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FOREWORD 

T his preliminary report represents the first draft 

copy of a more comprehensive report to be published on the 

engineering properties of the M. I. T. subsoils . It is pre­

sented in this rough form in order to expedite the presentation 

of data currently n eeded by FERMIT and by engineers and 

a r chitects working on M. I. T . buildings. 

The final draft will include a description of test 

procedures, a more complete presentation of data, and further 

discussion of their significance . 

El. -10.84-
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I. INTRODUCTION 

A campus foundation evaluation program called FERMIT 

(Foundation Evaluation and Research - M. I. T . ) has been in oper ­

ation since November 1962. The program is conducted by the Soil 

Mechanics Division of the Department of Civil Engineering a t M . I. T . 

T he scope of this program and its initial activities are described 

inM. I. T. (1963). 

In connection with campus construction, n umerous borings 

and laboratory soil investigations have been performed . These 

efforts have come from many sources, such as : 1) sponsored 

research on soil properties, 2) consulting activity, 3) thesis 

research, and 4) FER MIT itself.':' The resulting soils data are 

published in various reports and papers or have not been published 

at a ll. It is the purpose of this report to gather together and make 

availabl e in one source the principal r esults of all these investi ­

gations. 

This report is organized as follows: Section II discusses 

sam pling, classification tests and stress history of the soils. 

Section III presents the results of consolidation tests, and Section 

IV the results of shear tests . The soil type primarily investigated 

in Sections III and IV is a clay, kr:own as Boston blue clay, existing 

in a substantial layer under M. I. T . Some data on an organic silt 

qeposited by the Charles River close to the present soil surface and 

on the bedrock shale are also included in these sections. 

Four appendices round out the report . Appendix A con­

tains a bibliography of r ecent references dealing with the properties 

of M. I. T. subsoils . Appendix B presents the notation used in this 

report. Appendix C plots results of individual oedometer tests, 

* For a list of pertinent publication s see Appendix A. 



and Appendix D presents stress-strain curves for individual triaxial 

tests. 

The follow ing staff members of the Department of Civil 

Engineering played major roles in this investigation: Dr. T . W. 

Lambe, Professor of Civil Engineering and Head of the Soil 

Mechanics Division, is direct supervisor of t h e FERMIT project. 

Working with him on the project until his departure from M. I. T. 

in the summer of 1965 was Dr. H. M. Horn, Assistant Professor 

of Civil Engineering. His place was taken by Dr. U . Luscher, 

Assistant Professor of Civil Engineering. Directly supervising 

most of the borings were e ither R. W. Beckett or R. S . Ladd, 

Research Engineers . The laboratory work was under the direct ion 

of Dr . C. C. Ladd, Associate P rofessor of Civil Engineering. A 

large part of the more recent laboratory work was done by N. 

Braathen, R esearch Assistant. 

II. BORINGS, SAMPLING, INDEX PROPERTIES, 
UNIT WEIGHTS AND STRE SSES 

A. Borings 

Data are presented on samples obtained from borings at 

several location s on campus. These are in chronological order: 

Hayden Library and near vicinity 

Materials Center 

Life Sciences Bl.1ilding 

Student Center 

C.A. E. S . (Center for Advanced Engi ­
neering Study). 

The l ocation of t hese buildings is shown in Fig . 2 . 1. Typical soil 

profiles at fo ur of the sites are plotted in Fig. 2 . 2. The sequence 

of soil types is very similar, although thicknesses and elevations 

vary . The sequence is: 

Fill - mostly hydraulic but some dumped . 
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Loose organic silts and fine sand - some 
pockets of peat. 

Firm sand and gravel -widely varying in 
thickness. 

Boston blue clay - of medium consistency 
in higher elevations, soft in lower ele­
vations (medium for blow counts 2:: 5, soft 
for blow counts ::S 4); the_lo..YLesi_lO __ fe_e:L.or. 
so may_!>_~ __ m_e_d.i.um.again-and contain con­
sider-able amounts of sand. 

Glacial till - mixture of gravel, sand, silt 
and clay; usually very dense. 

Shale or slate - often weathered and/ or 
fractured near upper surface. 

A more complete general description of this profile and the geologic 

processes~: that :J.ed: to its formation is given in Horn and Lambe 

(1964). 

B. Undisturbed Sampling 

Tables 2. 1 and 2. 2 summarize the results of the sampling 

operations for two borings at the CAES, where special attention was 

given to sampling disturbance and means to avoid it. Various types 

of samplers were employed and the weight of the drilling mud was 

increased. 

