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ABSTRACT

Parameters of water retention and air capacity are important factors for the evaluation of soil material that will be used
for vegetative covers or evapotranspiration (ET) covers of landfills. These values are often measured in the laboratory
(usually on disturbed samples), but are also estimated from texture, organic matter content and dry bulk density. The
standard basis for the estimation in Germany is the German Soil Classification Handbook (KAS5). This estimation im-
plicitly assumes that the data in the KAS compiled from naturally developed soils are also valid for artificially com-
pacted materials. In the present study, 25 materials were evaluated in the laboratory for the available water capacity, air
capacity and permanent wilting point at 85%, 90% and 95% of Proctor density. The data were compared with parameter
estimations from the KAS5 and the program ROSETTA. Both estimation methods show significant deviations from the
measured values; specifically, the change in the available water capacity in compressed samples is not estimated cor-
rectly. A possible explanation is a change in pore structure at different compaction levels of build in soil material in

comparison with naturally developed soils of different bulk densities.
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1. Introduction

Water retention parameters are important and necessary
information to evaluate materials used for landfill vege-
tative covers. Above all, available water capacity (AWC)
as a measure of water storage and air capacity (AC) are
important parameters for plant’s growth. These parame-
ters depend on soil texture, bulk density and organic
matter content.

The guideline for the properties of material used to
cover landfills in Germany is the Landfill Ordinance [1].
Soil material to be used as landfill vegetative covers must
have a minimum thickness of 1 m, so that the function of
the underlying system components is not impaired by
subsequent land use, drying, freezing or root exposure
[1]. Similar thicknesses are given in international guide-
lines for landfill covers [2,3].

Furthermore, according to German guidelines, an
available water capacity (AWC) of at least 140 mm for
the total thickness of the vegetative cover must be en-
sured. If the landfill cover should be function as an
evapotranspiration (ET) layer, a minimum thickness of
1.50 m and an AWC of 220 mm are required, so that the
maximum seepage will not exceed 60 mm per year [4].
In addition, an air capacity of at least 8% vol is recom-
mended in the entire vegetative layer [5]. International
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guidelines postulate either similar values or, at least, a
high available water capacity [3,6].

Literature states that the AWC primarily depends on
soil texture and that an increase in organic matter in-
creases the AWC. The bulk density has a major impact
on AC and AWC in the sense that a higher bulk density
reduces AC and AWC [5].

These important soil hydraulic characteristics are usu-
ally measured in the laboratory before installation on a
landfill, or are estimated based on texture, organic matter
content, and bulk density, e.g. from the official German
Soil Classification Handbook (KAS) [7]. Prerequisite and
implicit assumption is that the estimated values, which
are based on naturally developed soils, can be applied to
artificially compacted materials.

In accordance to studies on naturally developed soils, a
decline of the AWC and AC is expected with increasing
compaction of soil material. This is usually also assumed
for landfill cover layers [5]. However, there are some
hints that for artificially compacted materials, at least the
AWC does not always depend on the compaction [5,8].

Other studies report a regular decrease of the pore
volume (PV) and air capacity (AC) with increasing com-
paction, while the AWC remained the same or even in-
creased [8,9]. One conclusion is that the estimated val-
ues of AC and AWC based on data from naturally de-
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veloped soils are not necessarily valid for artificially
compacted materials and should be checked regularly
with analytical methods [9].

The aim of the work presented in this study was to in-
vestigate the transferability of air capacity and available
water capacity values based on usual estimation methods
to artificially compacted materials.

2. Materials and Methods
2.1. Estimation of Soil Hydraulic Parameters

Two different estimation methods were applied: the
tables of the German Soil Classification Handbook KAS
[7] and values calculated with the program ROSETTA
[10,11].

The German Soil Classification Handbook (KASY) is
the standard in Germany, which is also used to evaluate
materials used for landfill covers. The data is also used in
the German version of the simulation model HELP (Hy-
drologic Evaluation of Landfill Performance) [12,13]
which is often used to evaluate water balances in landfill
caps.

