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LONG TERM BEHAVIOUR OF MEXICO CITY CLAY

COMPORTEMENT A LONG TERME DES ARGILES DE LA VILLE DE MEXICO
AJMTEABHOE CONMPOTUBJAEHUE NIUH MEKEUKO CUTU

JESUS ALBERRO A., Research Professer

ENRIQUE SANTOYO Y., Research Professor, Engineering Institute, National Autonomous University of Mexico, Mexico

SYNOPSIS. The eritical condition for slope stabllity on clays occurs after a long period of
time. Accordingly,to study this problem for Mexico City clays,a research of their rheolo-

gical properties was carried out,

The results of consolidated-undrained tests with pore pressure messurement in undistur-
bed and remoulded specimens are described. The tests were done at constant strain rate rang-

ing from 1,5 to 0.0007% /min.

The test indicates a noteworthy strength reduction after a long period of time in terms
of effective stresses; they also indicate that the generated pore pressure does not depend
of the strain rate for equal confining pressure.The results are disucssed on the basis of
the characteristics of the triaxial testing equipment used, in which the axial load is

transmited through wires under tension.

1. INTRODUCTIOHN

The creation of a lake in the old Tex-
coco basin, bordering upon the City of Mexico,
has been proposed for the storage and control
of the waters of the Valley of Mexico., To
analyse the construction methods of the arti-
ficial lske,dredging was carried out to ex-
cavate an area 32m wide to a depth of 8m.
Three months after the work was completed,va-
rious failures of the slope of the cut were
observed (Proyecto Texcoco0,1969).In order to
determine the safety factor of the cut, the
shear strength of the clays was measured by
means of a field vane. Upon the basis of
‘the data obtained and having localized the
failure surface, established from readings
¢f the inclinometers which had.been installed
previously,a safety factor of 1.5 was obtai-

ned. Thus the analysis @#=0 is incorrect re-
garding its prediction of the stability of

the cut shortly after the completion o const-
ruction.An effective stress analysis for
drained conditionas revealed that the safety
factor of the slope was equal to 1l,for an
angle of friction of the clays equal to 28°,
It should be noted here that the values of
the effective angles of friction reported,for
the clays of the Valley of Mexico,are 43° amd
47° for consolidated undrained tests,(Marsal,
ReJ.4,1960 and Lo,L.Y.,1962)and vary between
28° and 34° for consolidated drained triaxial
and direct shear tests (Marsal,R.J.,1969,and
Resendiz,D.,1964).In view of the very consi-
derable difference between the eff.ective ang-~
les of friction under drained and undrained
conditions,a study was undertaken of the ef-
fect of time upon the mechanical behaviour of
these clays. The results obtained from con-
solidated undrained triaxial tests with dif-
ferent rate of strain are presented herein,
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2. CHARACTERISTICS OF THE TRIAXIAL EQUIPMENT
AND OF THE SAMPLE. TYPE OF TEST

2.1 Triaxial Equipment

The axial load is applied to the specimen
by means of an upper cap linked te three wi-
res which pass to the sides of the sample
and apply the load downwards (Fig.l). The
upper cap drains through a thin tube tied by
a chain to a counterweight which rests upon
the load plate of a controlled displacement
machine (Wykeham Farrance),with & minimum ve-
locity of displacement of 0,00062mm/min,When
the test is begun,there is a delay in the de-
formation of the sample due to the effect of
the deformation of the load system. However,
after 1 per cent deformation the velocities
of displacement of machine and sample are
equal,The triaxial cells employed are des-
cribed in detail by Santoyo,E., 1971,

The confining pressure and the back pre-~
ssure are transmitted along 3m long narrow
connecting lines,filled with water to reduce
the process of the diffusion of air.

Errors in the measurement of loads due
to uncontrolled friction are of the order
of 10gr/sq cm and are practically indepen-
dent of the rate of axial strains and of
the occasional horizontal loads (Santoyo,E.
1971). Errors in the confining pressure are
+78r/3q cm.

