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Undrained shear strength of the heavily consolidated clay
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Abstract: Undrained shear strength of the heavi-
ly consolidated clay. The undrained shear strength
(c,) is considered one of the most basic para-
meter characterizing soils in engineering practice.
The particular importance of ¢, is in the case of
clayey soil. This parameter also is the basis for
the classification of soil according to the ISO
standard. The undrained shear strength usually is
determined from unconfined compression test or
from triaxial compression test. In the simple way
it can be estimated from the fall cone penetro-
meter test as index parameter. In the presented
work the results of unconfined compression tests
for very stiff, heavily consolidated clay were
shown. All analysed clay specimens were taken
from the large depth, up to 303 m below terrain
level. The tests results: undrained shear strength
(c,) and unconfined compression strength (g,)
were discussed in the relation on in sifu consoli-
dation stress, Atterberg’s limits and the indicatory
test — fall cone test results.

Key words: clay, heavily consolidated clay, un-
drained shear strength, fall cone test, unconfined
compression test

INTRODUCTION

The paper presents the results of labo-
ratory undrained shear strength of the
Tertiary clays and silty clays from the
Lower Silesia region. The samples were
taken from boreholes drilled up to 303 m
deep, on which depth the averaged ver-
tical effective stress can be estimated at
about 6 MPa.

The geotechnical properties of soils
from a great depths (below 30 m deep)

are of particular interest in the design of
underground infrastructure: deep tun-
nels, underground mining, tube tunnels
(Wright 2012). The geotechnical iden-
tification of the deep subgrade is also
required in the design of new technolo-
gies in the energy and environmental en-
gineering in the design of underground
waste reservoirs.

The experiences in the testing of sam-
ples of soil taken from great depths are
few and far. This is achieved by first of
all the considerable cost of sampling,
but also the difficulties arising from the
sampling quality. The shear strength is
considered as one of the basic soils para-
meter which determines the bearing ca-
pacity and stability of soil. In the case of
clayey soil, especially at great depths oc-
curing in the form of continuous layers,
the water filtration conditions are very
impeded. In a such conditions the ba-
sic parameter of soil shear strength can
be considered: undrained shear strength
— ¢, (Atkinson 2010, Wright 2012).

In the paper the results of laborato-
ry tests of the ¢, parameter determined
from unconfined compression test and
from indicatory test — fall cone test are
presented.

The wvalues of ¢, from unconfined
compression test were compared with
soil depth and average effective verti-
cal stress in situ — o’,,. The normalized
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undrained shear strength (¢, /o”°,,) were
estimated and as noticed some soil sam-
ples showed a significant infringement
of the soil structure. The disturbed soil
samples were removed from the final
analysis.

The calculation of index values of
¢, from fall cone test were done by ac-
cording as proposed by Hansbo (1957)
and the specification of PKN-CEN ISO/
/TS 17892:2009. The correction fac-
tors (1) to determine corrected value of
undrained shear strength (c,cor)) from
indicatory test were used. The proposi-
tion of correction factor to determine the
Cu(corr) Trom fall cone test for clayey soil
with great depth were done.

MATERIAL AND METHODS

The laboratory tests were carried out
on the tertiary soil samples taken from
Lower Silesia area. The total of 24 sam-
ples were chosen. The undisturbed soil
samples were collected from boreholes
with depths ranging 18.5-303.0 m be-
low terrain level. The study of basic
geotechnical parameters soil were made
in accordance with the PKN-CEN ISO/
/TS 17892:2009. The liquid limit (w;)
was determined by fall cone penetrome-
ter test, the cone angle was of 30 degrees
(Head and Epps 2011).

The grain size distribution tests
shown that examined soil are generally
clays (Cl) and silty clays (siCl). The
soil samples were characterized by high
bulk densities (p) from 1.9 to 2.2 t/m’,
natural water content (w,) from 12.5 to
27.0%. The Atterberg’s limits were set:
the plastic limit values (w),) ranged from
16.4 to 29.1% and the liquid limit (w;)

38.4-96.2. Most of the soil occurred in
stiff consistency — /. > 1, except one
sample — in hard plastic consistency (PN
EN ISO 14688:2000).

