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ABSTRACT: To evaluate the consolidation coefficient of non-standard dissipation types of soil-bentonite wall,
the pore pressure cone penetration test (CPTU) were conducted in field and the data were analyzed in detail using
different evaluation methods. The results show that the consolidation coefficient evaluated by the time square root
method is close to that by the time logarithm method, but the result of the modified t50m method is relatively large.
When the dissipation time of non-standard dissipation type is less than t50m, the time square root method proposed
by Sully can be used to predict the time t50m value of half of the excess pore pressure dissipation, which can
shorten the CPTU test duration. Admittedly, the time logarithm method is a simplification in pore pressure
dissipation curve.
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1 Introduction
With the rapid growth of population and the
acceleration of industrialization and urbanization, China
can produce about 1.2 ×108 tons of municipal solid waste
per year, and the increasing speed is faster. For these
municipal solid wastes, there are fewer measures to deal
with the effect. The harmless treatment rate is only 2.3%,
and most of the municipal solid waste is the same.
Transport to the suburbs is piled up in the open air, which
makes more than 200 cities in China trapped in garbage
surrounded, so garbage disposal and pollution prevention
has become a more prominent problem of environmental
protection [1]. Landfill is the main disposal method of
municipal solid waste in China. With the rapid growth of
the amount of municipal solid waste clearance and
transportation in China, the height of the landfill refuse
heap is constantly increasing [2]. In the process of landfill,
a large number of toxic and harmful substances are often
mixed with various kinds of garbage and then landfill,
which is equivalent to the concentration of a variety of
harmful components, coupled with rain, fermentation and
scouring, will inevitably produce more harmful leachate.

If the anti-seepage ability of landfill is poor, landfill
leachate will cause serious harm to the surrounding
surface water and soil. In the treatment of leachate, the
most direct and effective control method is to establish a
perfect anti-seepage system, which strictly controls
harmful pollutants, especially leachate, in a certain unit,
and at the same time establishes a complete leachate
treatment facility.
At present, cement grouting curtain (plastic concrete or
cement-soil) is mostly used to prevent leachate diffusion
in landfills in China. In contrast, the soil-bentonite wall
has the advantages of strong impermeability, low cost and
short construction period. D'appolonia [3], Evans [4] and
Schneider [5] summarized the technology of bentonite
wall. Compared with the cement-bentonite vertical wall,
the bentonite vertical wall has the advantages of low
permeability coefficient and good wall uniformity. In
addition, the use of bentonite wall avoids the use of large
quantities of cement, which conforms to the
environmental protection policy of CO2 emission
reduction.
Research progress and application of soil-bentonite
barrier in China lag behind those in Europe and America.
The mechanism that causes the sudden change of
engineering properties and poor retardation performance

of soil bentonite materials, as well as the research on the
evaluation method of compression and anti-seepage
performance of soil bentonite wall for pollutants, are still
lacking, and a relatively complete theory and technology
for anti-seepage of landfill leachate has not yet been
formed [6, 7,12-15]. This paper studies the consolidation
coefficient of soil-bentonite wall with non-standard
dissipation based on CPTU, and analyses the main
mechanism of non-standard dissipation of pore pressure.
Aiming at non-standard dissipation types, the time square
root method and time logarithm method of Chai et al. [8],
Sully et al. [9] are used to evaluate the consolidation of
soil-bentonite wall. Finally, the consolidation coefficients
of soil-bentonite wall evaluated by these methods are
compared and analyzed.

The test site is located in a landfill site in Jingjiang,
Jiangsu province, China. A test project of soil-bentonite
wall with a length of 15 m, width of 0.6 m and depth of
about 10 m was built outside the landfill site. The
bentonite used for the isolation wall is GMZ natural
bentonite and the base soil is topsoil of 0 to 1 m below the
surface near the site excavated isolation wall. Bentonite is
Na-bentonite and backfill soil is sandy clay. Content of
bentonite is 5% and backfill soil is 95%.
The test equipment is the static penetration (CPTU) test
system, which is equipped with the latest multi-function
digital probe. The probe has a cone angle of 60°, the
diameter of the cone bottom is 35.7 mm, the
cross-sectional area of the cone bottom is 10 cm2, the
surface area of the side wall friction cylinder is 150 cm 2,
the thickness of the hole pressure test element is 5 mm and
it is located at the cone shoulder. Figure 1 shows the
CPTU field test of the soil-bentonite wall. To analyze the
effect of adding bentonite, the CPTU probe penetrated not
only into the soil-bentonite wall, but also into the
foundation soil 1 m outside the wall. The test system
mainly consists of penetration system, data acquisition
system and data analysis system. Figure 2 shows the
landfill and soil-bentonite wall used in the test. The water
table is 1 to 2 m below the surface.