2¢2. Volumetric straing and pore pressure

Drainage of the sample is at the upper
and lower caps, of a conventional type. The
connection between the upper cap and the bu-
rette is shown in Fig.l. It consists of a
stainless steel tube with an interior diame-
ter of 0.06cm and an exterior diameter of
0.22 cm and equipped with a null displace-
ment valve. The water drained through the
lower head is collected in the burette by

ACURARRNNNANY

N260 chain

Preving ring

Drain

/- Steel bar

Load plate
+ Upper drain
Load wires ————= Lower drain
/
Controled
deformation
testing
Weight hanger machine

-

@

Fig.l. Triaxial equipment

means of a 1/8 in-diameter copper tube,30cm
long. The precision of the burette is of the
order of 0.01cm}. Its upper part is jointed
to a line containing, at the burette end,
8ilicon o0il with a viscosity of 0.,5¢cp and a
surface tension of 15,9 din/cm.The other end
of the line joins a tank partially filled
with water. Variations in the volume of the
sample are measured against the displacement
of the water-oil interphase in the burette.
0il is used to avoid both the evaporation of
the drained water and the dissolution of air
in the interstitial liquid of the sample.



Pore pressure is measured by Statham
pressure transducer of the unbounded type,
compensated for temperature changes and con-
nected to a W.T.Bean bridge equipped with a
cell for calibration and zero adjustment,
This system is connected up,one hour prior
to beginning each test. The flexibility of
this system for the measurement of pore pres-
sure varies with the pressure measured:
thus for pore pressures lower than 0,5 kg/sq
em it is equal to 5x10™3 cu cm/kg/sq cm,whi-
le for bigher pressures it is 2.5:10‘5 cu
cm/kg/sq cm. In such conditions,for the
clay under study, the maximum time needed for
the measurement system to respond to pore
pressure is 19 seconds,

Whitey null displacement valves are used
in the system together with Swagelock connec=-
tions,

The tests were carried out in a room whe-
re a temperature of 20°11°C was maintained,

2.3 Characteristics of the sample and type
of tests

The soll samples studied are cubic and
were taken from the old Texcoco basin., They
were obtained at a depth of 2,5m, the ground
water-level being at a depth of l.5m. Nume-
rous vertical cracks were observed in the
excavated cut,some filled with sand, other
with cementing materials, The specimens tes-
ted in the laboratory were carefully prepa-
red, avoiding all visible fissures and he-
terogeneities.

The clayey minerals of the Jallesy of Me-
xico are classified as allophanes (Girsult,
P,,1964). The average index properties of the
tested specimens are:wL=543;Ip=279;wnat=406,
Sy=100 per cent and G=2.54.3ensitivity is 8.
A standard consolidation test gives a conso-
lidation coefficient,in an undisturbed state
of 2x10~3sq/cm/sec for the virgin range.

The preconsclidation load is equal to 0.45
kg/sq cm,implying a small degree of consoli-
dation due to crust drying; the coefficient
of volumetric conslidation my is 0.15 s8q

cm/kg.

"1

The triaxial tests were consolidated un-
drained with pore pressure measurement and
at a rate of strain of between 0.045 and 94
per cent/h.Consolidation was isotropic and
the same confining stress maintained at the
failure stage. Since the tests lasted for pe-
riods of up to 20 days,two latex membranes,
both 0,0065 cm thick,were used. The time re-—
quired to achieve uniformity at 90 per cent
of pore pressure in the specimens without
lateral drainage (Gibson,R.E.,1963) was 8h
in the case of the undisturbed and 160 h
for the remoulded samples.

The interstitial water in the surface
layers of the Texcoco basin has a high salt
content,twice that of the sea, A qualitati-
ve analysis of the interstitial water of the
samples revealed the presence of the follow-
ing anions: 003, PO~ , and C1~ as well as
the cations Na‘t, NHJ' and X',

3. TEST RESULTS

The result of consolidated undrained
triaxial tests. upon undisturbed and totally
remoulded samples are summarized in Tables I
and II respectively.

