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Abstract: Estimation of unsaturated hydraulic conductivity could benefit many engineering or
research problems such as water flow in the vadose zone, unsaturated seepage and capillary barriers
for underground waste isolation. The unsaturated hydraulic conductivity of a soil is related to its
saturated hydraulic conductivity value as well as its water retention behaviour. By following the
first author’s previous work, the saturated hydraulic conductivity and water retention curve (WRC)
of sandy soils can be estimated from their basic gradation parameters. In this paper, we further
suggest the applicable range of the estimation method is for soils with d;,>0.02mm and C, <20, in
which dj, is the grain diameter corresponding to 10% passing and C, is the coefficient of
uniformity (C, = dgo/d,,). The estimation method is also modified to consider the porosity
variation effect. Then the proposed method is applied to predict unsaturated hydraulic conductivity
properties of different sandy soils and also compared with laboratory and field test results. The
comparison shows that the newly developed estimation method, which predicts the relative
permeability of unsaturated sands from basic grain size parameters and porosity, generally has a
fair agreement with measured data. It also indicates that the air-entry value is mainly relative to the
mean grain size and porosity value change from the intrinsic value. The rate of permeability decline
with suction is mainly associated with grain size polydispersity.

Keywords: hydraulic conductivity; unsaturated granular soil; relative permeability; grain size
distribution; porosity

1. Introduction

Unsaturated hydraulic conductivity (or permeability) is an important parameter for the study
of water flow in the vadose zone, unsaturated seepage process, underground waste isolation etc.
However, measuring unsaturated hydraulic conductivity values of different sediments could be
time- and cost-consuming. An estimation method of unsaturated hydraulic conductivity could be
useful for early design and research processes. Normally, unsaturated hydraulic conductivity is
regarded as a parameter associated with its saturated hydraulic conductivity and the soil water
retention curve (WRC, the relationship between suction and degree of saturation) [1-3]. For sandy
soils, it is also widely accepted that using grain size distribution parameters can estimate its saturated
hydraulic conductivity [4-8] and water retention curve [9-12]. Therefore, the unsaturated
conductivity properties of sandy soils may also be primarily predicted from their particle size
distributions. The recent work of Wang et al. [8,12] can be extended for estimating unsaturated
conductivity properties, for example, the relative permeability.

By using the dimensional analysis method and combining with regression analysis on a
database, Wang’s model [8] has been developed to predict hydraulic conductivity values of saturated
sandy soils from grain size parameters. The method shows the best prediction accuracy among the
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classic methods. Moreover, they have also developed a method to estimate water retention behaviour
of sandy soils after van Genuchten’s closed-form equation [12], which is also related to the
unsaturated permeability. In this paper, we will clarify the applicable soil type (range of particle size
distributions) for Wang’s estimation methods by assuming that the methods are more suitable for
sandy soils with unimodal pore-size distributions, which has not been covered by the previous
studies. Further verification of Wang’s model [8] for saturated hydraulic conductivity predictions
will be carried out on sands beyond the dataset used for the model development. Besides soil
gradation parameters, as an important new contribution we will also consider the porosity variation
effect on the air-entry value of relative permeability and water retention curve, which will further
improve the model accuracy. Then, by embedding the van Genuchten’s closed-form equation, the
relative permeability of unsaturated sandy soils can be calculated from dg, (60% passing grain size),
coefficient uniformity C,, and porosity ¢. Model validations will be carried out based on laboratory
and field test results. The effect of key gradation parameters and porosity variations on unsaturated
hydraulic conductivity properties will also be discussed.

2. Estimation of Saturated Hydraulic Conductivity

2.1. Estimation Equations Based on Grain Size Parameters

To predict the unsaturated hydraulic conductivity of a soil, the hydraulic conductivity at the
fully saturated condition is required. Generally, the unsaturated hydraulic conductivity properties of
unsaturated soils are predicted or estimated based on their saturated hydraulic conductivity values,
such as:

K, =K K 1)

where K, is the unsaturated hydraulic conductivity, K is the hydraulic conductivity at the fully
saturated condition and K, is the relative coefficient of permeability, which is a function of suction
or degree of saturation (the function should also be associated with the soil pore structures).