The KAS tables for the estimation of soil physical
parameters, such as field capacity, available water capa-
city and air capacity as a function of texture, soil organic
matter content and bulk density, were developed based
on more than 6000 records from various places in Ger-
many with empirical regression relationships [14].

The program ROSETTA is available as a standalone
program and also part of the simulation model HYDRUS-
1D [15], which is often used to simulate soil water
balances. ROSETTA calculates pedo-transfer functions
with the method of neural networks and a hierarchical
method based on 2134 data sets mainly from temperate
and subtropical regions of North America and Europe
[10]. Input data for ROSETTA are clay, silt and sand
content and bulk density. ROSETTA estimates the course
of the entire water retention curve. The air capacity was
determined as the difference of the water content at
saturation (pF 0) and the water content at field capacity
(pF 1.8; 68 hPa). The available water capacity was calcu-
lated as the difference of the water content at field
capacity and at the permanent wilting point (at pF 4.2).

2.2. Measurement of the Soil Hydraulic
Parameters

Various materials were each examined in 3 different
densities (Table 1). All the materials selected with Proc-
tor densities of 0.97 g-cm™ to 1.88 g-cm™ can generally
be used for vegetative cover layers (e.g. mixtures of dif-
ferent mineral soil, clay and organic material, mixtures of
mineral soil and rubble, and dredged material). After
determining the maximum Proctor density according to
DIN 18127 [16] the samples were packed layer wise [17]
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Table 1. Investigated materials.

a b
Sample Material PD 3 Texture OOM
g-cm Yomas
A0 MS® + clay 1.88 SaL 1.0
0,
Al MS + clay +10% ) 4, SaL 23
vol org. material
0,
A2 MS #clay +20% o5 gyp 3.8
vol org. material
0,
A3 MS & clay + 40% ) 4 SaL 7.6
vol org. material
Bl Loess/Sand 1.67 L 1.8
mixture
B2 Sand/rubble 186 Sal 23
mixture

Sand/Silt mixture
B3 with org. addition 145 LSa 74

Cl stockpiled MS 1.84 CL 2.6
Cc2 stockpiled MS 1.84 CL 2.6
C3 stockpiled MS 1.84 CL 1.4
C4 stockpiled MS 1.84 CL 3.0
D1 dredged material 1.16 L 6.0
D2 stockpiled MS 1.41 SaL 4.4
El dredged material 1.10 CL 4.1
E2 dredged material 1.04 SiL 4.8
E3 dredged material 1.12 SiL 4.5
E4 dredged material 1.04 SiL 5.5
E5 dredged material 1.00 SiL 5.1
E6 dredged material 1.01 SiL 53
E7 dredged material 0.97 SiL 5.2
F1 stockpiled MS 1.87 L 0.2
F2 stockpiled MS 1.87 SiCL 0.5
F3 stockpiled MS 1.87 SiCL 0.2
F4 stockpiled MS 1.87 SiL 1.0
F5 stockpiled MS 1.87 L 0.2

*Proctor Density; "Organic Matter; “Mineral Soil.

in a metal cylinder (100 cm®) at 85%, 90% and 95%
Proctor density.

Water content at pF 1.8 and pF 2.5 were determined
using a standard sand box apparatus [18] and at pF 4.2 on
a pressure plate apparatus [19].

2.3. Comparison of Measurement and
Estimation

To evaluate the quality of the estimation methods, dif-
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ferent quality measures were applied. For a quick over-
view of the estimation quality, graphs of the measured
values against the simulated values were drawn together
with the linear regression, the correlation coefficient and
the 1:1 line. Without any estimation error, the measured
and estimated simulated values are identical and all
points should lie on the 1:1 line. The points of good qual-
ity estimations should lie close to the 1:1 line, the slope
of the linear regression should be close to one and the
coefficient of determination (+*) should also be close to
one.