The undrained shear strength tests
were carried out using two methods:
the unconfined compression test and
comparative, indicatory test using the
fall cone penetrometer (Atkinson 2010,
Head and Epps 2011). The unconfined
compression test was carried out on
samples with a diameter of 38 mm and
a height of 76 mm. The samples were
compressed with axial rate of displace-
ment of 2.4 mm/h. From researching the
maximum value of the vertical stress at
which the sample has been failed was
read, this stress is considered to be the
compressive strength in uniaxial stress
state (g,). The undrained shear strength
was calculated from the formula (PKN-
-CEN ISO/TS 17892:2009):

c,=05"-¢q, (D

The indicatory tests of undrained
shear strength (c,) was conducted by fall
cone penetrometer with an electronic
reading system and electromagnetic re-
lease system. The cone with an apex an-
gle of 30 degrees were used. The cone
mass was about 2,820 g, this ensure the
cone fall about 4 mm deep. During the
study cone fell freely for 5 s in a sample
of undisturbed soil, with a diameter of
80 mm and a height of about 100 mm.
After 5 s, the reading of the cone posi-
tion was performed. As shown Hansbo
(1957) and Houlsby (1982), the ¢, value
is directly proportional to the mass of
cone (m) and inversely proportional to
the square of the value of the cone pen-
etration (i%). The ¢, value can be deter-
mined from the relationship:
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Cu=cg- ,ﬂz )
where:

¢, — undrained shear strength [kPa],

¢ — constant depending on soil state and
cone apex angle [-],

g — gravity acceleration [m/s?],

m — cone mass [g],

i — cone penetration [mm].

The analysis assumes a constant
¢ = 0.8, proposed by Hansbo (1957) and
0.8 or 1.0 proposed by PKN-CEN ISO/
/TS 17892:2009 for the natural soil and
the cone angle apex of 30 degrees, de-
pending on local experience. The ob-
tained results should be corrected for
correction factor (u), recommended by
the PKN-CEN ISO/TS 17892:2009 and
dependent on the liquid limit (w;). Fi-
nally the value of ¢, should be de-
termined as:

)

Cu(corry = M+ Cy

(0.43j°'45
where: 4 = | —
wr

RESULTS AND DISCUSSION

The test results of the basic soil para-
meters summarized in Table 1.

The results of the unconfined com-
pression strength (g,) and the calculated
undrained shear strength (c,) are shown in
Table 2. The values of strength ¢, vary in
the range of 62.1+1,006.2 kPa. The values
of strength ¢, calculated from the formula
(1) are respectively 31.0-503.1 kPa.

Figure 1 shows the relationship be-
tween the obtained value ¢, and natural
water content (w,,), plastic limit (wp) and
liquid limit (wy ). The correlation between

the c,, w, and Atterberg’s limits were ob-
served repeatedly to soil in a plastic con-
sistency (Sheahan et al. 1996, Santagata
et al. 2005). There wasn’t noted such
correlation when analyzed heavily con-
solidated soil, taken from great depths.
Probably a heavily consolidation of soil
partially blurred the effect of Atterberg’s
limits of its undrained shear strength.

The test results according the soil
depth (see Fig. 2) were shown. The verti-
cal effective stress in situ — o’ increases
with the depth and soil becomes more
and more consolidated. So along with
sampling depth we expect soil strength
parameters g, and ¢, will be increased.
This clear link to the analyzed soil is
easy to see in soil with higher plasticity
index (1,), when 1, > 30%, and is very
difficult to see in soil with lower 7, — see
Figure 2.

The several soil samples (Table 2) in
a very clear manner different from that
principle. These differences, as noted
during the research, were joined with
cracking of soils samples. The cracks
could be the result of previous geologi-
cal processes but also, more likely due to
the strong decompression of soil sample
out of the probe in the laboratory. Un-
fortunately, these cracks strongly affect
obtained strength values ¢, (Table 2,
Fig. 2), causing in some cases evident
and in other underestimating the value
of c,.

In order to eliminate from analysis
soil samples with significantly disturbed
structure the normalization of ¢, para-
meter with effective stress in situ — o,
where done. In Table 2 the values of ¢,/
/o’,, were shown. The soil samples with
low value of normalized undrained shear
strength (¢, /c’,,) —below 0.05 — has been
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TABLE 1. The soil sample characteristic: depth (z), bulk density (p), natural water content (w,,), plastic
limit (wp), liquid limit (wy), plasticity index (1,,), consistency index (/)

