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Abstract: The soil shrinkage behavior of mineral substrates needs to be considered for engineering
long-term durable mineral liners of landfill capping systems. For this purpose, a novel
three-dimensional laser scanning device was coupled with (a) a mathematical-empirical model
and (b) in-situ tensiometer measurements as a combined approach to simultaneously determine
the shrinkage behavior of a boulder marl, installed as top and bottom liner material at the Rastorf
landfill (Northern Germany). The shrinkage behavior, intensity, and geometry were determined
during a drying experiment with undisturbed soil cores (100 cm?) from two soil pits; the actual in-situ
shrinkage was also determined in 0.2, 0.5, 0.8, and 1.0 m depth by pressure transducer tensiometer
measurements during a four-year period. The volume shrinkage index was used to describe the
pore size dependent shrinkage tendency and it was classified as low (4.9%) for the bottom liner.
The in-situ matric potentials in the bottom liner ranged between —100 and —150 hPa, even during
drier periods, thus, the previously highest observed drying range (pre-shrinkage stress) with values
below —500 hPa and —1000 hPa was not exceeded. Therefore, the hydraulic stability of the bottom
liner was given.

Keywords: landfill capping system; mineral liner; shrinkage geometry; critical matric potential;
in-situ shrinkage

1. Introduction

The growing world population is the major reason for an increasing amount of municipal solid
waste (MSW), and therefore, engineered landfills with its low operation costs are still the first choice
for global waste disposal in most areas of the world (i.e., Eastern Europe, India, China) [1]. From the
environmental point of view, landfills protect the main emitting waste body from the surrounding area,
including agricultural land and inhabited regions [2]. In order to ensure these protective functions,
the technical standards of landfill capping systems when considering the potential environmental
impact of methane emissions and leachate percolation in the groundwater through leaking bottom liner
are necessarily fixed in the country-specific statutory requirements [3]. Essentially, landfill capping
systems are installed to restrain gas emissions (methane) and to minimize the leachate generation
(infiltrated water contaminated with for example heavy metals) through (a) high available water
capacity for the top liner (>0.14 cm3/cm?® per meter) and (b) low permeation rates (<5 x 10~ m/s
equal to 0.5 m thickness and a hydraulic gradient of i = 0.3) and (c) low shrinkage tendency (VSI < 5%)
for the bottom liners [4-6]. Hence, mineral substrates (i.e., clay, marl) are often used as top and bottom

Sustainability 2018, 10, 4025; doi:10.3390/su10114025 www.mdpi.com/journal/sustainability


http://www.mdpi.com/journal/sustainability
http://www.mdpi.com
https://orcid.org/0000-0001-5348-1811
https://orcid.org/0000-0002-6232-7688
http://www.mdpi.com/2071-1050/10/11/4025?type=check_update&version=1
http://dx.doi.org/10.3390/su10114025
http://www.mdpi.com/journal/sustainability

Sustainability 2018, 10, 4025 20f17

liners of landfills in combination with synthetic polymers, but they can also substitute the latter to
enable the sustainable use of natural resources. As notified before, annually recurring wetting and
drying cycles potentially limit the long-term performance of landfill liners due to shrinkage crack
formation [7].

Therefore, the sealing function of bottom liner is not guaranteed if the observed field matric
potential through tensiometer measurements within the mineral substrates is more negative than
the pre-shrinkage strength (in-situ matric potentials during liner installation, marsh clay: —100 to
—150 hPa, boulder marl: —300 to —500 hPa) [2,8], resulting in the preferential flow of water or solutes
through newly formed shrinkage cracks [9]. The consequences of this would be increasing diffuse
methane emissions and leachate generation rates, while the bottom liner as last barrier before the
waste body would be permanently disabled; the landfill must be recovered in a cost-intensive way.
Accordingly, the choice of appropriate materials and knowledge about its chemical and physical
properties are essential for installing sustainable and long-term steady landfill capping systems.