3.1 Types of failure and deformation

In the case of undisturbed samples the
failure is of the brittle or plastic type,
depending upon the magnitude of the confining
pressure. For null confining pressure the fai-
lure plane is marked, forming an angle of ap-
proximately 45° with the horizontal. For coa-
fining pressure of 0.25 kg/sq cm or larger
the failure plane disappears. Also,strain at
failure increases as the void ratio at fai-
lure decreases, in the case of both undig-—
turbed and remoulded samples,

The fact that strain at failure,defined
a8 the point at which (6, — 6; ) reaches a
maximum,de practically independent of the ve-
locity of deformation,is worthy of note.For
example,the strain at failure for tests 2.2l
5 and 8 varied between 6.9 and 5& per cent,
while the rate of strain ranged froml.5 to
0.0007 per cent/min.
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Table . Undisturbed samples. Consolidated undrained triaxial tests
Failure for (0l b os)max
Test o 9 [ 0, Ug (0;!13) ° R vt
e W/ w, % |ebh e . .
No ! R e f k katem? | kgjom® | ! A A in hours oy kgiem? | 2[4
1 110,18 | 406,27 { 0.25 9.76 | 380.1 94 | 0.16 0.41 32 0.39 0.034 | 0.64 0.16 0.39 0.64
2 11034 | 4065 | 050 8.83 | 347.7 94 | 033 0.64 6.6 0.50 0.070 | 0.66 0.33 0.50 0.86
2| 97113844 050 | 826 |3273| 94(033| 064 |69 | 0S50 0073 | 066 | 033 050 | 066
3 110,16 | 4088 | 1.00 6.65 | 2710 94 | 0.70 1.16 741 0.60 0076 | 0.70 a.7 0.60 0.70
4 972 | 387.2{ 0.25 933 | 3718 | 1.88 0.13 035 32 0.36 1.70 052 0.13 0.36 | 052
5 | 10.22 | 406.7 | 0.50 796 { 3175 | 1.88 0.32 0.53 8.0 0.60 3.19 0.64 9.32 0.60 0.64
6 {1071 4268 | 1.00 694 { 2776 | 1.88 071 1.04 7.6 0.68 404 0.7 N 068 07
61 9.77 | 3886 | 1.00 6.59 | 2634 | 1.88 0.68 097 7.0 0.70 3.72 0.68 0.68 0.70 0.68
7 11018 | 4026 | 0.25 9.76 | 386.1 | 0.045 | 0.16 026 34 0.61 756 0.64 0.18 0.61 0.64
8 ]1033 | 4089 { 050 8.49 | 3373 {0045 | 0.34 Q.46 5.8 0.74 124.4 0.68 0.30 0.66 0.60
9 11006} 3984 | 1.00 6.80 | 270.7 | 0.045 | 0.82 0.88 79 0.93 175.6 0.82 0.70 0.80 0.70
10 | 1112 ] 437.7 0 11.18 | 444.1 94 - 0.24 2.1 0.022 - -~ - -
11 1 11.08 ] 436.2 0 11.12 | 438.7 | 188 - 0.16 31 — 0.69 ~ - - -
12 11068 | 420.7 Q 10.79 | 4249 | 0.045 - 0.17 25 - 55.6 - - -
e, e = initial, final void ratio
w;, we = initial, final water content
Table 1. Remoulded samples. Unconsolidated 9, = confining pressure
. Lo € Jofh = strain rate
undrained triaxial tests uf,u; = measured and corrected pore pressure at failure
Test No| % w, €%/ Yio -0 0 | e % ug t {o,~ oy, = maximum principal stress difference
max
16 29 | 288.7| 1.88 0.126 29 0 |154 [ % = strain at failure
17 [680 | 2675{ 188| 0.230 45 |-0003]|2.40 A, = Skempton" + failure
f pton’s pore pressure parametsr '
18 .0 321.0{ 1.88 0.096 20 0.006) 1.06 ‘f = time to failure