3 Evaluation of consolidation coefficient of
nonstandard dissipation type
Figure 3 shows the non-standard dissipation pattern of
the bentonite wall and the excess pore pressure dissipation
pattern. The pore pressure dissipation curves at the depths
of 3.60 m, 4.35 m, 4.75 m, 5.50 m, 7.10 m and 9.55 m are
listed. In Figure 3, the maximum pore pressure caused by
probe penetration is 8.183 kPa, 17.989 kPa, 18.06 kPa,
13.367 kPa, 16.371 kPa and 7.969 kPa, respectively. For
the dissipation time, it is 25 s, 495 s, 275 s, 265 s, 305 s
and 95 s. Experiments show that the excess pore pressure
values of the standard dissipation tests in this area have
the same characteristics, that is, the excess pore pressure
values do not decrease immediately, but rise for a period
of time to the maximum excess pore pressure, then begin
to decrease with time, and finally dissipate. The
dissipation time is more than 50% of the excess pore
pressure dissipation time.
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Figure 2 Landfill and soil-bentonite wall
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Figure 1 CPTU field test diagram of soil-bentonite wall
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Figure 3 Non-standard dissipation diagram of excess pore pressure of
soil-bentonite wall

After knowing the non-standard dissipation diagram of
excess pore pressure, three methods can be used to
evaluate the consolidation coefficient of soil-bentonite
wall, which are modified t50m method, time square root
method and time logarithm method [16].
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Among all non-standard pore pressure dissipation
curves, two of them are illustrated as examples. Figure 4
shows the dissipation curve of excess pore water pressure
at 7.1 m in CPTU4. If the standard dissipation method is
used in the non-standard dissipation type, the
consolidation coefficient can be evaluated by the t50 value
shown in Figure 4 [16]. That is to say, the initial excess
pore pressure is approximated to the maximum umax, the
initial time is approximated to tumax, and then the
dissipation time of 50% of excess pore pressure is
regarded as t50. This approximation method undoubtedly
brings some errors to the calculation results. In this test,
the modified t50 is used to replace the t50 value, which
makes the calculation result closer to the engineering
practice. As shown in Figure 4, the t50 at 7.1 m in CPTU4
is 1950 s, and the revised t50 is 564 s, much smaller than
the revised t50.
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Figure 4 Dissipation curve of excess pore water pressure

Figure 5 shows the t50 and the revised t50m values based
on CPTU tests. It can be seen from the figure that the
t50/t50m value of Jingjiang soil-bentonite wall is 1.9-3.5,
and the t50/t50m value of Chai et al [8] in a clay site in Japan
is 2.6-8.8. Considering the different soil properties, the
difference between the two results is acceptable.
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The time square root method is a new method for
evaluating consolidation coefficient proposed by Sully in
1999 for the study of non-standard dissipation types of
pore pressure [16]. The method for evaluating initial pore
pressure is Sully's time square root-based regression
method (Figure 7). The pore pressure dissipation curves
of two different depths under the surface are illustrated as
examples. As shown in Figure 8, the initial pore pressure
ui calculated linearly at 7.1 m depth in CPTU test hole is
72.7 kPa. The excess pore pressure (Δu = 21.7 kPa) can be
obtained by subtracting the initial pore pressure uo (uo =
51 kPa) from the hydrostatic pressure uo (uo = 51 kPa).
Half of the excess pore pressure dissipation, i.e. the
corresponding √𝑡50 of 10.8 kPa, is 33.8 √𝑠 , and the
corresponding t50 is 1142 s. Similarly, the initial pore
pressure ui estimated linearly at the depth of 5.5 m in the
CPTU test hole is 60.8 kPa. The excess pore pressure (Δu
= 15.8 kPa) can be obtained by subtracting the initial pore
pressure uo (uo = 45 kPa) and the corresponding √𝑡50 of
7.9 kPa is 52.5√𝑠, and the corresponding t50 is 275 s. In
the evaluation of the consolidation coefficient of
soil-bentonite wall based on the time square root method,
it is the key to approximate the data of pore pressure drop
as a straight line, and then extend the straight line in
reverse to obtain the initial pore pressure, which is an
important conclusion that Sully obtained through the
study of non-standard pore pressure dissipation curve in
1999.
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Figure 5 t50 and revised t50m based on CPTU