It is well known that the saturated hydraulic conductivity of sandy soils can be estimated from
its grain size parameters. There are several typical and widely used equations, the most well-known
equation being the Hazen equation [4], in which the saturated hydraulic conductivity is expressed as
a proportional relationship to the squared value of a characteristic particle size (usually dy,):

K=Cy %dfo ()

where g is the gravitational acceleration (m/s?) and v is the fluid kinematic viscosity (m?%/s) (v =
0.89 X 107°m?/s at 25°C for water). Empirically, Cy is a unitless coefficient about 6.54 x 10™* [13].
Meter can be used as the length unit in this equation to keep the unit consistency (to obtain hydraulic
conductivity value in m/s). Furthermore, the effect of particle size uniformity is considered in another
equation proposed by Beyer [5], which can be written as:

500
K=C, % log [C—] d 3)

u

in which the empirical coefficient Cz is 6 X 10™* (unitless) and the coefficient of uniformity C,
(unitless) is the ratio of grain size at 60% passing and grain size at 10% passing (C,, = %). Moreover,
10

the Kozeny—Carman model [6,14-16] is another classical model with the porosity effect embedded:

9. &
K—CKVde )
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where the empirical coefficient Cyx is 1/180 determined by flow in capillary tubes or beds of spheres
and ¢ is the porosity.

Empirically, Chapuis [7] proposed an equation to estimate saturated hydraulic conductivity
based on d;, and void ratio e. In the international unit system (SI), it can be expressed as:

3 0.7825
K =0.024622| 10°d2 £ 5)
10 1_ e

More recently, Wang et al. [8] analyzed the relationship between saturated hydraulic
conductivity and particle size distribution for sandy soils by using dimensional analysis. They found
that grain size uniformity coefficient and a dimensionless group term, expressed by gravitational
acceleration and a characteristic grain size dg4,, are the main two determinative parameters for
estimating hydraulic conductivity. In Wang’s equation [8], K can be expressed as:

3 \1! 3 \1!
K=C,C,' 2d} (Iogm ﬁz‘”j ~C, 2 (Iogm %“j ©)
14 v |4 v

where €y, =2.9% 1073 and a = —2. The above equation has no extra parameters comparing with
other classic methods. Wang et al. [8] have proved that the above equation has higher accuracy
especially for soils with hydraulic conductivity values ranging from 2 x 10-> m/s to 2 x 10> m/s. From
the dimensional analysis, the above equation already counts as part of the porosity effect as porosity
has an intrinsic correlation with particle size uniformity C,. Following Vukovic and Soro [17], the
intrinsic porosity of a sand is a function of its C,, empirically as:

CU
¢ = o(1+ %) %
where w and f are unitless constants. After a database consisting of 431 unlithified sediment
samples [18] the two parameters are fitted as w = 0.2 and § = 0.93 by Wang et al. [12]. However,
the model in Equation 7 didn’t consider the porosity variation of a particular sample due to its micro-

structure arrangement. Then, a modified model was proposed in which the porosity difference
between the current value and its intrinsic value is considered as:

3

1
. d
K=|C,C, (Iog10 gvf(’] +bAg %dszo ®)

where b is a fitting parameter and A¢ = ¢ — ¢, in which ¢ is the current porosity and ¢, is the
intrinsic porosity calculated by Equation 7.

2.2. Applicability and Validity of the Estimation Equation

It has been proved in the literature [8] that the new models in Equation 6 and Equation 8 have
better performance than the classic models. The new models in Equation 6 and Equation 8 are
developed semi-empirically based on a database of 431 sandy soils [18]. It is required to further clarify
the applicability and validity of the new models on more soils beyond the database. As the new
models are proposed based on the Roasas database, the validity of the model should be restricted by
a certain range of soil types. The key particle size parameters of this database is as the following
range: 0.05 mm <d;, <0.83 mm, 0.09 mm < dg,< 429 mm, 1.3 < C, < 18.3. The validity of the new
models may be decreased for sediments with a particle size distribution beyond the above range.
Therefore, we used the saturated hydraulic conductivity values of the UNSODA database [19] for
further validation. Firstly, we compared the performance of different models for all possible soils in
the UNSODA database, if the saturated hydraulic conductivity value and all required model
parameters, such as di, and C,, are available. Figure 1 demonstrates a comparison between
different models. For each subfigure, the horizontal axis is the model predicted values and the vertical
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axis is the measured values. If the dataset is closer to the equality line, that means the slope of the
regression line is closer to 1 then the performance of the model is better. It can be seen that, if the
particle size range is not considered in the model application, the overall prediction is not accurate
enough for all models (although Wang’s second model is the best).
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Figure 1. Prediction on saturated hydraulic conductivity of different models on soils from the
UNSODA database. (a) Hazen model; (b) Beyer model; (c) Kozeny—Carman model; (d) Chapuis
model; (e) model of Equation 6; (f) model of Equation 8.