3.2 Pore pressures

The magnitude of the pore pressures obser-
ved at the base of the samples during the fai-
lure stage, is related to: (1) the time of
response of the measuring system (2) the time
required to achieve uniform interstitial
pressure throughout the sample, (3) the hyd-
raulic permeability of the membrane and (%)
the osmotic preasure generated between the
confining and interstitial liquids, The time
of response of the measuring system is 19
seconds under the most unfavorable conditions
while the time required to achieve 90 per
cent uniformity of pore pressure is 8h in
the case of undisturbed samples and 160h fop
remoulded samples, Thus differences in the
observed pore pressure at a rate of 8 strain
of 94,1.88 and 0,045 per cent/h for undistur~
bed samples is to be expected, taking only the

factor time required to achieve uniformity
into account,.The Pore pressures measured
during tests upon remoulded samples at a

velocity of 1.88 per cent/h are practically
worthless since, in this case,the time re-
quired to achieve 90 per cent uniformity is
far greater than time to failure.

Besides the effect of the time required
to achieve uniform pore pressure,there also
exists the phenomenon of the seepage of the
confining liquid through the sample's pro=-
tective membrane.In the case of long term
tests this is significant,especially aince &
high osmotic pressure is generated as a con-
sequence of the high salt content of the in-
terstitial liquid.To take into account the
effect of seepage upon the pore pressure ge-
nerated within the sample,a correction was
made,based upon the following reasoning,De-
signating the volume of water Penetrating
the membrane Vw and the consequent increment

in the pore pressure u,there occurs a vapia—
tion in the volume of the sample equal to the
sum of the followings



copression of the interstitiagl liguid.
Thig i1s egual to VoCAu; where Vo
me of bthe ianterstitial liguid of the sample
and C the coefficient of volametric compres—
sibility of water.

-The increase in volume due to the flexi-
bility,F, of the system by which the pore
pressure is measured, equal to FAu.

-The increase in volume A Vpof the sample
due to a reduction of the effective confin-
ing stress, equal to SV 4y
the volume of the sample 37U and 5 is
the initial swelling ratio of the soil in
discharge, equal in this case to 0.03 (Pou~
los,3¢d., 1964),

Assuming that the variation in volume of
the sample-measurement system is equal to
the volume of water filtered through the mem-
brane, then

SV
Vw= %C+F+~63 Ay

Au= Yy

SVm
We+F + 2

where Jm is

The volume of water passing through the
wembrane is equal to (Poulosg,S.I.,1964):

V= kA Sl xa ~\Ji——1+

t = duration of test
s permeability coefficient of
the membrane

k== Darcy's

K = membrane permeability constant
A = area of filtration
L = membrane thickness
Ap,= difference between vapour pressures
of the confining liguid and the inter-
stitial liquid.

Replacing the literals by their numerical
values,we obtain :

0,35(65-U)q fm? +954p,gr/cm?
2400 dias

. 1)Aukg fom?™

3+45 +

2¢

©, ~ U

( 3 )kg/emz
The vapour pressures of the confining and

interstitial liquids were determined with an

isoteniscope,in function of the temperature

in both a desired state and without desiring.

is the volu-

11

The results of these measurements are given
in Fige2

—

/-Conhmnq water poorty
de - gired

30 /
/ /\ De aired distilled woter
rd |n1eysvmo woter not P/
de oired
< __ De-aired interstitial
~ c ° T water
3

s

Pv in,
cmH 0

20

Pige.2, Vapour pressures

At 20°C the difference in vapour pressure
Apyof the confining and interstitial li-
guids is 8 gr/sq cm. Upon this basis the ob-

served pore pressures,up,were corrected by
means of By 1., The corrected pore pressures
are given in Table I, in column denoted uf.
The variation in the pore pressure, u? is
shown in rig 2 as a function of axial strain
for the set of tests on undisturbed samples.
It may be seen that for confinlng pressures
of 029 and 0.5 kg/sq cm, pore pressure is
gtrictly independent of the rate of strain.