C. Index Properties, Unit Weights, Stresses 

Tables 2. 3 and 2. 4 contain information about the undis­

turbed samples obtained at the CAES and Student Center sites. 

Included are identification of soil typ~s and results of index properties 

tests. Figure 2. 3 plots versus depth the Atterberg limits and total 

unit weights from the two sites mentioned above and the Materials 

Building site. 

Calculation of in situ vertical stresses on the basis of 

average unit weights is shown in Table 2. 5 for the example of the 

CAES location.- In situ vertical effective stresses are plotted versus 

depth in Fig. 2. 4 for the CAES, Student Center and Materials Center 

-3-



sites . The values of in situ vertical effective stresses at each 

sample location are also included in Tables 2. 3 and 2. 4. 

Additional information on the in situ stress condition and 

the stress history of the Boston blue clay is presented in Fig. 2. 5 

as it pertains to the CAES site. The following stresses and stress 

ratios are given: 

Total and effective in situ vertical stresses, cr 
and a vo 

vo 

Total and effective in situ horizontal stresses, crh 
and aho' · o 

In situ static pore water pressure, u
0

• 

Maximum past pressure, a . vm 

Coefficient of earth pressure at rest, K
0

• 

Effective stress for "perfect" sampling, a ps 

The vertical stresses were computed from unit we ight 

measurements and a knowledge of the location of the water table . 

1 A representative plot of Ci was selected and values of K de-vm o 
termined from a measured relationship between K and over­o 
consolidation ratio for Boston blue clay (Ladd, 1965) . The horizontal 

stresses could then be computed since Cih = K Ci (assuming that 
0 0 vo 

the clay has always undergone one - dimensional strain). The effective 

stress for 11perfect11 sampling, (i , represents the theoretical ps 
effective stress of samples taken out of the ground with no disturbance 

other than that associated with the removal of the in situ stresses 

without any drainage (Ladd and Lambe, 1963) . The plotted values 

of (i were estimated from data presented in Ladd and Varallyay ps 
(1965). 

D. Types of Engineeri..Tlg Tests and Disposition 
of Samples 

The following types of soil engineering tests were performed 

on undisturbed soil samples: 

-4-
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1. One -dimensional consolidation (oedometer) tests 
run in brass fixed ring units (diameter= 2.5to·.a.,75 in . ., 

height = 0. 6 to 1. 0 in. ) • Deviations from standard 

procedures included variation in the pressure 

increment ratio., cycles of unloading and loading., 

and changes in temperature. 

2. Unconfined (U) compression tests and miniature 

laboratory vane (V) tests. 

3. Unconsolidated-Undrained (UU) triaxial com­

pression tests. 

4. Consolidated-Undrained (CU) triaxial tests with 

. pore pressure measurements. Variables included 

anisotropic consolidation and shear in both com­

pression and extension. The notation used to 

describe the type of test is given in Part 6 of 

Appendix B. 

5. Measurements of the effective stress., as" of 

samples prior to UU shear tests. The difference 

between this actual stress and the theoretical 

stress for perfect sampling_, a 1 is a measure of ps 
sample disturbance. 

Figures 2. 6 and 2. 7 show the types of tests which were 

run on samples from the CAES., Student Center., Life Sciences., 

and Materials Center sites. They include the identification number 

of the oedometer tests and the consolidation stresses of the CU 

triaxial tests. 

III. CONSOLIDATION TESTS 

A. Qerlometer Tests on Clay 

Figures C-1 through C-9 of Appendix C present indi­

vidual compression curves for twenty-one consolidation tests on 

-5-



clay from different depths at the CAES, Student Center, Life 

Sciences and Materials Center sites . The availability of a particu­

lar curve is noted in the tabl es of this sectio::1. 

'1. Compressibility and Stress History 

Compression data from oedometer tests on samples from 

the CAES, Student Center, Materials Center and Hayden Library 

sites are presented in Tables 3 . 1 thro ugh 3. 4. Included are data 

on classi fication, overburden and maximum past pressures 

(Casagrande construction) and the following indices, C = D.e/ D. log stress : 

1 . C = compression index for initial loading 
c 

at a stress equal to the overburden pressure 

a and for virgin compression. vo -

2 . C = swelling index for rebound from a maxi -
s 2 

mum past pressure of 16 kg/em back to 

1.6 kg/cm
2

, i.e., overonecycle. 

3. C = recompression index for cyclic rebound 
r 

and recompression between a maximum past 
2 2 

pressure of 6 to 8 kg/em and l kg/em (see 

sketch in Fig. 3. 2). 