For this purpose, the Rastorf landfill (Schleswig-Holstein, Germany) was temporary capped
(from 2007 until today) with locally available boulder marl with a degree of compaction of 85% of
Proctor density (2.02-2.7 g/ cm?) in the top liner (0-0.7 m) and >95% in the bottom layer (0.7-1.0 m)
when considering its less pronounced shrinkage crack potential, even in drier periods, as mentioned
follows [2]. The temporary system was installed to slowly shut-down the ‘bioreactor’ through microbial
decomposition of the heterogeneous structured waste body subsiding the settlements before the
installation of the final capping systems [3,8]. Therefore, the legal standards of the latter should be
generally respected if transferring the temporary system or parts of it into the final capping system.

This study presents combined field and laboratory measurements to evaluate the shrinkage
behavior, geometry, and tendency of the installed boulder marl in its function as top and bottom liner
material of a landfill capping system. The objective of the study was to establish a consistent approach
using the concept of critical matric potentials to evaluate the capability of a mineral liner material when
considering a new three-dimensional measurement device to analyze the matric-potential induced
shrinkage-crack formation combined with a mathematical-empirical model and in-situ tensiometer
measurements. The authors hypothesized that the pre-shrinkage stress strongly affects the in-situ
matric potential characteristics of the top and bottom liner, and therefore the matric potential induced
shrinkage-crack formation of the tested material.

In the author’s opinion, the proposed approach may contribute to the actual research when
considering soil chemical and physical knowledge for engineering landfill capping systems in a
sustainable way using mineral liner materials.

2. Materials and Methods

2.1. Study Site

The Rastorf landfill (lat. 54°16’ N, long. 10°19” E) in Schleswig-Holstein (Northern Germany) was
actively operated from February 1977 to May 2005 and about 2.0 million tons of municipal domestic
wastes were deposited in it. The cross section consists of a 1.0 m thick mineral, temporary capping
system with a partially permeable top liner (humus topsoil: 0.4 m, humus-poor subsoil: 0.3 m). Below
this liner, is a low permeable 0.3 m thick bottom liner, which serves as a water and root barrier to
prevent leachate generation and groundwater contamination (Figure 1).
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Figure 1. Figure 1. Schematic cross section through the Rastorf landfill including the water balance

components (Equation (1)) and installation positions of the tensiometers in 0.2, 0.5, 0.8, and 1.0 m depth;
HDPE means high-density polyethylene.

A high-density polyethylene layer of 2.5 mm thickness and an added drainage system above the
clayey bottom layer collect the leachate before treatment by reverse osmosis.

The landfill surface is covered with a mixture of locally occuring grass species: perennial ryegrass
(Lolium perenne), meadow fescue (Festuca pratensis), red fescue (Festuca rubra), sheep fescue (Festuca
ovina), and orchard grass (Dactylis glomerata) with a surface distribution up to 90-95%. The rest
is distributed among white clover (Trifolium repens) and red clover (Trifolium pratense) and several
meadow herbs with, for example, yarrow (Achillea millefolium), while two cuts per year are essential
for avoiding deeper-rooting bush or shrub species.

2.2. Laboratory Analysis

In 2015, more than 120 undisturbed soil cores (diameter: 5.5 cm, height: 4 cm) and disturbed soil
material were collected from two soil pits at a slightly sloped culmination area in the north-east area of
the landfill (54°28' N, 10°32’ E) in depths of 0.05, 0.2, 0.5, and 0.8 m. The disturbed material was used
to determine following soil physical and chemical parameters (i.e., soil organic carbon, soil texture,
pH value, particle density), and dry bulk density (p¢) with standardized methods [10], n = 4 repeated
measurements per depth. On the other hand, the undisturbed soil cores were used to determine
the saturated hydraulic conductivity (Ks) by the falling head method [11]; total porosity (TP) was
calculated from the ratio between p; and the particle density (2.61-2.65 g/cm?).

The water retention characteristics including the legally fixed air capacity (AC) and plant available
water capacity (AWC) were estimated with a combined pressure plate (saturated, —30, —60, —150,
—300, —500, and —1000 hPa) and ceramic vacuum outflow (—15,000 hPa) method, as well as being
oven-dried for 16 h at 105 °C, respectively [10],

AC = 05 — Opc 1)

AWC = Opc — Opwp )
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where 05 is the saturated water content (cm®/cm?) and the subscripted symbols FC (field capacity) and
PWP (permanent wilting point) indicate the water content at —60 hPa and —15,000 hPa, respectively,
n = 10-15 undisturbed soil cores per depth.