The prediction errors of the different models in Figure 1 could be induced by the fine content in
some soils. The introduced estimation models in section 2.1 are mostly based on granular soils
without aggregation effect, which may mainly have single peak pore size distributions. However, if
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the sandy soils have a certain amount of fine particles like clay, aggregation and cementation effect
may lead the soil to a dual pore structure (sketch can be seen in Figure 2). As discussed by some
authors [20,21], silty and clayey soils may have bimodal shape pore size distributions, which can not
be covered by the models introduced above. This means that the models presented above are more
suitable for granular soils or sands with unimodal pore size distribution. Soils with other shapes of
pore size distribution curve should be excluded when applying the hydraulic conductivity models.

A

Induced by fine content ,l _—Clean sand

aggregation/cementation I

Frequency

Single peak

Pore size

Figure 2. Sketch of the fine content effect which may change the pore size distribution to a dual-
structure.

For soils with very fine particles which could induce dual-structure pore size, the characteristic
grain size d;, could be very small and the coefficient of uniformity C, may become relatively large.
Here, we restrict the two parameters as d;, >0.02mm and C, < 20, as according to the particle size
range of the Rosas database [18]. Soils are selected from the UNSODA database according to the
above soil gradation range. Then, the model performances are compared again based on the filtered
soils in Figure 3. In Figure 3(c,d,f) only soils with available porosity or void ratio values are compared.
It can be seen that for sandy soils from the UNSODA database with d,, > 0.02mm and C, <20 all
models have much better prediction accuracy. Therefore, to predict the saturated hydraulic
conductivity of granular soils based on particle size distribution, the different estimation methods
may be more suitable for granular soils with a unimodal shape pore size distribution. To restrict the
application of the models to sandy soils within a particular particle size distribution range (d,, >
0.02mm and C, <20 at the same time) is recommended.
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Figure 3. Prediction of different models on sandy soils with d;, > 0.02mm and C, < 20 from the
UNSODA database. (a) Hazen model; (b) Beyer model; (¢) Kozeny—-Carman model; (d) Chapuis
model; (e) model of Equation 6; (f) model of Equation 8.

3. Prediction of Unsaturated Relative Permeability

3.1. Van Genuchten’s Closed-Form Equation

The relative permeability (K,) in Equation 1 is normally regarded as a function of degree of
saturation or suction. In the classic Mualem'’s equation [22], the relative permeability is expressed as:

S, g
K, =S, Iol "”l > ©)
onl as,

in which S, is the effective degree of saturation and ¥ is suction. Normally, S, is determined as
Se = (S, —5%)/(1 = §7%°) in which S, is degree of saturation and S/ is the residual degree of
saturation. According to van Genuchten’s closed-form equation [2], the effective degree of saturation
has the following relationship with suction ¥ and an air-entry value related parameter a:

m

S, = 1+(Zj (10)

(24

in which n and m are model parameters. For sandy soils, m is suggested to be equal to % — 1, therefore:
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1
S, = 1+[ﬂ] (11)
o

By substituting the above equation into Mualem’s equation (Equation 9), we can obtain the
following equation:

2
1-=

K, =S |1+ (1—5;**] (12)

Sl

And by implementing the van Genuchten’s closed form equation, the relative permeability can
be rewritten as a function of ¥ and a:

1-n

1
n |on n-1 n |y
K, = 1+(ﬂj 1-(@ 1+(Zj (13)
a (94 (94

3.2. Prediction of Van Genuchten’s Parameters from Particle Size Distribution

In literature, there are a number of mathematical models to predict the water retention behaviour
of an unsaturated soil from its particle size distribution, which is usually called pedotransfer
functions. One of the most recent models is proposed by [12] using a semi-physical (based on
dimensional analysis) and semi-empirical approach after van Genuchten’s closed-form equation. The
authors have proved that for sandy soils it generally has better performance than other typical
empirical models, especially when the grain size is more uniform.