The above data (except for C values) are summarized in 
r 

Fig. 3. 1. The figur e shows that the clay is overconsolidated above 

elevation about - 60 ft . , with the maximum past pressure increasing 

as one goes up . The increased amount of precompression at the 

higher elevations is thought to be the result of higher capillary 

stresses caused by more severe desiccation of the upper portion of 

the clay stratum. The wide scatter in values of maximum past 

pressure may result partially from inaccuracies in determination 

of values of a from the compression curves and partially from 
vm 

varying degrees of desiccation. However, there does not appear 

to be any consistent variation in the degree of precompression with 

location, except that the clay at the Student Center may be somewhat 

-6-
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less overconsolidated than usual between elevation -40 ft. to -55 ft. 

Below elevation -60 ft., limited oedometer test data yield 

values of maximum past pressure equal to or less than the com­

puted overburden pressure. Measurements of pore pressures at 

that depth indicate static pore pressures and hence the indicated 

values of Ci should be correct average values, i.e., artesian vo . 
pressures and incomplete consolidation cannot explain the dis-

crepancy in stresses. Professor A. Casagrande* hypothesizes 

an arching action wherein extra stresses are carried by zones of 

less compressible clay (due to increased contents of sand and silt) 

so that the intermediate. zones of soft clay (which are the ones most 

often tested) carry a lower overburden pressure, and hence exhibit 

a lower value of a . vm 

A few tests were conducted on samples from the Student 

Center (Figs. C-3 through C-7) to see if the increased temperature 

of the laboratory test specimens relative to the in situ clay could 

explain the low values of maximum past pressure. These tests 

suggested that such effects might be a partial explanation. ,Two 

tests showed that a 10°C ineF€lase in temperature would ~rease 
the value of Ci by Casagrande's method by 10 ± 5o/o. Perhaps vm 
temperature effects in conjunction with sample disturbance, which 

is also likely to reduce the maximum past pressure, offers a 

reasonable explanation. 

The values of virgin compression index and swelling index 

in Fig. 3. 1 show no consistent trend with change in depth or site 

location. The compression index C at the overburden pressure, c 
i.e., the slope Of the e-log a curve at a 1 generally increases vc vo 
with depth since the overconsolidation ratio of the soil is decreasing 

with depth. It should be pointed out that the value of C c at avo for 

* Report to Metcalf and Eddy on Prudential Center Foundations. 
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overconsolidated soil is likely to be several times t oo high because 

of the effects of sample disturbance . Use of the recompression 

index Cr is recommended in such cases. 

Because settlement is proportional to the compression 

index divided by the initial height of the clay element, a better 

measure of compressibility is obtained by dividing C by (l + e ), 
c 0 

where e is t he initial (in sit u) void ratio of the sample. The values 
0 

of C and C should also be divided by (l + e ). These parameters 
r s o 

are plotted versus elevation in Fig. 3. 2. Average values and the 

range of values by_ site location are given in Table 3. 5. 

Figure 3. 2 suggests that the compressibility character ­

istics of the clay in terms of C (virgin compression), C and C , c _,_ r s 
all divided by (l + e ), do not vary with depth,-·- although there is 

0 

some scatter at any given elevation. The summary in Table 3. 5 

shows that there is very little difference in t he average value s of 

compressibility derived from the oedometer tests at the four main 

sites. Average values differed by a maximum of only about 15%, 

and may be more a function of the n umber of tests run than of 

actual differences in average properties. 

The data in Table 3. 5 for the CAES and Student Center 

sites also allow one to make the interesting observation that the 

value of C /(l + e ) derived from an unloading-loading cycle is r o 
only slightly higher than the value of C / (l + e ) obtained from a 

s 0 2 
rebound cycle from a maximum past pressure of 16 kg/ em . The 

latter quantity is obtained as a matter of routine whereas the 

cyclic loading requires considerable extra effort. 

This is not to say, of course, that strains throughout 
the depth of clay will be the same for a given surface 
load . The actual strains are a function of the stress 
increase, the initial stress, and the degree of over­
consolidation. 

- 8-
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·2. Rate of Consolidation 

10-4 em 2 ~:l:e:r:ft:~:l:::::;:b:::ti.~~:::n ~~~ ::~~s of 
from the CAES, Student Center and M~E{rials Center locations. 