1. [
Test No. [Symbol | € , % /h los kg/cm2 ‘
v,
woem?| |3 . {94 1 |
€ ° 1.88 1
9 corr + 0.045] 1 “
2 x 94 0.50 P
S o 188 1 050 ; |
LOF 1 gcorr - 0045| 050 [Tt
L - i
1 +« [9a 025 |
a v 1.88 0.2% !

o] 5 10 1‘5

€, % 20

Fig.3 Pore pressure versus axial
deformation
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In those tests carried out with a confining
pressure of 1 kg/sq cm,the pore pressure ob-
gerved for the same wvalue of strain increa-
ses with a decrease in the rute of strain.
However,the pore¢ pressures determined in
this latter case and for high straiz values
coincide., It may be assumed, therefore,that
in this case the discrepancies observed in
the u: - £ relationship are due to the time
required to achieve uniform pore prussure.

To conclude,in the case of sanpies con-
solidated under the same pressure &; there
is a unique relationsnip petweeu axial stra-
in and pore pressure corrected for effects
due to seepage through the membrane,’l'his ree
lationship is independent of the rate of
strain, particularly over the interval of
failure strains.This result is of the grea-
test importance,since it allows the const-
ruction of Mohr's envelopes in function of
effective stresses for any rate of strain
provided only that the corresponding value
of (8~ 6;) max is knowrn.,

The magnitude of the pore pressure at
failure varies linearly with the confining
stress and is independent of the rate of
strain. Fig 4 shows tihie line representative
of the variation of uf against €; , with g
slope of 0,65. According to the data given
in Table I,the coefficient of pore pressure
A? increases in all cases with a decrease
in the rate of strain,

5.3 _Strength

All of the stress-strain curves for un~

disturbed samples during the failure stage,
reveal an increase in shsar stress with an
increase in strain,followed by a slow decre-
ase, In no case were axia. strains avose 20
per cent reached, so the residual resistan-
ces could not be established. For remoulded
materials,a decrease in resistunce was obe
served after the maximum value for (&~ 6;)
had been reached,whicin was in turn followed
by an increase due to the restriction impo-
sed by the nmeatrancs,

0.8
u*failure, !
kg/cm?

0.6 /

e

0.4 —t —

Q.2 %,Z e

0 0.2 0.4 0.6 0.8 1.0 1.2
[P kg/crn2
Fig.4 Pore pressure at failure versus

o]

isotropic ccnsclidation pressure

In Fig. 5 the varistion in maximum deviatvor
stress is shown in function of void ratio at
failure for both undisturbed and remoulded
samples,tested at different ratce of strain.

@
. i
|
SO e = o
IS N .oy .

[

€ faiure

Curve { W LtL |LP Stote

4081518 |152 |75 Undisturbed
4021349 | 65|94 Undistur bed
402 [349 | 65 188 lundisturbed
402|349 65 [ 0045{Undisturbed
40213491 65| 188 |Remolded

Lo

oot [o3} (9T

mooop

o+ e o0

Fig.5 Void ratio at{ fallure versus maximum
deviatior stress at failure

The straisnt lines,e,. versus long
£

move to the left as the rate of strain dimi-
nishes a:1d remain parallcel to eacn otner.