In this model, the following type of equation can be employed to estimate the parameter n in
van Genuchten’s equation:

n= IL +1 (14)
Oglo Cu

7

in which C, is the coefficient of uniformity and C; is a model constant, which is suggested to be

approximated as 1.07. For the parameter «, it is found that the dimensionless term % is

approximately a constant C, which means a is inversely proportional to the mean particle size.
Then a can be written as:

a=—f= (15)

Cpy
60
And C, is suggested to be around 12.07. By combining the estimation of a and n with the
closed-form equation of relative permeability in Equation 13, the hydraulic conductivity properties

of unsaturated sandy soils can also be estimated from the gradation parameters.

3.3. Effect of Porosity Variation on the Air Entry Value

Referring back to Equation 7, it can be seen that there is an average or intrinsic porosity for a
sandy soil which can be estimated from its grain size uniformity coefficient. However, it is just a
general form relationship between key grain size distribution and porosity. It does not consider the
variation of the pore structures (due to its fabric or stress conditions) which may change the initial
porosity of a sandy soil with a particular particle size distribution. Here we propose a new model to
include the effect of porosity variation, which has not been considered in the original Wang’s
equation. Hu et al. [23] proved that the deformation-induced void ratio change is positively
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correlated to the logarithm scale difference of mean pore size. Following the same spirit, as the air-
entry value is associated with the mean pore size, we may also propose that the porosity change of a
granular soil from its intrinsic value (¢ — ¢,) can lead to a logarithm scale difference in air-entry
value parameter « as:

(Ina-Inay) o< (¢-4,), (16)

in which @, represents the air-entry value parameter when ¢ = ¢,. By introducing a parameter ¢
to the correlation, it may be expressed as:

In a-lna0=§(¢-¢0) (17)

There were 70 soils samples in the original analysis of Wang et al. [12] and porosity values of 18
sands out of the 70 are available (and 17 of the 18 sands have d;, > 0.02mm and C, < 20). Table 1
demonstrates the gradation parameters and the water retention curve coefficients (best fitted from
van Genutchten’s model) of these sands. Figure 4 shows the relationship between ¢ — ¢, and Ina —
In a,. It can be seen that they are generally in a linear relationship and the parameter can be taken as
¢ = —4.7 (used in Section 4). The above equation can then be reformatted as:

a=ae' ), (18)

in which e is the natural constant. By employing Equation 15 to estimate «,, it can be written as:

o= Co¥ pilo-)

19
d,, (19)

This equation estimates the air-entry value of the water retention behaviour based on not only
gradation parameters but also the relative density or porosity variation. Therefore, the relative
permeability of a granular soil can be calculated by Equation 13 with parameters of n and a being
estimated from its gradation and porosity in Equations 14 and 19 (which also gives the water
retention curve).

2
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b-bo
Figure 4. Effect of initial porosity on air-entry value: relationship between porosity variation and
logarithm scale air-entry value difference.

The performance of the corrected estimation equation on the air-entry parameter is
demonstrated in Figure 5 based on the 18 sands. Figure 5a is the prediction performance of the
original estimation method in Equation 15 and Figure 5b shows the results of the corrected model in
Equation 19 which considers the variation of porosity for the same sand. The horizontal axis is the
predicted a value by the estimation models and the vertical axis is the measured a based on the
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experimental values (best fitted by van Genuchten’s model). It can be seen that the R? value is
increased by a fitted ¢ = —1.61.
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Figure 5. Prediction performance of parameter a by the original method and the corrected method.

(a) original method (Equation 15); (b) corrected method (Equation 19).

Table 1. Soil gradation parameters, porosity values and best fitted water retention curve (WRC)
parameters of @ and n for the 18 sandy soils.

Sample dyg dsg dgo c Fitted Parameters Goodness of Fitting

D (mm) (mm) (mm) § ¢ a (kPa) n SSE RMSE R:

1011 0.00946 0.10699 0.15511 19.743 0.43 0.43 2.75 0.016 0.047 0.989
1014 0.02078 0.11454 0.16293 9.350 0.45 0.94 2.66 0.007 0.027 0.995
1461 0.21825 0.30949 0.43887 2.395 0.37 9.47 3.70 0.050 0.085 0.933
1462 0.12691 0.23000 0.30867 2.818 0.43 5.70 343 0.037 0.068 0.955
1463 0.12733 0.23915 0.31552 2.846 0.40 6.21 3.65 0.025 0.056 0.970
1464 0.10089 0.14356 0.20548 2.552 0.37 6.15 3.13 0.049 0.078 0.950
1465 0.02491 0.07375 0.10463 5.000 0.38 2.08 1.88 0.005 0.025 0.996
1466 0.05631 0.07855 0.09897 2.034 0.41 5.44 4.56 0.009 0.034 0.993
1467 0.02932 0.20852 0.31649 13.299 0.31 213 1.58 0.011 0.037 0.989
3330 0.04041 0.20388 0.28925 8.526 0.42 1.62 1.65 0.024 0.069 0.971
3331 0.11858 0.22780 0.29709 2.861 0.44 453 2.58 0.026 0.072 0.975
3332 0.20284 0.25656 0.32451 1.799 0.43 7.78 3.48 0.014 0.054 0.987
3340 0.12617 0.18315 0.26612 2.549 0.46 3.95 2.26 0.086 0.055 0.973
4523 0.12133 0.16532 0.21988 2.106 0.41 8.83 7.04 0.072 0.081 0.969
4650 0.07221 0.23130 0.31953 5.201 0.38 2.20 2.01 0.032 0.037 0.992
4651 0.08383 0.22687 0.32525 4.646 0.38 1.95 2.01 0.029 0.036 0.992
4660 0.06469 0.21709 0.30134 5.488 0.46 0.45 1.48 0.036 0.039 0.986
4661 0.07221 0.22944 0.31132 5.022 0.43 0.79 1.74 0.015 0.026 0.995

SSE: sum of square errors. RMSE: root-mean-square error. R% coefficient of determination. *:

numbered IDs are from the UNSODA database.
4. Verification of the Estimation Model

4.1. The Effect of Porosity on Predictions of Water Retention Curve (WRC) and Relative Permeability

The proposed model can then be applied to different sediments with various initial porosity
values to have a further verification. In the UNSODA database, there are three typical sandy soils
with different initial porosities. They are the Wagram sand (ID: 1140, 1141, 1142), the Berlin coarse
sand (ID: 1460, 1461) and the Berlin medium sand (ID: 1462, 1463), which have not been used for the
calibration process in the previous section. The three typical sands are also widely used in other
studies of water retention and hydraulic conductivity behaviours in the literature [23,24]. Soil
gradation parameters and best-fitted water retention curve coefficients of these sandy soils are
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summarised in Table 2. For each sand, as the soil gradations are similar, we used the average
gradation parameters for the hydraulic property estimations and regard porosity variation as the
main controlling parameter. The van Genuchten’s model parameter « is estimated by Equation 19
in which both the soil gradation effect and porosity variation effect are considered (£ = —4.7 is used
in Section 4 as it is directly fitted from the diagram). The van Genuchten’s model parameter n is
predicted by Equation 14 which is only related to the coefficient of uniformity C,. The Wagram sand
has only water retention curve data. Therefore, we firstly compare the measured and predicted water
retention curve in Figure 6 in which the points are measured results by experiments and the lines are
predicted by the model. It can be seen from Figure 6 that model predictions agree well with
experimental results. With porosity decrease, the water retention curve is shifted to the right and the
air-entry value becomes higher. The modified model fairly presents the effect of porosity change.

Table 2. Soil gradation parameters, porosity values and best fitted WRC parameters (¢ and n) for the
three sandy soils which are employed for the model verification.

Soil Sample dq ds, deo c Fitted Parameters Goodness of Fitting
Type* ID** (mm) (mm) (mm) " a (kPa) n SSE RMSE R?
Waeram 1140 0.428 3752 3.657 0011 0031  0.99

& . 1141 0051  0.147 0.25 49 0336 4318 3340  0.024 0044  0.989
san 1142 0.272 4889  2.881  0.023 0043  0.989
Berlin 1460 0.297 5510 8236 3950 0703  0.444
C;’:;Ze 1461 0217 03805224, 00 3123 3702 0050 0085 0933
Berlin 1462 0.43 3233 3424 0037 0068  0.955
m::;‘;m 1463 0127 0285 0360 28 40 3514 3654 0025 005  0.970

SSE: sum of square errors. RMSE: root-mean-square error. R?: coefficient of determination. *: Soil
gradation parameters are average values for each soil. **: numbered IDs are from the UNSODA
database.