Data are given for increments during initial loading of the sample, 

for rebound (i.e., swelling), and for recompression if the sample 

had an unloading-loading cycle. The pressure was generally doubled 

for loading and halved for unloading. Both the square root and log 

time curve fitting methods were employed to compute the values of 

c . Typically, the square root method would yield values about v 
50% higher than the log time method. 

Values of c (an average of the two fitting methods) for v 
compression at a and for swelling are plotted versus elevation m vo 
Fig. 3. 3 using data from four locations. The results for compression 

at a and for swelling and recompression as a function of over-vo 
consolidation ratio are summarized in Table 3. 8. 

It should be emphasized that the above values of the coef­

ficient of consolidation can lead to very erroneous predicted rates 

of consolidation if the standard one-dimensional theory is used. 

The effects of radial drainage can be of great importance, especially 

with a clay like Boston blue clay which has horizontal layers of more 

pervio~s material. 

B. Oedometer Tests on Organic Soils 

Curves of void ratio and coefficient of consolidation versus 

log pressure for four consolidation tests on organic silt from the 

CAES and the Materials Center sites are presented in Figs. C -10 

through C-13. The results of these four tests and one from 

Enkeboll (1946) are summarized in Fig. 3. 4. 

Four of the five tests show the organic soils to be .slightly 

precompressed (0. C. R. of about 1. 5), while the test at the· Materials 

Center indicates normally consolidated soil. Values of Cc/(1 + e
0

) 

-9-



for virgin compression averaged 0 . 2 5, those for C / (1 + e ) about s 0 

0.02. 

IV. STRENGTH TESTS 

A . Strength Tests on Clay 

1 . Unconfined and Triaxial UU Compression Tests 
and Laboratory Vane Tests 

Tables 4 . 1 through 4. 5 give data from undrained shear 

tests on samples from the CAES, Student Center, Hayden Library, 

proposed Nuclear Physics Laboratory (240 ft . east of Building 8), 

and Materials Center locations. The tests performed in 1946 for 

the Hayden Library and the proposed Nuclear Physics Laboratory 

were restricted to unconfined compression (U) tests. Testing for 

the Student Center and CAES consisted of triaxial UU tests with 

sufficiently high confining pressure a to ensure saturation and c 
miniature laboratory vane tests (0 . 5 in. dia . by 0 . 5 in. high). 

The latter tests were run on the clay before it was extruded from 

the tubes . 

Stress -strain curves from U and UU tests on samples 

from CAES and the block sample from Life Sciences are given in 

Figs . D - 1, 2 and 3 in Appendix D.: The above data are summarized 

in Fig. 4.1. The undrained shear strength (s = P / 2A for U 
u max 

and UU tests, or T for vane tests), the sensitivity St from U max 
and UU tests, and the stress-straL'tl modulus E determined at 1% 

axial strain are plotted vers us elevation. The average values ··of 

strength and stress - strain modulus over 10 foot intervals (e. g . , 

Elev. = -20 ± 5 ft . ) from t he UU tests at the Student Center and 

CAES sites and from the U tests at the Hayden Library and pro­

posed Nuclear Physics Laboratory s ites are denoted by the solid 

and dashed lines, respectively. 

The tables and Fig. 4 . 1 show t he followtn,g: 

1 . A verage values of undrained strength and s tre ss­

strain modulus are approximately constant above 

-10-
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Elev. - 40 ft, then drop off with increasing depth. 

2 . The sensitivities generally fell between 4 and 10 , 

w ith maximum values between elevat ions -40 and 

- 60 ft . Above Elev. - 40 ft the clay is heavily 

over consolidated and thus one would expect a low 

sensitivity. Below Elev. -6 0 ft the clay is 

normally consolidated. Apparently the effects of 

sample disturbance more than offset the expected 

increase in sensitivity. 

3 . Strengths and stress-strain moduli obtained in 

.1946 from the U tests at the Hayden Library and 

N uclear Physics sites were generally significantly 

h igher than similar val ues from the recent UU 

t ests on samples from the Student Center and 

CAE S sites . One would expect the opposite s ince 

t he confinement in the UU tests will increase 

strengths and steepen the stress-strain curve (see 

data on the block sample at Elev . -ll ft in Fig. 4.1 

an d in F ig. D-3) . The overburden pressures and 

s tress histories are very similar (see Fig. 3 . 1) . 

Therefore, one wonders if the quality of sampling 

(and/ or testing) for the two recent sites may not 

be inferior to that obtained almost twenty years 

ago! 

4 . The ratio s (UU) to r (vane) averaged 0 . 97 u max 
and 0. 81 at t h e CAES and Student Center s ites 

r espectively. There was considerable scatter. 

