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Abstract: The coefficient of permeability is an imperative engineering property of soils and it
is used in some engineering problems such as modelling of underground flow. Its determination
based on measured characteristics can significantly reduce the conclusion aspect. The
coefficient of permeability can be derived from the following measured parameters: coefficient
of consolidation (cy), coefficient of compressibility (av), coefficient of volume compressibility
(my), average particle size (D1o) and void ratio (e). In the current study, the coefficient of
permeability was calculated from the one-dimensional consolidation tests and previous
researchers derived formula. The outcome was compared with the estimated value within
PLAXIS. A simulation of both permeability parameters were modelled in PLAXIS in terms of
sample scale effect using the Mohr-Coulomb (MC) model. The sample scale effect was due to
the variation in the diameter to height ratio of the soil profile. The results showed that there
was a significant difference in the soil behaviour between the calculated and estimated
permeability. The excess pore pressure at different scale was found to be well represented
using the estimated permeability as compared to the calculated value that is due to the

variability of the permeability coefficient during consolidation and scale effect.
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1. Introduction

Since water movement within the soil is through void spaces, the larger the void space, the
greater the permeability. Coarse-grained soils specifically sand, exhibit higher permeability as
compared to the fine-grained soil like clay, which has a lower permeability [1]. Hence, the
permeability of soils depends on particle size, structure of soil mass, the shape of soil and void
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ratio, with the major factor being the particle size and void ratio. There are numerous methods
derived over the past few decades in obtaining the coefficient of permeability (k) of fine-
grained soils in the laboratory using the falling head method and one-dimensional test
(permeameter).

Over the past few decades, several models were developed to show the relationship between
permeability and particle size [2]. [3] mentioned that, [4] performed statistical power regression
analyses on 19 sets of data and the coefficient of permeability (k) was found to have a

relationship with soil grain size as shown in equation 1:
[1] k = CD101'65 t0 1.85

where c is a constant and Do is the average particle size.

The limitation of using equation 1 is that it was developed on sand soils and hence gives
inaccurate results when applied on fine-grained soils [3]. However, [3] developed a new
relationship between permeability and grain size using regression analysis as shown in equation
2:

[2] k= (D10*)*(e%)

where Kk is the coefficient of permeability (m/s), D1o is the average particle size (mm), to such
an extent that 10% of the particles are finer than that size (dimensionless) and e is the void ratio
(dimensionless). Also to equation 1 and 2, the soil permeability can also be obtained using the

relationship between cy, my and av.

[3] k = cumypw
— CvQYw
[4] K= e

where cy is the coefficient of consolidation (m?/yr), my is coefficient of volume compressibility
(m?/MN), ay is the coefficient of compressibility, e is the void ratio and y is the unit weight of
water (kN/m®). Equating equation 2 and 3, a new equation for cy is shown below:

[5] ¢, = 2x e

MyYw

The effect of the coefficient of permeability on the scale effect (D/H ratio) was not previously
investigated. However, [5] showed that D/H ratio has a significant influence on the
compressibility parameters taking into consideration the estimated k value in PLAXIS. The
current study shows the impact of the estimated and calculated values using equations 2 and 3.



The outcome is related to the standard D/H ratio recommended for consolidation analysis by

the British and American standard.

2. Diameter to height ratio scale

Series of Oedometer tests were conducted at different D/H ratio as depicted in Table 1 with the
soil properties shown in Table 2. The Kaolin clay used was provided by Cornwall Council
England. For valid comparison in the D/H ratio, the average of the initial moisture content was
considered. The sample preparation and test setup as described in the British and American
standard [6] and [7] were adopted. The test was run over a period of 24 hours at certain load
increments (55 — 276kPa) under double drainage. Data were obtained using a computerised
system connected to each Oedometer test with an accuracy of +0.1%. The system was able to
read data from six channels simultaneously. During the consolidation tests, the coefficient of
permeability (k) was not measured due to the lack of facilities but was calculated from previous

researcher’s derivations.