Soil

No | Sample | symbol - r M " "L v fe
ISO | mbt* | gem? % % % - -

1 Al Cl 475 22 15.7 17.3 48.9 31.6 1.1
2 A2 Cl 63.5 2.1 229 26.5 96.2 69.7 1.1
3 A3 Cl 74.5 2.1 17.1 16.4 38.4 22.0 1.0
4 A5 siCl 123.5 2.0 243 24.4 66.5 42.1 1.0
51 All siCl | 287.5 2.0 27.0 30.3 66.3 36.0 1.1
6 Bl CL 18.5 2.1 222 27.6 68.1 40.5 1.1
7 B2 cl 30.5 2.1 18.7 24.4 61.5 37.1 1.2
8 B3 siCl 472 22 20.0 20.3 51.2 30.9 1.6
9 B4 cl 54.5 2.0 26.6 27.7 83.8 56.1 1.0
10 B5 Cl 79.5 2.0 28.2 29.1 91.3 62.2 1.0
11 B3 Cl 209.0 2.0 22.1 22.4 49.9 275 1.0
12 B12 Cl 291.5 2.1 19.7 25.0 53.1 28.1 1.2
13 B13 siCl 303.0 2.1 22.1 24.0 55.2 31.2 1.1
14 C2 Cl 243 22 19.9 27.0 64.1 37.1 12
15 C3 Cl 34.4 2.1 226 235 55.6 32.1 1.0
16 C4 cl 54.0 2.1 225 22.0 67.6 45.6 1.0
17 C5 siCl 86.5 1.9 19.9 252 42.4 17.2 1.3
18 C6 Cl 88.5 2.0 24.4 26.4 59.2 32.8 1.1
19 C7 siCl 97.5 2.0 222 213 573 36.0 1.0
20 C8 siCl 103.5 2.0 17.6 247 49.8 25.1 13
21 C10 siCl 244.0 22 12.5 19.9 453 25.4 13
22 C13 Cl 261.5 1.9 244 22.1 43.0 20.9 0.9
23 C12 Cl 2475 2.0 224 26.3 59.7 33.4 1.1
24 Cl4 siCl 289.5 2.0 22.1 25.1 60.3 35.2 1.1

*Meters below terrain level.

removed from further analysis (as a dis-
turbed samples). As shown on Figure 3
in the majority of these were sample with
I, < 30%. Regarding with the above the
further analysis were done on samples
with 7, >30% and ¢,/o",, > 0.05.

The results of index test of undrained
shear strength (c,) made by fall cone test
— Table 3, strongly deviate from the ex-

pected. The values of ¢, calculated from
equation (2), and corrected strength val-
ues (Cy(corr)) calculated from equation (3)
using factor ¢ = 1 are often as much as
almost 20-fold higher than the values ob-
tained from unconfined compression test
(Tables 2 and 3). Despite the foregoing,
the ¢, cor) values seems to be overesti-
mated. It can be assumed that the inter-
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TABLE 2. Unconfined compression test results: depth (z), average vertical effective stress in situ (¢”,,),
unconfined compression strength (g,), undrained shear strength (c,), normalized undrained shear

strength (c,/0” )

Soil symbol z v qu ¢y /o0
No Sample
ISO m.b.t.* kPa kPa kPa -
1 Al Cl 47.5 940.5 4427 221.4 0.24
2 A2 Cl 63.5 12573 193.4 96.7 0.08
3 A3 Cl 74.5 14751 118.4 59.2 0.04
4 A5 siCl 123.5 24453 278.0 139.0 0.06
5 All siCl 287.5 56925 659.6 329.8 0.06
6 B1 CL 18.5 366.3 200.9 100.4 0.27
7 B2 Cl 30.5 603.9 199.0 99.5 0.16
8 B3 siCl 47.2 934.6 223.0 111.5 0.12
9 B4 Cl 54.5 1079.1 338.2 169.1 0.16
10 B5 Cl 79.5 1574.1 297.9 149.0 0.09
11 B8 Cl 209.0 4138.2 719.4 359.7 0.09
12 B12 Cl 291.5 5771.7 1006.2 503.1 0.09
13 BI13 siCl 303.0 5999.4 782.8 391.4 0.07
14 C2 Cl 243 481.1 266.5 1333 0.28
15 C3 Cl 344 681.1 278.5 139.2 0.20
16 C4 Cl 54.0 1069.2 218.7 109.4 0.10
17 C5 siCl 86.5 1712.7 62.1 31.0 0.02
18 C6 Cl 88.5 17523 185.1 92.6 0.05
19 C7 siCl 97.5 1930.5 64.6 323 0.02
20 C8 siCl 103.5 2049.3 62.1 31.0 0.02
21 C10 siCl 244.0 4831.2 539.8 269.9 0.06
22 Cl13 Cl 261.5 5177.7 111.1 55.6 0.01
23 C12 Cl 247.5 4900.5 355.4 177.7 0.04
24 Cl4 siCl 289.5 5732.1 991.1 495.6 0.09

