ólge
0.6715
0.7059
0.7Ì484

?
3700k "
32°Î43"
31°09"

3I0I4O"
31°U5"
32°21n
33°oo"

33°53n
35°13"
36°k9n

Tyler Standard Soreen Soale Sieves (See Fig. 10) Area Sheared - 120 on£

Approximately twenty-five tests were made on eaoh of these ten grain sizes under four different 
normal loads. The average ratios of the horizontal load to the vertioal load were plotted in the manner 
shewn in Fig. 5 and the resulting value of the straight line relationship was plotted in Fig. 10 against 
the average grain diameter. The results obtained, as shown in Fig. 10 are rather unusual. Sufficient 
information is not available at the present time to draw any oonolueions from these results. It is very 
possible that the degree of angularity or sharpness of the grains varied with the grain size. In order 
to arrive at definite conclusions results of similar tests are now in progress on the crushed quartz in 
the dense state and on round grained Ottawa sand in the loose and dense states.

Acknowledgement. The author is indebted to Dr. A. Casagrande and P. C. Rutledge for suggesting the sub­
ject of tiiis investigation and for their assistance in the design of the apparatus.
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No. D-lU PROGRESS REPORT ON RESEARCH ON THE CONSOLIDATION OF FINE-GRAINED SOILS
Hamilton Gray, Researoh Assistant in Soil Meohanios 
Graduate Sohool of Engineering, Harvard University

During the last year and a half an investigation of the differenoeB between the theoretioal and the 
empirioal one-dimensional consolidation prooess of fine-grained soils has been in progress at the Soil 
Meohanios Laboratory of the Harvard Graduate Sohool of Engineering. While the evaluation of the results 
is not yet complete, an outline of the work may prove of interest, and stimulate further investigations 
in this branoh of Soil Meohanios.

Theoretioal Considerations. Up to the present time, the theoretioal time-oonsolidation relationship 
whioh has found extended use is that resulting from the solution, with the proper boundary conditions, 
of the following differential equation«

-  h ( - f c - M )  m

under the oondition that a and ^ are oonstants, p is the pressure in the solid matter, k the per-
1 + e

meability, c the void ratio, and a the coefficient of compressibility. This equation« the same exoept 
for the coefficients, as that established by Fourier for the flow of heat, was first developed in oon- 
neotion with soils by Tereaghi (Erdbaumeohanik). Since in reality the ooeffiolents are not oonstant, 
but funotions of p, this solution is necessarily an approximation, though a very good <*ie provided the 
total ohange in e unuer the load increment is not large. This solution is well-known and the results 
are g ive n here merely for the sake of olarity.
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Q is the degree of consolidation of a layer of finite 
thickness ( ' 2H0(1 + e)), drained top and bottom, P2 the 
ultimate stress in the solid matter, pj_ the initial stress 
in the solid, and p the stress in the solid at any time 
during the prooees of consolidation. The graph of (ii) is 
ABC in Fig. I, for the oase k

a(i * e)i| =  °*01-

While the k, a, and e values are changing during the 
consolidation process, the ratios and a (̂  +  9) are

k k
praotically constant for most fine-grained soils.

Using a transformation devised by Van Dusen (Bureau 
of Standards), the author has solved the general differen­
tial equation (1) for the oase wherein the ooeffioients 
are funotions of p, subjeot to the restriction that 
a(l + e)
---^ = a oonstont, and for a layer of finite thiokness.

(M. A. Biot has previously solved the same problem for 
a layer of infinite thiokness. Annales de la Soo. Soienti- 
fique de Bruxelles, Serie B, 1935.) The result for a finite 
layer is: 2 2
1 n'-a‘ . r- „  (Zntl)irH+

a ,  a , -  f a . #  V

r a  a d + e )
where Uj = J ^  dp , and ft *  Jf a oonstant.

Po
Sinoe empirioal pressure-void ratio curves have the

forms e = eQ - o log p, and sinoe a = - 2̂. = 2. » one may
r N ^ P

write u.= = o-. I z jL , whenoe (2) beoones 

ftP

n-.cn _ (2nH?Ttk+

(in)

The corresponding expression for Q oannot be easily 
obtained in this oase, but the Q-t ourve oan be plotted 
without exoessive labor. This new curve differs from the 
solution (ii), but not greatly.