Rem olded strengths from the vane were generally 

significantly higher than remolded strengths from 

the U or UU tests. 

2 . Consolidated-Undrained (CU) Triaxial Tests 

Mos t of the CU triaxial tests were run on samples from the 
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CAES and Life Sciences (bloc k sample) sites. The se were: 

1. Six compression tests (CIU or CA U) on specimens 

from varying depths with anisotropic consolidation 

stresses approxim ating t h e in situ stresses (i.e., 

a and crh ). vo 0 

2. Two compression tests (CA'.l.J ) on N.C . soil con­

solidated anisotropically to double the in situ 

stresses . 

3. T wo ext ension tests (CA U -RE) on N.C. soil con­

solidated anisotropically to the in situ stre sses 

and to double the in situ stresses. In these tests, 

the soil was consolidated under K stresses and 
0 

then sheared undrained by decreasing the axial 

stress. 

In addition, there are three CIU c ompression tests on overconsolidated 

soil from the Materials Center . 

T ables 4. 6 and 4. 7 s ummarize the data; detailed data plots are 

presented in Appendix D. 

P ertinent points on testing procedures for the compression 

tests are: 

1. Specimens, 1. 41 in. dia . by 3. 15 in. long, have 

filter paper drains and are encased in two pro­

phylactics smeared with silicone grease. 

2. Consolidation and shear in Geonor, Wykeham­

Farrance, or Clockhouse cells . The cell pressure 

is applied via self-compensating merc ury columns 

(or Geonor dead load hydraulic pressure cells). 

Dead weight hangers are used for axial stresses 

where applicable. 

3. Axial load applied via Geonor or Wykeham ­

Farrance strain controlled load frames during 
• 
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f?hear. Loads measured with a proving ring. 

4. Pore pressure response before shear and excess 

pore pressures during undrained shear measured 

with null devices of Geonor or similar designs. 

Back pressures of several kg/ em 2 applied to all 

samples. 

5. Undrained shear usually at a nominal rate of about 

(_o/~er hour. 

6. Corrections made for the effects of piston friction 

and filter paper restraint. 

The results of the CU compression and extension tests on 

the CAES samples are summarized in Fig. 4. 2. The estimated 

value of K and measured values of Af and s are plotted versus 
0 u 

a1c; the values of qf = (a1 - a 3)f/2 and p = (a1 + a3)f/2 are also plotted 

for conditions at (a1 - a 3.) • Effective stress paths for the com-max 
pression tests are given in Fig. 4. 3. 

All compression tests showed values of Af falling between 
- 0 

0. 4 and 0. 6 and for theN. C. region gave su/crlc = 0. 32 and <I>= 26 

at (a
1 

- a 3) . The ext ens ion tests yielded less than half the un-max 
drained strength of the compression tests and had much higher 

values of Ar- These observations are as expected on the basis of 

extensive data on remolded (consolidated from a slurry) Boston 

blue clay (Ladd an~ Varallyay, 196 5). 

Figures 4. 4 through 4. 6 plot change in stress difference 

8(a1 - a 3) versus axial strain for the early portion of shear from 

the compression and extension tests for CAES and Life Sciences. 

The compression tests give data from which .to pick stress -strain 

moduli for in situ loading; the extension tests can be used to obtain 

stress-strain moduli for in situ unloading, i.e., an excavation. 

Note that the compression tests on N.C. clay peaked. at a very low 

axial strain (only 0. 2 to 0. 4o/o), while similar tests on 0. C. clay 

-13-
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and the extension tests gave a relatively large strain at failure . 

3. Eval uation of Sample Disturbance 

A method to measure quantitatively the degree of sample 

dis turbance has been proposed by Ladd and Lambe (1963). It assume s 

that the amount of sample disturbance is proport ional to the decrease 

in effective stress w hich occurs during the sam pling procedure . 

More precisely) the amount of disturbance is equated t o a minus 
ps 

cr
8 

where: 

a = effective stress for "perfect sampling)" a ps 
theoretical val ue corresponding to the effect ive 

stress of a sample taken out of the ground wit h no 

disturbance other than that associated with the 

removal of the in situ stresses without any 

drainage . 

as = t he effective stress of an actual sample prior 

to testing . 

The value of a can be computed from the .equation (Ladd ps 
and LambeJ 1963) 

where 

a = a [K +Au (1 - K ) ] 
ps vo o o 

Au= 
'1~ ~.4crh 
6.cr - L'Scr 

v h 
= an A parameter for the 

undrained release of the shear stresses 

which existed at the K
0 

condition by 

changing the horizontal (6.crh) and / or 

vertical (6.cr ) stress es in order to 
v 

achieve an i sotropic stress system . 