In addition, numerical measures of agreement between
the measured and estimated values were used as follows:
A simple method to quantify the average difference be-
tween the measured and estimated values is the bias [20]:

N
Bias=—-3 (X, P)
NI
where N is the number of observations, X; are the meas-
ured values and P; are the estimated values. There should
be no bias, i.e. no over- or under-prediction of the values
on an average. However, a bias close to zero is not suffi-
cient to quantify estimation quality, because this could be
a result of a good prediction, or large over- and un-
der-prediction may simply cancel each other. A measure
which avoids compensation between over- and under-
prediction is the mean absolute error (MAE) [20]:

1 N
Bias=—) (X, - P
v (Xi—h)
The MAE should be close to zero.
A widely used measure of agreement between meas-
ured and estimated values is the root mean squared error
(RMSE) [20]:

1 & 2
RMSE = [ 13" (x, - )
N3

RMSE weighs large differences much higher than
small differences between measured and estimated val-
ues.

3. Results and Discussion

3.1. Changes of the Estimated Soil Hydraulic
Parameters with Compaction

To illustrate the changes of air capacity (AC) and
available water capacity (AWC) with increasing com-
paction, results according to KAS5 are shown for the 7
cohesive USDA soil textural classes [21] loamy sand
(LSa), sandy loam (SaL), loam (L), silty loam (SiL), clay
loam (CL), silty clay loam (SiCL), and sandy clay (SaC)
(Figure 1). These textures are commonly used for vege-
tative landfill covers. Obviously, AWC strongly depends
on texture and decreases with compaction by about 3 to
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Figure 1. Soil hydraulic parameters for the textural classes
LSa, SaL, L, SiL, CL, SiCL, and SaC according to KAS for
the density classes loose, medium and compacted.

%vol

7% vol. The same is true for the AC, which also strongly
depends on texture and decreases with increasing density
by about 2% to 8% vol. Also, the water content at the
permanent wilting point (PWP) decreases significantly
with increasing compaction. A strong decrease of the
AWC with increasing compaction is also reported by
several other authors who used data from naturally
compacted soils as basis for their measurements and
estimations [22-25].

A comparison of the values estimated with KAS and
ROSETTA as average values of the 7 textural classes is
shown in Figure 2. The decrease in AWC is as pro-
nounced in the ROSETTA as in the KAS5 estimation, but
the values are by about 5% vol higher than the estimates
of KAS. The ROSETTA air capacity values are signi-
ficantly lower and decrease less with compaction than
the KAS estimates, and are all below the specified limit
for vegetative covers of 8% vol.

The PWP values of ROSETTA are significantly lower
than those of KA5 and are almost independent of soil
density. Obviously, two widely accepted estimation me-
thods yield very different values for important soil physi-
cal parameters.

3.2. Measured Soil Hydraulic Parameters

The results of the measurements of air capacity (AC),
available water capacity (AWC), permanent wilting point
(PWP) and pore volume (PV) are shown in Table 2 and
Figure 3. The PV of all mixtures containing mineral soil
are 40% - 50% vol at a compaction level of 85% Proctor
density, which corresponds to usual values in natural
soils. Only the dredged material has a PV of more than
60% vol at 85% of Proctor density. The PV decrease on
an average by —7% to —12% at 90% and 95% of Proctor
density compaction levels. This reduction in PV with
compaction corresponds to the reduction of the PV as
estimated by KAS5 and ROSETTA.

The measured AC values strongly decrease on average
by —44% to —78% with compaction from 85% to 95%
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Figure 2. Soil hydraulic parameters (averages for the textural classes LSa, SaL, L, SiL, CL, SiCL, and SaC) according to
KAS (left) and ROSETTA (right).

Table 2. Measured AC, AWC, PWP and PV of the materials investigated.