S :

\3, ., Wagram sand
‘\é‘ (1D:1140,1141,1142)

08 [ = =
Cu 4.9, d60 0.25mm

\

decrease ¢ ]

0.4 O Experiment, $=0.428
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Experiment, $=0.272
Prediction, $=0.428
= = Prediction, $=0.336
Prediction, ¢=0.272

0.2r

Effective Degree of Saturation

1072 10° 102
Suction (kPa)

Figure 6. Measured and predicted water retention behaviour of the Wagram sand.

Furthermore, both of the water retention curve prediction model (Equation 11, Equation 14 and
Equation 19) and the relative permeability prediction model (Equation 13, Equation 14 and Equation
19) are applied to Berlin coarse sands and Berlin medium sand as these sands have both water
retention curve and unsaturated hydraulic conductivity data. The model performance is
demonstrated in Figure 7. Figure 7a compares the estimated water retention behaviour and measured
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results of Berlin coarse sands. It can be seen that for the sample with ¢ = 0.373 the model fits the
experimental measurements in the drying path and for the sample with ¢ = 0.297 the model catches
the basic trend. Figure 7b presents model predictions of relative permeability of Berlin coarse sands.
The predicted curve coincides with the laboratory data and it shows that a lower porosity leads to a
higher air-entry value. It also indicates that the estimation methods normally have higher accuracy
when the suction is relatively low (with a high degree of saturation). As introduced by Wang et al.
[25], when the degree of saturation is lower, the morphology of liquid-air interfaces could be much
more complex and more related to grain shape parameters besides grain size distribution. This
partially explains the error when suction is relatively higher. The model estimations of water
retention curves and relative permeability for Berlin medium sand are presented in Figure 7c—d. The
estimation models have good agreement with the experimental results as the measured and predicted
air-entry values are similar. It also indicates that the model prediction performance for medium sands
in Figure 7c—d is better (as for Berlin coarse sand with ¢ = 0.297 there is an over-estimation of
parameter n). Comparisons between measured (best fitted) model parameters of @ and n and
predicted values by Equations 14 and 19 are also depicted in Figure 8. It can be seen that the
predictions normally have good agreement with measured values except the Berlin coarse sand with
¢ = 0.297 (ID 1460) in which a and n are underestimated. This could because of the experiment
error or inclusion of some fine contents in the sample.
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g 081 \ Cu=2'4‘ d60=0‘52mm 1 > Cu=2.4, d60=0.52mm
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9} x
204l 10 °
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%) . O Experiment, ¢$=0.297
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8 0.2+ O Experiment, ¢=0.373 y 6L P pd‘ i g % 2'97 |:|‘\
= Prediction, ¢=0.297 o 10 rediction, ¢>: . v
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Figure 7. Prediction performance of coarse and medium Berlin sands. (a) water retention curve of
Berlin coarse sand; (b) relative permeability of Berlin coarse sand; (c) water retention curve of Berlin
medium sand; (d) relative permeability of Berlin medium sand.
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Figure 8. Comparison between predicted and measured parameters for Berlin sands. (a) parameter
a; (b) parameter n.

4.2. Verification on a Set of Field Test Data by Instantaneous Profile Method

The model constants in the estimation model are determined based on the database (the 18 sandy
soils in Table 1). The applicability of the proposed method beyond the database should also be
proved. Here, we extend the application of the proposed estimation equations to other experimental
data. In the UNSODA database, the field measured unsaturated hydraulic conductivity values of
some sandy soils are available and the data have not been used for model calibration in Section 3.
Among the different field measurements, the instantaneous profile method [26] is the most widely
employed one which can be applied both in situ and in the laboratory [27]. Therefore, we carried out
further model validation on these sandy soils. As we suggested in Section 2, the estimation model is
more suitable for sandy soils within the range of d;, >0.02mm and C, <20 and it does not consider
the hydraulic hysteresis effect. Therefore, sediments which have been measured by the instantaneous
profile method in the drying path within the above grain size distribution range should be chosen for
this verification. After checking throughout the UNSODA database, sandy soils with ID numbers
1014, 1023, 1024, 1241, 2105, 3134, 3162, 3163 and 3164 are eligible for these conditions. Soil gradation
parameters of these sandy soils are summarised in Table 3.

Table 3. Soil gradation parameters of sandy soils tested by the instantaneous profile method.