The value of a (in situ vertical effective stress) is knownJ K is vo 0 

known or estimated from a knowledge of the 0. C. R . of the soilJ 
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and Au can be determined experimentally or estimated from 
experience. A precise value of o is difficult to obtain; ps 
however one only needs an estimate. Experience shows that 

a is generally between crh (in situ horizontal effective ps o 
stress) and crh. + 1/3 (1 - K )G- , which corresponds to a 

0 0 vo 
value of Au of from zero to plus 1/3. 

The method of measuring a employed for samples s 
taken at the Student Center and CAES sites is as follows: 

1. Extrude soil from the tube and trim a specimen 

for a standard UU triaxial test. 

2. Place the specimen (without membranes, top cap, 

etc.) on the top of a fine porous stone fitted 

into the bottom pedestal of a triaxial cell, as 

shown in Fig. 4.7. A s.aturated line runs from 

the stone to a pressure transducer. 

3. The capillary pore pressure, i.e. the negative 

pore pressure in the sample, will attempt to 

suck water from the pore pressure line into the 

sample. The pore pressure measuring system is 

extremely rigid so that only a minute amount of 

water has to flow into the sample before the 

transducer records the negative pore pressure us. 

The fine porous stone, which has a bubbling 

pre~§.._(capillary pressure) i!l. excess __ (?f sev_e_ral 

atm_o~heres, i~~ui:r;:~_d __ .. ~~J?.Ee~~~t :t-~~___!)~pl~ 

from sucki~ water from the stone into the sample. --------- _________________ , ___ ---- --- --~-·-- -

4. The effective stress as of the sample without 

any confinement is then: 

a = -u s s' 
(u is negative) • s 

5. The sample is then encased in rubber membranes 

with a top cap, and a confining pressure oc is 

-15-



6. 

app l ied to the s ample. Thi s will cause a n in­

crease i n p o r e pressure . If the s ample i s sat­

urated , the B paramete r will be unity and the 

value of os will be unchanged . However , if the 

sample contains a few air bubbles , which is 

generally the case, the increase in pore pressure 

will be slightly less t han the increase in c el l 

pressure and B = &u / &a will b e l ess than unity . s c 

The cell pressure is increase until &u =&a , s c 
i . e. B = 1.00, indicating that the sample is sat-

urated. The value of the effective stress of 

the sample is then: 

a = ( a - u ) s c s f o r S = 100 %. 

For the samples of BBC thus teste d, the B parameter 
2 

at a c = 1 to 1. 5 kg/em was always great e r than 0. 95 and a 
2 confining pre ssure of 1 to 3 kg/em always produced full 

saturation . 

Va lues of measured a and esti mated values of a 
s ps 

for tests on samples from the CAES a nd Student Center s ites 

are given in Tabl es4. 1 and 4.2. Figure 4.8 presents a plot 

of elevation versus e stimated maximum past pressure a ' 
vm 

values o f a , ah , a , and a for the CAES site and values vo o ps s 
of a , a and a for the Student Center site . 

vo ps s 

The data show that whereas the effective stress 

for perfect sampling a is slight l y g r eat e r tha n the hor-ps 
i zon tal in s i tu effe c t ive stress crho (except at the very 

top), the effective str ess of actu a l samples a s is far l ess 

than this t heoretic a l stress . Above e l evation -55 ft., 

as for 12 samples averaged only slightly more than 20 % 

of a ; below this e l evation, 0 was on l y about 5% of a 
ps s ps 

The r esults of the a measureme n t s a t the Student 
s 

Center indicated severe sample disturbance at t he lower 

e levati ons. An analysis of the sampling procedure sug ­

gested that the clay might have squee zed into the bore 
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hoile at these depths before sampling took place. In other 
I·,,'.';' ' 

words, the clay had been extensively sheared prior to 

sampling. In order to reduce this tendency, a higher 

weight drilling mud was specified during sampling at 

the CAES site. The resulting values of a at the lower 
s 

elevations were better than those at the Student Center. 

However, at relatively shallow depths, more disturbance 

is indicated. This is probably due to the fact that 

several new types of sampling procedures (see Table 2.1) 

were being investigated for the first time with the in­

evitable difficulties in obtaining a smooth operation. 

4. Summary and Discussion 

The bulk of the undrained strength data is sum­

marized in Fig. 4.9. Values of a , a , a , and a vm vo ps s 
are plotted on the right for reference. 