It is worth emphasizins that,aithouzh
the ypreconsolidation load determinscd b7 meant
of 1 Ltundard consolication nest,is emal Yo

0,45 xi/s5q cm for the materiai represented



by the straight lines i&,C and D,and to

1 kg/sq cm for the material represented

by the siraight line A,the e, versus log
(—gl:;ZL“) curves spow no break whatsoever
for the vold ratios corresponding to tunese
preconsolidation loads.Thus,this clay be-
haves as an essentially cohesive material,
in Hvorslev's sense,since the relationship
between strength ana void ratio is univoeal
and independent of the loading nistory.Con=-
sequently,the true angle of friction, &
must be closed to zero,This point is in
agreement with the empirical relatioasnip
vetween the plasticity index and true angle
of friction (Lo,K.Y.,1962). Lt further
coincides with the fact that the frictio-
nal resistuace of open structured materials
such as Ltne Mexico City clays,and for small
deformations,is very 1low (Scumertmann,J.H,
1963).

Thus,it is nov surprising that this
essentially cohesive resistance snould vary
significantly as the rate of strain is re-
duced,due t» viscesity effectis. Mohr enve-~
lopes obtained in function of the effective
stresses,varying the ratio of strain,are
given in Fiyg.6.

L5

|

€x1.88%/h

15 5 kgrem2 20

Fig.o Mohr envelopes.iuffective stresses
Here it may be seen that the apparent angle
of friction obtained with the wiimum prin-
cipal stress difference criteria of failure
falls from 41° to ‘)’40, as tne pate of sirain

caanges from 94 per cenv/n to G.045 per

9

cent/h. Both maximum shear strengtn and p-—
parent angle of friction, in function of «f-
fective stresses,vary proportionately witn
the logarithm of time to failure (Figs 7 a .o
8). In Fig 8, there is also shown tne vari-
ation in function of time to failure of the
apparent angle of friction ¢',obtained with
the maximum effective principal stress ratio
criteria of failure. The difference between
¢ and ¢' is small. To reach values of ¢ or

¢ equal to 30° a time to failure of the
order of 4 months would be necessary,accor-
ding to the correalation given in Fig 8.This
agrees with the value of 300 reported for
drained tests which lasted from 3 to 5 months
(Marsal,k®.J.1969),

Using the conclusions related to the
study of the pore pressures,the flow limits
of these clays may be determined upon the
hypothesis that the maximum value of the co-
efficient of pore pressure A; is equal to 1}
for confining pressures greater than precon-
solidation stress. If Ag' =1, then 6,- &3 =y,
that is & =Gz. But !%SL— %0,65 and &= &,-u*
=0.356 , from which %=ng(%+%1) 61-3-5—=2357
Thus ¢' =29Y :
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Fig.8 iAffective friction angles versus axi-
al strain,rate

In concliusions,it would seem reasonable to
assume that the clay behaves like a Bingham
body (Fig. 9) with an apparent minimum angle
of friction ¢ of 29°.
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Fig.9 Maximum deviator stress at failure
versus axial strain rate

4,CONCLU3IONS
Consclidated undrained triaxial tests ca-

rried out upon Mexico City clyys at different
rates of strain allow it to be stated that:

l.The magnitude of axiai failure strain is

independent of th: rate of
2« The relationsnip .:tueel nore
corrected for tiie =i .., LF

strain applied .
nressure,
filtration
through tne memouranc, ...

kel strain is in-

independent of the rate of strain,particular-
ly over the interval of failure strains.

3., The magnitude of the pore pressure at fai-
lure varies linearly withconsolidatcion stress
and is independent of the strain rate.

4. The coefficient of pore pressure Ap incre-
ases with a decrease in the strain rate.

5. This clay behaves like an essentially coh-
esive material,in Hvorslev's sense,with a
true aungle of friction close to zero.

6. Tue apparent angle of friction, ¢, in func-
tion of the effective stresses, falls from
41° o 54° when the rate of strain varies
from 9% to 0.0045 per cent/h,in consolidated
undrained triaxial tests.

/« Assuming vnat in the long term the maximum
value of the pore pressure coefficient A; is
equal to 1, bthen the minimum apparent angle
of friction®',in function of vne effective
stresses,is equal to 29°.This finding agrees
with the results of long term drained tests.
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