AC? AWCP PWP® pV*
%y at % change %y at % change %v at 85% % change %v at 85% % change
85% PD® a1 90% PD at 95% PD 85% PD a190% PD at95%PD PP at90%PD at95%PD PP at90%PD at 95% PD
A0 157 -32% ~56% 12.4 +6% +5% 112 +8 +13% 393 9% “17%
Al 154 ~28% ~56% 13.5 +8% +13% 12.8 2 0% 417 -8% ~17%
A2 113 ~56% ~86% 18.3 +4% +3% 13.2 +16 +20% 4238 -8% ~15%
A3 122 -32% -80% 219 1% +1% 15.3 +9 +23% 49.4 —6% ~12%
Bl 129 -39% —64% 233 0% +5% 13.7 +15 +5% 49.9 6% ~13%
B2 177 ~20% -53% 19.4 1% +11% 73 +3 +5% 44.4 -8% ~15%
B3 131 ~37% “73% 222 +5% +6% 17.6 +6 +16% 52.9 -5% ~10%
cl 171 ~25% ~63% 9.3 0% +28% 15.8 +3 +6% 422 —9% ~17%
2 158 —46% ~82% 14.4 21% +33% 11.8 +4 +8% 42.0 -9% ~17%
C3 194 ~26% ~53% 15.2 +5% +14% 7.6 +7 +13% 422 -9% ~17%
ca 202 —46% ~59% 10.5 47% +42% 113 +4 +4% 42.0 -9% -17%
DI 279 ~19% -33% 158 -10% -8% 18.3 425 +31% 62.0 —4% ~7%
D2 15.1 —49% ~86% 131 +36% +60% 24.6 0 0% 52.8 ~5% ~10%
El 111 -56%  —100% 143  +24% +51% 389 - - 64.4 4% 6%
E2 86 -52%  —100% 160  +14% +45% 417 - - 66.3 4% 2%
E3 65 -82%  —100% 155  +20% +40% 413 - - 63.4 —4% ~1%
B4 9.1 -54%  -100%  13.6  +21% +53% 43.6 - - 66.4 ~3% -3%
E5 109 -58%  -100% 208  +16% +34% 37.1 - - 68.9 ~5% -6%
E6 94 “71%  -100%  17.6  +19% +40% 415 - - 68.6 ~5% —4%
E7 100 43%  -100% 181  +16% +40% 413 - - 69.3 ~2% —4%
F1 108 —49% -93% 146  +11% +21% 17.2 - - 42.6 -9% ~16%
2 92 ~29% ~59% 9.4 “11% ~16% 23.0 - - 41.7 9% ~17%
F3 119 —47% ~89% 120 +15% +29% 17.2 - - 41.1 9% “17%
F4 104 ~60% -99% 52 +48% +63% 26.1 — - 417 ~9% ~17%
F5 148 ~36% —67% 133 +12% +22% 12.5 - - 40.6 ~9% ~17%
Mean 135 —44%, ~78% 152 +135%  +25% 225 +8% +11% 51.1 ~7% ~12%

*Air Capacity; "Available Water Capacity; “Perrmanent Wilting Point; “Pore Volume; “Proctor Density.
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Figure 3. Soil hydraulic parameters of the materials invest-
tigated (averages).

Proctor density. This strong reduction in AC basically
corresponds with the KAS estimates, while ROSETTA
indicates a rather small reduction of AC with compact-
tion.

The measured water content at PWP increases slightly
with compaction by an average of 8% to 11%. This
rather small increase in water content at PWP corre-
sponds to the estimates with ROSETTA, while the KAS5
estimates indicate a reduction of the water content at
PWP.

The available water capacity increases on average by
13% to 25% with compaction from 85% to 95% Proctor
density. This measured increase in AWC with compact-
tion is in clear contrast to the estimates with KAS5 and
ROSETTA.

3.3. Comparison of Measurement and
Estimation

Figure 4 shows the comparison of measured and esti-
mated values for the KAS5 estimation. The relationship
between measurement and estimation for AC and PWP is
very poor with a coefficient of determination (+*) below
0.20. The AWC estimation quality is only slightly better
with * = 0.38. Only the estimation of the PV shows a
better relation with the measured values (+* = 0.78). An
even worse relation between measured and estimated
values is obtained with ROSETTA (not shown). Here
also, only the PV estimates show a good correlation (+* =
0.83).