Empirioal Results. The ohief difference between any the- 
oretioal Q-t ourve and empirioal consolidation ourves la 
the so-oalled "seoondary time effect"• The meaning of 
this term is made clear in Fig. I. This effeot has been 
noted and desoribed by numerous observers, not only in the 
laboratory but in field settlement reoords. It is found 
to a greater or less degree in all soils, but is most pro- 
nounoed in soils oontaining organio matter. For a given 
soil it is less marked on the reoompression branoli than 
on the virgin branoh of the pressure-void ratio diagram. 
Remoulding also tends to reduoe this effeot in those soils 
whioh tindergo a definite structural ohange when disturbed.
It appears that the magnitude of the seoondary compression 
is a funotion of the type and quantity of the organio con­
tent of the soil, modified by these other considerations.
The ourves in Fig. II and Ila show the types of time- 
oonsolidation curves observed for different materials. 

Temperature variations have a fundamental effeot on

ssauj/D/t/i /au/Suo jo % m uo/ssajc/u/oj

uo/pppstxry /o /̂sjco//̂  % sisw/jii# uasvsjdwj

•¿7





11(1

the seoondary portion of tha Q-t ourves. The influenoe of this faotor is explained in Fig. lib. By 
running tests on the same material at different temperatures it is found that the portion ED, of the 
empirical curve is generally steeper for those tests "which are run at high temperature. This difference 
is not always very great, however. Fig. Ill and IT indioate how this phenomenon influences the pressure- 
void ratio curves. It should be noted that those materials whose pressure-void ratio relations show the 
greatest sensitivity to temperature show also the greatest difference between the slopes of those por­
tions ED of the time ourves. Sinoe unloading and reloading a soil may disturb its structure, an effeot 
like that shown in Fig. Ill may ooour without any temperature change. Henoe it is possible to be de­
ceived by suoh a soil beoause the temperature effeot shown in Fig. Ill would be exaggerated and that of 
Fig* IV minimiged. In some soils the pressure-void ratio diagrams are not at all affected by tempera­
ture differences, but in others, consideration of this faotor leads definitely to more preoise results 
in making settlement analyses.

In order to determine aoourately the characteristics of a soil for use in practioal settlement 
analyses, it is neoessary to know what the empirical Q-t curve would be like if the secondary effeot did 
not exist. Laoking a theory whioh considers this effeot, wo must be able to compare the experimental 
Q-t curve with a theoretioal curve which has been adjusted in suoh a manner that it simulates the ex­
perimental one. The following method has been found satisfactory. Referring to Fig. V, the "origin" 
ourve has been found to reflect the properties of the Q-t curve in suoh a manner that one is enabled to 
deteot readily any deviation from the theoretical shape. Inspection of experimental Q-t ourves shows 
that usually their=shape coincides v/ith the theoretical during the early stages of the consolidation 
process. We may therefore assume that the secondary effect is negligible until the consolidation has 
reached a definite point. But sinoe the material nearest the drainage surfaces consolidates fir6t, it 
i6 reasonable to suppose that the seoondary effect will be felt first in the outer (i.e. most quiokly 
drained) portions of the soil. Accordingly the Q-t curvos for constituent layers of the soil mass have 
been computed. Fig. VI.

The process of altering the theoretical Q-t curve is in its simplest form as follows. A seoondary 
effect of the type expressed by the line, ab, of Fig. VI is assumed to begin at any point of the soil 
as soon as the consolidation at that point has reaohed some definite value, say 905̂ * This corresponds 
to point c in Fig. VI. Another practical assumption vrould be to start at a point where a parallel to 
ab is tangent to the ourve. Thereafter, the ordinates to the curve, ab, are added to the elementary 
Q-t curves as shown In the figure. This is done for all the elementary layers, and the average found 
graphically, i. e. by scaling the ordinates at any time and finding their average value. This average 
gives us the adjusted Q-t curve. By varying the 6hape of ab slightly and by assuming its effeot to 
start at various values of Q a number of different adjusted ourves are obtained. Each has a character­
istic origin ourve; and from them one may approximate with fair acouraoy any empirical ourve which has 
a point of inflection as in Fig. II and Ila, A. A curve suoh as B, Fig. Ila oannot be so surely imi­
tated. Suoh soils are exceptional and ordinarily make suoh poor foundation material that one would 
never found a structure of any oonsequenoe upon them. For those soils whioh are ordinarily encountered 
it is possible to separate the consolidation prooess into two distinot parts from one of whioh, the 
theoretioal, we may determine the desired soil oharaoteristios by means of knoim methods.

Acknowledgement. This subjeot was suggested, as providing suitable material for researoh, by Prof. A. 
Casagrande. Many of the methods employed in this investigation were originated by him. Mr. D. D. Leslie 
ocmputed the ourves of Fig. VI and otherwise aided in the investigation.