*Meters below terrain level.

pretation of cone penetrometer tests that
suggested Hansbo (1957) and Houlsby
(1982) presented by equations (2, 3) for
stiff heavily consolidated clays should
be reexamined. Head and Epps (2011)
reported that the relationship described
by the equation (2) was tested using the
cone of up to 400 g. It can be assumed
that the use of the fall cone penetro-
meter test to the estimation of undrained

shear strength (c,(co,)) for heavily con-
solidated clays requires further research
and determination appropriate correla-
tion model.

The results of undrained shear
strength determined from unconfined
compressive test were correlated with ¢,
with indicatory tests (fall cone test) see
Figure 4. The correlation between this
values for soil samples with 7, > 30%
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FIGURE 1. The results of uniaxial compression test: undrained shear strength (c,) with natural water
content (w,), plastic limits (w,), liquid limits (w;), and plasticity index (/)

600 -
@ Cl, siCl - 1p>30
ACl, siCl - 1p<30
500
400 -

200 +
100 - ) y = 0,6196x
R*=0,4541 ,
O T T T T 1
0 50 100 150 200 250 300 350

z[m]

FIGURE 2. The results of unconfined compression test: undrained shear strength (c,) with depth (z);
m — meters below terrain level
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FIGURE 3. The plasticity index (/,) with normalized undrained shear strength (c,/c”,,)
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FIGURE 4. The undrained shear strength (c,) from unconfined compression test and fall cone test (The
regression line represent correlation only for soil with 7, >30%)
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TABLE 3. The fall cone test results for selected soil samples: depth of cone fall (i), correction factor (u),
calculated undrained shear strength (c,), corrected calculated undrained shear strength (c;corr))

No Sample Soil symbol i u Cy Cufcorr) 13% Cygeorr)
ISO mm - kPa kPa MPa
1 Al Cl 4.56 0.963 1330.0 1281.2 166.6
2 A2 Cl 5.34 0.710 969.9 689.0 89.6
3 A3 Cl 5.61 1.074 878.8 943.8 122.7
4 AS siCl 6.40 0.839 675.2 566.4 73.6
5 All siCl 332 0.840 2 509.1 2 107.6 274.0
6 B1 CL 7.25 0.830 526.2 436.7 56.8
7 B2 Cl 4.53 0.869 1347.7 1171.0 152.2
8 B3 siCl 4.68 0.944 1262.7 11915 154.9
9 B4 Cl 4.02 0.756 17114 1293.7 168.2
10 B5 Cl 4.19 0.727 15753 1145.8 149.0
11 B8 Cl 2.28 0.955 53202 5078.4 660.2
12 B12 Cl 3.15 0.928 2787.2 2587.2 336.3
13 BI13 siCl 3.24 0912 2 634.5 2 403.1 312.4
14 C2 Cl 4.29 0.853 1502.7 1281.6 166.6
15 C3 Cl 5.06 0.909 1080.2 982.1 127.7
16 C4 Cl 3.88 0.833 1837.1 1529.7 198.9
17 C5 siCl 3.15 1.027 894.5 918.8 119.4
18 C6 Cl 3.95 0.884 1772.6 1566.8 203.7
19 C7 siCl 5.81 0.897 819.3 734.9 95.5
20 C8 siCl 3.29 0.955 2 555.1 2441.2 317.4
21 C10 siCl 3.68 0.997 2042.2 2 036.1 264.7
22 C13 Cl 3.70 1.021 2020.2 2 061.9 268.1
23 C12 Cl 3.64 0.881 2087.3 1 838.0 238.9
24 Cl4 siCl 2.64 0.877 3968.1 3478.5 4522

and ¢, /o’,, > 0.05 is quiet good (R? =
= 0.75). In group of soil samples with
I, <30% and ¢,/0’,, < 0.05 no correla-
tion were observed.

Further analysis on sample with 7, >
> 30% and ¢, /0, > 0.05 indicated that
correction of the ¢, values by correction
factor — i (equation 3), ¢, o) lightly in-
crease correlation between the ¢, values

determined from both discussed tests
(R? increased from 0.75 to 0.78 ) — see
Figure 5.