Sample dyg ds dsg deo dyg C

ID (mm) (mm) (mm) (mm) (mm) *
1014 0.021 0.115 0.163 0.194 0.469 9.35
1023 0.125 0.555 0.713 0.808 1.473 6.48
1024 0.115 0.515 0.665 0.755 1.347 6.59
1241 0.237 0.415 0.598 0.689 1.252 2.90
2105 0.022 0.106 0.161 0.198 0.430 8.83
3134 0.107 0.163 0.250 0.289 0.444 2.70
3162 0.031 0.085 0.132 0.160 0.358 5.11
3163 0.051 0.087 0.129 0.154 0.289 2.99
3164 0.052 0.091 0.135 0.161 0.338 3.09

Figure 9 depicts the original and corrected model predictions for the sand with ID number 1014.
The experimental results are also demonstrated as circles for comparison. In the original estimation
method, the air-entry value parameter is estimated based on its grain size distribution (the intrinsic
porosity is 0.302 by Equation 7). However, the measured porosity of this sand is 0.45. It can be seen
that without considering the porosity variation, the original uncorrected model (Equation 15) has an
overestimation of the air-entry value which leads to a higher relative permeability. However, by
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applying the corrected model, the model performance is significantly enhanced as the prediction line
becomes much closer to the measured data points (the parameter a is reduced from 2.53 kPa to 1.76
kPa).

10° <z ,
. ID 1014
C =9.34
u
10_2 i d6O:0.19mm 1
XL
107 \ :
O Measured \
- - —a uncorrected, ¢,=0.302 Y
«a corrected, ¢=0.45 \\
10-6 2 | 0 - 2
10 10 10

Suction (kPa)

Figure 9. Comparison of model performance between using the original estimation of a (Equation
15) and using the corrected estimation of a (Equation 19) (experimental measurements are based on
the instantaneous profile method).

Comparisons between the corrected model prediction and measured relative permeability by
the instantaneous profile method for other sands in Table 3 are presented in Figure 10. There are two
sediments in each subfigure. Figure 10a shows experimental measurements of sediments 1023 and
1024. These two sediments have similar grain size distribution parameters and porosity values.
Therefore, their relative permeability curves are closed to each other. It can be seen that the proposed
model fairly coincides with the measurements. The slope of the relative permeability curves are
almost parallel with the measured curve and the predicted air-entry parameter a is around 1kPa and
the measured value is between 1 kPa and 2 kPa. In Figure 10b and Figure 10c, results of 1241, 2105
and 3134, 3162 are presented respectively. It can be seen that in general model predictions match the
experimental results. The air-entry parameters are basically similar to the measured data. The slopes
of the predited relative permeability curves are also agrees the measurement except the number 2105
sand which under-estimates parameter n (n = 3 in the experiment and n = 2.13 in the prediction).
The comparisons also indicate that a higher value of C,, which means a wider particle size
distribution, will lead the sample to have a higher relative permeability at the same suction. The
relative permeability decrease rate with suction is lower with larger C,. Similar to Figure 10a, the
two sands in Figure 10d, with ID numbers 3163 and 3164, have similar particle size distributions.
Therefore, they have similar relative permeability curves and the model predictions again fit the
experiments well. The comparisons in Figure 9 and Figure 10 prove that the proposed estimation
method has good applicability to different experimental measurements.
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Figure 10. Comparisons between the corrected model predictions and instantaneous profile method
measured results of relative permeability of sands in the UNSODA database. (a) sands 1023 and 1024;
(b) sands 1241 and 2105; (c) sands 3134 and 3162; (d) sands 3163 and 3164.

5. Conclusions

Based on the estimation method proposed by Wang et al. [8], the saturated hydraulic
conductivity of sandy soils can be estimated from basic soil gradation parameters. Further
verification of this model has been carried out in this paper on more sandy soils. It shows that the
model has better performance than the classic models [4,5,7,14,16]. Further discussions also imply
that the model is only suitable for sandy soils with unimodal pore-size distributions. We suggest that
the grain size distribution should satisfy d,,>0.02mm and C, <20 at the same time when applying
the estimation method in [8]. Furthermore, in this study, an estimation model to predict relative
permeability of unsaturated sandy soils from basic soil gradation parameters (d,, and C,) with the
variation of initial porosity also being considered. In this model, the slope of the relative permeability
curve is associated with C, and the air-entry value is associated with dy, and soil porosity.
Verification of the proposed relative permeability estimation method is carried out on different sands
with relative permeability values measured in the laboratory and in the field. This indicates the
proposed method has a fair performance, which can be employed as a primary estimation method in
future studies and applications dealing with permeability properties of unsaturated sands.
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