The estimation error of the PV is about 6% - 8% vol for
all quality measures studied (Table 3), where the KAS
systematically overestimates and ROSETTA systemati-
cally underestimates the PV (bias). The AWC is system-
atically overestimated (on average 5% vol bias with KAS5
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Figure 4. Comparison of measurement and estimation ac-
cording to KAS.

Table 3. Quality of the estimation methods in relation to the
measurements.

Bias MAE® RMSE®

%vol KA5 ROS KA5 ROS KA5 ROS
PV* -53 5.9 6.3 6.0 7.9 7.6
AWC! 54 9.2 58 10.3 7.1 13.2
AC® -5.1 2.7 7.5 53 9.3 7.0

PWP' 5.1 12.4 9.2 13.1 12.0 17.2

"Mean Absolute Error; °Root Mean Squared Error; “Pore Volume; dAvail-
able Water Capacity; °Air Capacity; "Permanent Wilting Point.

and 9% vol bias with the ROSETTA estimation). The
magnitude of the errors is similar for the estimations of
AC and PWP.

A deviation of the available water capacity (AWC) of
5% - 9% vol means that there is a deviation of 50 - 90
mm AWC for 1 m thickness of vegetative cover layer.
For a given minimum value of 140 mm according to the
German Landfill Ordinance [1], this may account for
more than 50% of the total storage capacity. Conse-
quently, planning a landfill vegetative cover based on
KAS or ROSETTA estimations would need an additional
safety margin of 50 and 90 mm AWC, respectively.

3.4. Reasons for Differences between Naturally
Developed and Artificially Compacted Soils

A major difference between naturally developed soils
and artificially compacted soil material is the very long
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period, in which pore systems develop in soils. Soil pores
are usually divided into coarse pores (equivalent to air
capacity), medium pores (equivalent to available water
capacity) and fine pores (equivalent to permanent wilting
point). Under certain assumptions (no compaction of the
solid soil material), the change of the PV can be calcu-
lated from the change in bulk density. The percentage
change of different pore sizes during compaction can be
calculated from the pore size distribution (AC, AWC and
PWP) at different bulk densities. These calculations
show that with increasing compaction of natural soils, the
pore size shares (average of the 7 soil textures LSa, Sal.,
L, SiL, CL, SiCL, and SaC) are reduced according to the
KAS data in a similar magnitude (30% at the expense of
coarse pores, 37% at the expense of the medium pores
and 33% at the expense of the fine pores).

Results of measurements of the 25 artificially com-
pacted materials, however, show that the reduction of
pore size shares with increasing compaction (from 85%
to 95% Proctor density) is almost exclusively at the ex-
pense of large pores (95%) and only 2% at the expense of
medium pores and 3% at the expense of the fine pores.
Similar results about artificial compaction have been
reported [26].

These differences between the results of artificial com-
paction (measurement) and natural bulk density (KAS)
indicate fundamentally different mechanisms of pore
system changes.

A reduction of the pores almost exclusively at the ex-
pense of coarse pores must result in an increase in AWC
and PWP with increasing density. Figure 5 shows the
example of a low density soil with 11.2% vol fine pores
(PWP), 12.4% vol medium pores (AWC) and 15.7% vol
coarse pores (AC).

The left part of the figure shows the change in pore

natural compaction artficial compaction

100
95 1

1557
90 +—

80 1
751
701
65 -
60 -
55

%vol

1 2 3 4 5 6

| osolids mfine pores 0 medium pores-AWC Ocoarse pores-AC |

Figure 5. Example for the change of AC, AWC and PWP
with compaction of soil material (natural soil compaction—
derived from KAS estimates [left] and artificial compac-
tion—derived from measurements [right]).
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size distribution with natural compaction from loose to
dense according to KAS (30% at the expense of coarse
pores, 37% at the expense of medium pores and 33% at
the expense of the fine pores). The right part of the figure
shows the change in the pore size distribution due to arti-
ficial compaction according to the measurements (95% at
the expense of coarse pores, 2% at the expense of me-
dium pores and 3% at the expense of fine pores). The
amount of solid material remains the same as long as the
total amount of soil will not change.