Table 1: Scale range Oedometer tests [5]

D/H 05 | 1 | 12 2@ |2M®]| 3 | 4 | 5 | 65 ] 11

Diameter (mm) | 100 | 150 | 250 | 150 | 250 | 250 | 100 | 150 | 150 | 250

Height (mm) 200 | 130 | 200 80 130 | 80 23 30 23 23

Tests T1 T2 | T3 T4 5 | T6 | T7 | T8 | T9 | T10
Initial moisture | 91% | 74% | 55% | 65% | 55% | 55% | 80% | 60% | 59% | 64%
Average 66%

Table 2: Soil Properties summary [5]

LL PL Pl Gs | cu (kN/m?) Mineralogy
Kaolin 63% | 32.4% | 30.6% | 2.6 | 0.28-12 Kaolinite and Quartz

where LL is the liquid limit (%), PL is the plastic limit (%), P1 is the plasticity index (%), Gs is the specific gravity

and cy is the undrained shear strength (kN/m?)

3. Finite element model

To model the saturated fine-grained soil, the coefficient of permeability is vital for PLAXIS as
it uses this parameter during the consolidation analysis. The Mohr-Coulomb (MC) model is
used with soil void ratio varying from 1.2 to 2.5. The calibration of the finite element model

with the experimental data is found in [5].




3.1. Coefficient of permeability model parameters

The one-dimensional model was completed using an axisymmetric and discretized 16 nodes
element. The young’s modulus was assumed to be 1000 KN/m?, and the estimated coefficient
of permeability (k) was employed in PLAXIS with a constant value of 5.5x10" m/s. The
estimated k value in PLAXIS was gained using the inputted initial void ratio. The boundary
conditions were set as permeable at both the top and bottom of the soil profile with the side
being impermeable. The vertical load was applied in double increments to achieve comparative
curve to the experimental data. The calculated k values are shown in Table 3.

Table 3: Calculated coefficient of permeability (kc)

DH|DH1| DH | DH | DIH | D/H3 | D/H4 | D/H5 | D/H | DIH11
0.5 1.2 2(a) 2(b) 6.5

k2 (x10°) | 1.28 | 061 | 067 | 052 | 060 | 014 | 071 | 029 | 035 | 0.35

k3 (x10°) | 0.023 | 0.00094 | 0.00064 | 0.00019 | 0.00012 | 0.00024 | 0.00072 | 0.00045 | 0.00041 | 0.00014

where k¢ is the coefficient of permeability calculated using equation 2 (m/s) and k is the coefficient of

permeability calculated using equation 3 (m/s).

3.2.
1)

Results

Excess pore pressure distribution

During double drainage consolidation tests, the excess pore pressure (Uexcess) 0ccurs at the mid-
depth of the soil profile. For accurate and precise determination of the compressibility
parameters and Uexcess, the American and British Standard recommended a D/H ratio of 2.5 and
4 respectively. Theoretically, the excess pore pressure is obtained from the relationship of
effective and total stress. Uexcess IS also obtained by multiplying the unit weight of water by the
soil height [8]. Data are presented in terms of three drainage scenarios with k.. Casel
(horizontal drainage), Case 2 (vertical and horizontal drainage) and vertical drainage.

2)  Estimated coefficient of permeability (Ke)

[5] investigation revealed that at D/H less than 2, fluctuations in behaviour are found as
compared to D/H greater than 2. The minor difference with the Standard is not significant as
the findings still validate that stated in the British and American Standard. Figure 1 shows the
behaviour of the soils using the estimated k value compared the experimental outcome. From
Figure 1, D/H greater than 2 shows a less significant difference in the rate of consolidation.

There is an important maximum difference between D/H less than 2 and greater than 2,




indicating the important of selecting the appropriate value for the D/H ratio as per the Standard.

Similar patterns were observed at load increment ranging between 110kPa to 276kPa.
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Figure 1: Numerical and experimental analysis of the effect of sample scale on on fine
grained soil using the estimated coefficient of permeability; a) and b) FEM and c) and

d) Experimental
3) Calculated coefficient of permeability (kc)

It was noted that the estimated coefficient of permeability (ke) presented identical and
consistent result for both drainage scenarios (case 1 and 2) (Figure 1). However, when the
calculated coefficient of permeability (kc%) was used during simulation, a drastic change in
performance was noted in case 1 and 2. Figures 2 to 5 also complements soil behaviour under
sample height and D/H ratio scale. DS150H130 (Figure 2a) was further corrected using a higher
strength value of 150kN/m?. This was found to be successful only in case 2 when using k¢?. At

DS250H200, the soil collapsed before the consolidation phase calculation was completed in



case 1 (depicted in Figure 2c) and ended when a strength value of 200kN/m? was used in case
2. DS100H200 (Figure 2d) strength value of 55kN/m? was used in case 2, and case 1 was
corrected using 200kN/m?.