As the research shown the ¢, values
from unconfined compression test were
usually much lower, that from indicatory
tests and were accounted for about 13%
of the ¢, value from indicatory test (see
equation on Figure 5).
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FIGURE 5. The undrained shear strength (c,) from unconfined compression test for soil with 7, > 30%
with uncorrected and corrected undrained shear strength (c,) from fall cone test

CONCLUSIONS

The paper presents the results of the
soil compression strength in unconfined
stress condition, heavily consolidated,
stiff clays and silty clays taken from great
depth from the Lower Silesia region. The
compression test results were used to de-
termine the compressive strength (g,)
and undrained shear strength (c,). The ¢,
values was determined also by the indi-
catory test — fall cone penetrometer test,
using the correlation recommended by
PKN-CEN ISO/TS 17892:2009, Hansbo
(1957).

The undrained shear strength values
obtained from the unconfined compres-
sion test ranged 31.0+658.0 kPa. Most of
the samples collected from depths greater
than 200 m showed the strength ¢,, > 300
kPa, which indicated that according the
classification PN EN ISO 14688:2006

its should be qualify as weak rock. The
results of indicatory undrained shear
strength, performed on fall cone pene-
trometer and interpreted according to the
equations (2, 3) by Hansbo (1957) and
PKN-CEN ISO/TS 17892:2009, showed
high values ¢, ranging from 3.8 to
11.13 MPa. The ¢, values obtained from
unconfined compression test were much
lower than from indicatory test, and were
accounted for about 13% of the value
first test.

The detailed analysis showed that
some soil sample due to decompression
lost its intact structure. The normalized
values c,/o’,, were in that case extreme-
ly low. This phenomenon was observed
in samples with a lower value 1, (1, <
< 30%). Those samples (with 7, < 30%
and ¢,/5’,, < 0.05) were excluded from
further analysis.
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The correlation between the ¢, val-
ues and depth were observed in group of
intact samples (R?> = 0.74). There were
almost no correlation between ¢, and
Atterberg’s limits, caused probably due
to heavy consolidation.

It is assumed that the relationship de-
rived by Hansbo (1957) recommended
by PKN CEN does not apply in the case
of stiff heavily consolidated clays. The
use of fall cone penetrometer to assess
the undrained shear strength (c,) of con-
solidated clays from great deep requires
further research and find the right cor-
relation between the penetration of the
cone, the mass, and strength c,,.
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Streszczenie: Wytrzymatosé¢ na scinanie bez od-
plhywu silnie skonsolidowanych itow. W pracy
przedstawiono wyniki badan wytrzymalosci na
Sciskanie (g,) i $cinanie w warunkach bez odpty-
wu (c,) silnie skonsolidowanych itéw. Proby po-
brano z otwor6w wiertniczych prowadzonych do
glebokosci 303 m, wykonanych na terenie Dol-
nego Slaska. Badania wykonywano dwoma me-
todami: metoda $ciskania w stanie jednoosiowego
naprezenia oraz penetrometrem stozkowym. War-
to$¢ ¢, obliczano z badan penetrometrem, sto-
sujac zalecenia PKN-CEN ISO/TS 17892:2009.
Warto$ci wytrzymatosci ¢, uzyskane z testu $cis-
kania wyniosly 31,0+658,0 kPa. Wyniki badan
wskaznikowych wytrzymatosci ¢, wykonane pe-
netrometrem stozkowym wykazaly nadzwyczaj
duze wartosci cycom) z zakresu 3,8+11,13 MPa.
Zauwazono, ze zalezno$¢ korelacyjna pomigdzy
masa stozka, jego penetracja i wytrzymatoscia c,,
zalecana przez PKN CEN, nie ma zastosowania
w przypadku zwartych silnie skonsolidowanych
itéw. Stosowanie penetrometru stozkowego do
oceny wytrzymatosci ¢, zwartych skonsolidowa-
nych ilow wymaga dalszych badan i znalezienia
odpowiedniej korelacji pomigdzy penetracja stoz-
ka a jego masa i wytrzymaloscia c,,.

Stowa kluczowe: ilty, silnie skonsolidowane ity,
wytrzymato$¢ na $cinanie bez odptywu, penetro-
metr stozkowy, jednoosiowe $ciskanie
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