Seven types of strength are plotted on the left. 

These are: 

1. An estimate of the in situ s for shear in 
u 

triaxial compression, i.e., where the vertical 

stress at failure is greater than the horizontal 

stresses. 

2. An estimate of su for triaxial compression of 

a "perfect sample." 

3. An estimate of the in situ su for shear in 

triaxial extension, i.e. where the vertical 

stress at failure is less than the horizontal 

stresses. 

The above estimates~.are based on various:t~pes of· 

triaxial shear tests performed on BBC consolidated from 

a slurry (Ladd and Varallyay, 1965), taking into account 

the change in OCR of the clay with depth. The estimates 

are based on the stresses at the CAE~ site. 
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4. Values of unconfined shear strengths su(U) from 

the Hayden Library and the Proposed Nuclear 

Physics Lab <shown by a cross) • 

5. Values of triaxial UU strengths su(UU) from 

CAES and the Student Center (shown by dots). 

The fact that the stresses at the Student 

Center are larger than those at CAES has been 

neglected. 

6. Values of strength from triaxial compression 

tests on samples isotropically consolidated to 

the vertical overburden pressure, su(CIU) with 

a =a (shown by a triangle). c vo 

7. Values of strength from triaxial compression 

tests on samples anistropically consolidated 

to the overburden stresses a and ah , s (CK U) vo 0 u 0 

with ole = avo and 03c = aho (shown by a circle). 

The data show several interesting facts. With one 

exception, the values of s (U) and s (UU) are less than the u u 
estimated strength of perfect samples. At the lower eleva-

tions, most of the measured values of s are less than the 
u 

estimated strength for in situ extension. The latter type 

of shear wo~ld occur in bottom upheaval of a bore hole. If 

a sample were taken of the clay after it had squeezed into 

the hole, the resulting s of the sample would fall below u 
the line d~signated as "estimated in situ su for extension." 

Turning to the CU triaxial tests, the undrained 

compression strengths of samples ·consolidated isotropically 

to the in situ overburden stress were somewhat higher than 

the estimated in situ strength. However, the actual con­

solidation pressures were 5 to 10% higher than the over­

burden pressure, which may explain some of the discrepancy 

(see Table 4.7). Samples with anisotropic consolidation 

yielded lower strengths in the overconsolidated clay, but 

gave good agreement in the normally consolidated region. 
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The reason for the discrepancy in the overconsolidated 

region is not clear. The estimated curve was based on 

the results of tests on samples prepared· from a slurry, 

which were consolidated to a high pressure·and then re­

bounded. Perhaps precompression via applied pressures 

causes higher strengths than precompression by capillary 

pressures induced by partial drying, as is ·thought to have 

occured in situ. On the other hand,the capillary pressures 

due to drying may have been non uniformg thus yielding 

different degrees of precompression(the values of a from 
vm 

oedometer tests showed considerable scatter, (see Fig·.· 

3.1). In this case, the scatter in values of su from CU 

tests (and to some degree from U and UU tests) could re­

flect real changes in the in situ undrained strength. 

There is some support to this contention·in that the three 

CU tests in Fig. 4.9 (the first three in Table 4.6) fall­

ing way to the left of the estimated in situ curve are 

from samples wherein the oedome.ter tests showed lower 

than average values of cr • vm 

The fact that the two CU tests on N. C. clay which 

were consolidated to the overburden stresses (Fig. 4.2 

and Table 4.6) yielded the same su/crlc ratio as the two 

tests consolidated to twice the in situ stresses is sur­

prising. One would expect the former two tests to give 

strengths which are too high because of the effects of 

sample disturbance (Ladd and Lambe, 1963). That is, the 

water content of these samples was much lower than the 

in situ water content and hence the strengths ought to 

be increased. Even the stress-strain moduli are close 

to those from samples at the higher consolidation 

stresses, as shown below. 

Condition At F.S. 

c:J.lc ~ 0 vo 445 ± 85 

0 lc 
~ 2xa vo 480 ± 20 

= At F.S. = 1.5 

315 ± 95 

260 ± 75 

* F.S. = 3 means that E was determined at a value of ~(a 1-a 3 ) 
equal to 1/3 of ~(a 1-~3 )f. See Fig. 4.5. 
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B. Strength Tests on Organic Silt 

There are few data on the organic silt overlying 

the sand-gravel stratum. Three unconfined tests were 

run on samples from the Hayden Library and Materials 

Center (Table 4.8). Six triaxial UU tests were run on 

samples from CAES. The data are summarized in Table 

4.9 and stress-strain curves plotted in Fig . D-14. Table 

4.9, Fig. 4.11 and Figs. D-15,16 and 17 present the re­

sults of three CIU triaxial tests on samples from the 

CAES site wherein specimens were consolidated to the 

overburden pressure. 

rnarized in Fig. 4.10 . 