Calculated coefficient of permeability k.2 and k* obtained using equation 2 and 3 respectively
were used during the analysis. From the parameters depicted in Table 3, the relationship of the
soil behaviour is shown in Figures 2 to 5. Figure 2 follows the same pattern as Figure 1 except
at D/H 1.2 (DS250H200). This array contradicts findings in Figure 1 where at D/H greater than
2, accurate Uexcess illustration was observed. There is a maximum difference of 1% and 5% at
D/H 0.5 (DS100H200) and 1 (DS150H130) using kc® and k¢ respectively. D/H 1.2
(DS250H200) at ke is 89% less than that achieved using ke.
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Figure 2: Effect of different drainage scenarios under the calculated coefficient of
permeability (kc?) at 55kPa (Where: case 1 is the horizontal drainage scenario and case 2 is combined

vertical and horizontal drainage)
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Figure 3: Effect of different drainage scenarios under the calculated coefficient of

permeability (k¢?) at 55kPa (continue) (Where: case 1 is the horizontal drainage scenario and case 2

is combined vertical and horizontal drainage)

Case 2 and vertical drainage was found to produce identical trends at DS250H130, DS250H23,
DS150H23, DS150H80 and DS250H80, but DS100H23 has a maximum difference of 18%. On
the other hand, DS250H130 and DS100H200 have a maximum difference of 8% and 9%

respectively between the vertical drainage and case 2. Case 1 does not correlate well with the



remaining drainage condition at all sample diameter scale except at DS100H23 where the

difference is disproportional.

Case 1 drainage type was not successfully applied with k2 as shown in Figure 4a, b, ¢, d and
Figure 5e, where the variation in D/H = 1, 2(b), 1.2, 0.5 and 11 respectively is inconclusive.
The failure of case 1 was due to NAN (Not a Number) found. NaN only occurs when the field
elements are in a plastic state. As a resolution, the strength of the soil material is increased, or
a linear elastic soil material could be used [9]. This is because during consolidation, as the load
increases, the soil behaviour changes from elastic to plastic which is affected by the strength
and compressibility characteristics of the soils. Therefore, the significant variation between the
drainage type in both Figures 2 to 5 are mainly incorporated with sample scale and the
permeability factors. This is because, in PLAXIS, the consolidation is modelled using the
permeability value. Hence, this findings shows not only the importance of the permeability

values but that of the effect of drainage type at several DS.
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Figure 4: Effect of various drainage scenarios under the calculated coefficient of
permeability (kc®) at 55kPa (Where: case 1 is the horizontal drainage scenario and case 2 is combined

vertical and horizontal drainage)
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Figure 5: Effect of various drainage scenarios under the calculated coefficient of
permeability (kc®) at 55kPa (continue) (Where: case 1 is the horizontal drainage scenario and case 2

is combined vertical and horizontal drainage)

The ¢y value was obtained using the Taylor’s method at 55kPa in the calculation of k. ¢y values
ranged from 0.75 — 13.7 m?/yr and my from 0.0007 - 0.006 m?/MN. There is a 57% decrease in
excess pore pressure at D/H 0.5 (DS100H200) from the estimated ke value and a fluctuation in
behaviour in the remaining scale. It can thus be stated that the calculated k value using equation
3 gives a more realistic observation at D/H 0.5 (DS100H200). At D/H 1.2 (DS150H200) there



was a 99% increase in Uexcess @S compared to the estimated findings. Hence, the calculated
coefficient of permeability k using equation 3 is not applicable where the scale is an issue (D/H
<2and D/H =5).

4. Conclusion

The current study evaluates the difference between the calculated and estimated coefficient of
permeability (k). The calculated k¢ value from equation 3 was compared with that derived by
[3] using regression analysis and that estimated from PLAXIS. The findings show that, in terms
of excess pore pressure and scale, equation 3 is more effective as the measured parameters
reflect the soil behaviour. The estimated value presented more accurate findings at all the
sample scale as compare to ke. On the contrary, equation 2 by [3] was also valid but not at D/H
less than 2. Equation 3 is especially valuable to D/H 0.5 where excess pore pressure was faintly
observed at the centre of the soil matrix. Both calculated and estimated k values showed to have
a negligible error in excess pore pressure. However, this error is significant on cy and the
significance was corrected with a correction factor of 0.677. Therefore, it was proposed that

equation 2 and 3 when equated provides a new relationship for ¢y as shown in equation 5.
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