The soil hydraulic parameters, however, are based on
100% of the soil and, therefore, these values must be
converted accordingly (Figure 6).

With natural soil compaction from loose to dense; ac-
cording to KAS, with an assumed change of bulk density
from 1.35 to 1.50 to 1.65 g-cm ™, the AWC will decrease
from 12.4% vol to 10.6% vol to 8.7% vol. Similar is true
for the fine pores which reduce from 11.2 % vol to 9.6%
vol to 8.0% vol. The AC is reduced to a relatively small
extent from 15.7% vol to 14.7% vol to 13.6% vol (Fig-
ure 6, left).

If the same soil is compacted artificially, the changes
behave completely different. Artificially compacting the
soil from 1.35 to 1.50 to 1.65 g-cm results in a slight
increase of the AWC from 12.4% vol to 13.2% vol to
14.0 % vol. Also the fine pores will be slightly increased
from 11.2% vol to 11.8% vol to 12.4 % vol. The AC,
however, is significantly reduced from 15.7% vol to
10.0% vol to only 4.4% vol (Figure 6, right).

4. Conclusions

The results made clear that estimates of the soil hydraulic
parameters of artificially compacted soil materials based

natural compaction artficial compaction
100
4.0
95 T 10.
15.7 14.7 13.6 15.7 p
90 T \14.0
85 11— N0
~ 27 (32)
_ 801 iogy—\>7) =
5 112.4 J 12.4
° ]
X7 8.0
70 1 11.8
65 11.2
60 - 65. 62
07 po1|  po7| | leos]
55 .
1 2 3 4 5 6

| Osolids mfine pores 8 medium pores-AWC Ocoarse pores-AC |

Figure 6. Example for the changes of AC, AWC and PWP
due to compaction of soil material (natural soil compaction
—derived from KAS estimates [left] and artificial compac-
tion—derived from measurements [right]), recalculated to
100% soil volume. The circles denote the changes in AWC
(decrease: left, increase: right).
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on KAS5 or the ROSETTA program is associated with
considerable uncertainties. The measurements also showed
that with increasing compaction, the air capacity consid-
erably decreases, while available water capacity and wa-
ter content at permanent wilting point slightly increase.
The reason is the almost exclusive reduction of coarse
pores in artificially compacted soil material.

This is in contradiction to the results of usual estima-
tion methods based on the German standard KAS and
also on ROSETTA. The estimates of KAS5 and ROSETTA
in terms of changes of the hydraulic parameters with in-
creasing density, which were developed based on natu-
rally developed soils, cannot be transferred readily (or
only with large uncertainties) to landfill vegetative cover
layers.

There is no need for a frequently demanded loose in-
stallation of vegetative cover material to ensure a high
available water capacity (AWC). On the contrary, a high
AWC, i.e., a large proportion of medium pores in the
entire layer, can be realized with increasing compaction.
However, a loose installation is essentially to achieve the
required high air capacity, which is necessary for opti-
mum plant growth and maximum transpiration.

In the course of time, the properties of artificially in-
stalled soil material will approach those of natural soils
and, thus, the values based on estimation methods should
eventually be correct. The time frame will depend on
many factors, such as the biological activity at the land-
fill site, bulk density, aggregate stability, soil chemical
properties, and others. Short-term soil subsidence is fre-
quently observed (e.g., increasing the density by 11%
within 6 months [27]). Measurements of long-term
changes at different bulk densities due to different instal-
lation methods suggest that the soil physical properties
will become similar with time (5 years) [27]. Other au-
thors report that the topsoil soil density of a landfill cap
has been reduced significantly within 3 years due to bio-
logical activity, whereas no changes occurred in the sub-
soil [28]. Thus, there are many uncertainties, and con-
siderable study and research is still necessary.

Consequently, materials to be used for landfill vegeta-
tive covers should be regularly examined analytically
with the planned installation bulk densities. Using esti-
mates based on procedures developed for natural soils,
adequate safety margins should be provided for air ca-
pacity and available water capacity due to uncertainties
of the estimations.
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