Water content and s data are surn­
u 

The limited data show the following: 

1. s from U and UU tests varied from 0.2 to 0.6 
u 2 

kg/ern . The corresponding ratio s /o ranged . u vo 
from 0.3 to 0.7, the higher values no doubt 

resulting from the slight precornpression of 

the soil (see Fig. 3.4). 

2. The three CIU tests yielded very high values 

of friction angle (Table 4.9 and Fig. 4 .11), 

especially for the sample which contained a n 

appreciable quantity of peat. 

C. Strength Tests on Shale 

Four compression tests were run on specimens of 

the shale obtained by diamond bit drilling at a depth of 

130 to 132 feet at the Materials Center . The shale had 

bedding planes at 45° to the horizontal (see photograph 

"a" of Fig. 4.13) and a few fi ssures which were cemented 

with a reddish material (very like l y iron oxide) . The 

fissure planes were at an angle of 75° to the horizontal 

as can be faintly seen in Photograph "b" in Fig . 4.13. 

- 20-
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Two samples were sheared in unconfined-compression 

and two samples were sheared with lateral confining pressures 

of 25.6 and 51.2 k9./cm2
. Although it is unlikely that large 

pore pressures developed during testing, the results are 

presented in terms of total stress rather than effective 

stress since the pore pressures were not actually measured. 

The stress-strain curves are drawn in Fig. D-20. 

The failure data are tabulated below: 

Test No. 

1 

2 

3 

4 

Confinincr 
Pressure (kg/om2) 

0 

0 

25.6 

51.2 

··Max~ r:· ( cr J-p 3) 

(kg/cmQ: 
31.6 

26.0 

74.5 

126.3 

Mohr circles at failure are plotted in Fig. 4.12. Photo­

graphs of the failed specimens from Tests 3 and 4 are 

shown in Fig. 4.13 • 
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APPENDIX B 

l"· LIST OF NOTATIOltS 

Note: SUffix c indicates a consolidation condition 
SUffic f indicates a failure condition 
SUtfi.'t o indicates 1n situ condition 

1. 

Prefix indicates a change. 
A bar over a stress indicates an effective stress. 

Stresses 

u 

v, ;= 
l) 

crc 
(k 

o;,~,G; 

u,, 
Vn)~ 

G:o J ~o 
~/1'1 
()p~ 

Gs 
'L 
,.... 
Ltf 

q 

p 

p 

Pore 't-~S.ter pressurP 

Total, et:recti ve normal stress 

Chamber ( cell)pressure 

consolidation pressure 

Major 1 intennediate and minor principal stresses 

Effective stress on failure ·plane at failure 

Horizontal, vertical stress 

In situ horizontal, vertical effective stresses 

Maximum past vertical stress 

Effective stress after "perfect sampling" from 
a K

0 
condition 

Eff'ecti ve stress of a sample after actual sampling 

Shear stress 

Shear stress on failure plane at failure 

( ()1- ~)/2 

( ()1 + G3>/2 
( Gl + G3)/2 



.. 

-· 

~ 

2. 

3· 

Stress Ratios 

A Skempton's A Parameter = l.lU - l\ ()3 

A~ - L)()~ 

B Skempton's B parameter = ALYL\G: I; 

K Ratio of horizontal to vertical ef'f'ecti ve stress 

Kc K tor consolidation condition = Ghc/G".,c 
Ko K for no lateral strain = coefficient of earth 

Pressure at reat 

OCR Overconsolidation ratio = ()vm/<fvc 

Strength and Stress-Strain Parameters 

s 
u 

T max 

~ 

c<. 

[ 

E 

st 

Undrained strength = ~ :for undrained shear 

Undrained strength from vane test 

Friction angle of Mohr-Coulomb failure envelope 

Slope of ~ versus P;r envelope 

Axial strain 

Stress-strain modulus = L\ ( Cl1 - ()
3

) I [ 
s nsitivity = 

8
" ~undisturbed) e Qu remolded) 

4. Consolidation Tests 

c 
v 

t 

Compression index 

Rebound-recompression index 

Sl·relling index 

Coefficient of consolidation 

Time 
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