Figure 6 shows the relationship between consolidation
coefficient ch and t50m of soil-bentonite wall. Among them,
the t50m value is 9.4-33.1 min and the consolidation
coefficient is 0.11-0.96 cm2/min. At the same time, the
results of Chai [8] based on numerical analysis are given.
The t50m value is 1.65-16.78 min and the consolidation
coefficient is 0.33-3.33 cm2/min. It is worth noting that
Chai et al. [8] studied over-consolidated clay, and the
material of soil-bentonite studied in this paper is
under-consolidated or normal consolidation.
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Figure 7 Based on the time square root method of Sully [9]
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Figure 6 Evaluation of Consolidation Coefficient by Modified t50m
Method Based on CPTU
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Figure 8 Time square root method based on Sully [9]

In this paper, the time square root method based on
Sully et al. [9] is given to calculate the t50 value of
soil-bentonite wall in the non-standard dissipation type. It
is noteworthy that the dissipation time of the above
dissipation test is greater than t50 value. So, if the
dissipation time of CPTU test is less than t50 value, is it
suitable to continue using the time square root method?
Figure 9 shows the process of data analysis with
dissipation time less than t50 at a depth of 4.35 m. The
approximate value of t50 ( √𝑡50 is 62.1 √𝑠 , and the
corresponding value of t50 is 3856 s). That is to say, the
time square root method based on Sully can be used in
CPTU experiments when the dissipation time is less than
t50.
Figure 10 shows the relationship between the
consolidation coefficient ch and t50 of clay-bentonite
isolation material based on Sully's time square root
method. Among them, the value of t50 is 8.6-64.3 min and
the coefficient of consolidation is 0.01-0.087 cm2/min. At
the same time, the graph gives Sully's research results
based on time square root method. The stiffness index of
soil is 50 and 500, respectively.
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3.3 Time logarithm method
Figure 11 shows the time logarithm method based on
Sully to evaluate the consolidation coefficient of
soil-bentonite wall, taking the data at depths of 3.6 m and
7.1 m as examples [16]. At the depth of 3.6 m, the
denominator is the maximum excess pore water pressure
of 8.183 kPa, and the molecule is the real-time excess
pore water pressure. The time corresponding to U = 0.5 in
the figure is t50, t50 = 601 s. Similarly, at a depth of 7.1 m,
the denominator is the maximum excess pore water
pressure of 16.371 kPa and the molecule is the real-time
excess pore water pressure. The time corresponding to U
= 0.5 in the figure is t50, t50 = 1915 s, and then the
consolidation coefficient of the soil-bentonite wall is
evaluated by the method of standard dissipation type.
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Figure 12 shows the relationship between consolidation
coefficient ch and t50 of non-standard dissipation type
based on CPTU. The relationship diagram is based on the
results of three different methods: modified t50m method,
time square root method and time logarithm method.
Among them, the modified t50m method is to modify the t50,
and the time square root method is to linearly deduce the
measured data to obtain the initial excess pore water
pressure. The time logarithm method divides the real-time
measured pore pressure by the maximum pore pressure to
obtain the normalized pore pressure U. It can be seen from
the graph that the time square root method is close to the
time logarithm method, and the consolidation coefficient
evaluated by the modified ch method is relatively large.
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In this paper, the evaluation of consolidation coefficient
of soil-bentonite wall based on CPTU is given. Different
evaluation methods are used to estimate the consolidation
coefficient of soil-bentonite wall according to the type of
non-standard pore pressure dissipation. The conclusions
are as follows:
(1) For non-standard dissipation types of pore pressure,
modified t50m method, time square root method and time
logarithm method are used to evaluate the consolidation
and permeability characteristics of soil-bentonite wall.
The results show that the consolidation coefficient
evaluated by the time square root method is close to that
by the time logarithm method, while the result evaluated
by the modified t50m method is relatively large.
(2) For the case that the dissipation time of
non-standard dissipation type is less than t50, the time
square root method proposed by Sully can be used to
predict the time t50 value of half of the excess pore
pressure dissipation, so as to evaluate the consolidation
and permeability coefficient of soil-bentonite wall. This
method shortens the CPTU test period and saves the
CPTU test cost.
(3) In the evaluation of consolidation coefficient of
non-standard dissipation type of pore pressure, the time
logarithm method is actually a simplification of pore
pressure dissipation curve, that is, the data during the rise
of pore pressure are removed, and the consolidation
coefficient is evaluated by time logarithm coordinate with
the maximum pore pressure as the initial value. At the
depth of 3.6 m and 7.1 m of the soil-bentonite wall, the t50
values were 601 s and 1915 s, respectively.
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