Simultaneous, the soil volume change at the different drying stages was estimated with the laser
triangulation method [12,13], more in more detail described in Section 2.3.

2.3. Shrinkage Behavior and Volume Shrinkage Index

Several noninvasive methods to evaluate the shrinkage behavior of mineral substrates are
described as follows [12]. The laser triangulation (LT) principle and the technical functioning of
the Soil-LT 100 (Umwelt-Gerdte-Technik GmbH, Miincheberg, Germany) are well described, as
follows [13,14] and the method was also proved in a past paper [8]. The used line laser CMS 106 with
a wavelength of 0.66 pm (Control Micro Systems, Orlando, FL, USA) illuminates a soil sample along
the soil sample cylinders surface (rotation center at the z-axis), depending on the scan area (Figure 2).
During the rotation process, a digital camera captures a predefined number of profiles, while the
camera is provided with a band-pass filter to segregate the laser signal (highlighted profile) in the
captured image from the background. For the soil volume calculation, the measurement point on
the sample surface will be meshed to a surface and the crack will be closed, thus, Soil-LT software
version 2.0 (Umwelt-Geréte-Technik GmbH, Miincheberg, Germany) features a tool defining crack
areas. Additionally, shrinkage cracks can be indirectly recognized in regions of no data, because there
is no surface to reflect the laser beam [14].

Figure 2. Soil-LT scanning operation with an undisturbed soil sample (100 cm®) rotating along the
x-z plane (mm) while a coupled CCD camera and a line laser (Control Micro Systems, Orlando, FL,
USA) detect and record the soil sample surface (sample left) to generate a three-dimensional structure
(samples right) using software tools (Umwelt-Gerate-Technik GmbH, Miincheberg, Germany).

Soil shrinkage curves are defined by the relation between the void ratio (e) and the moisture ratio
() [11,15],
_ Ve

€=y, ®)
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(4)
where Vy, V¢, and V; are the volumes of water, pores, and soils (cm3/cmd), respectively.

There is also a wide range of mathematical-based statistic models [16,17], while the model in
this study was selected when considering its validation standard for different soils, as described in
several studies [18,19], even for compacted soils. Thus, the modified van Genuchten equation (1980)
was applied to mathematically adjust the shrinkage curve [15],

er 19:05
e(®) = er+% 0<9<9 n>0 ®)
€g D=

where X, p, and q are dimensionless fitting parameters, es and e, are the saturated and residual void
ratios fulfilling the following boundary conditions [15],

9
es_e—>0;e—>eS 6)

3—0;

9 - ;

es_ﬂéoooo;e_)es (7)

A standard soil shrinkage curve can be divided into four phases: (a) structural shrinkage, (b)
proportional shrinkage, (c) residual shrinkage, and (d) zero shrinkage, which were determined
mathematically using Equation (5) [19,20].

The two extreme curvatures at the wet side (9, and egy) and dry side (Ygpq and egnq) of a
sigmoidal shaped shrinkage curve are well described, as follows [15]. Furthermore, the maximum of
the curve at the wet side (D, and egp,,) is determined as the transition point between the structural
and the proportional shrinkage phase [20,21], and therefore the transition point is the critical matric
potential value (Prit) for the boulder marl in the mineral top and bottom liner [22].

The volume shrinkage index (VSI) describes the pore size dependent shrinkage tendency for wide
coarse pores (WCP, > 50 um, 0 to —60 hPa), narrow coarse pores (nCP, 50-10 um, —60 to —300 hPa),
medium pores (MP, 10-2 pm, —300 to —15,000 hPa), and fine pores (FP, < 2 pm, < —15,000 hPa),
following [23,24],

AVy
AVpi

VSL; = -1 ®)

where AVt is the soil volume in relation to the drained water-filled pore volume (AV}) and i corresponds

to the pore size of the respective drying stage, as mentioned before. The shrinkage tendency (VSI) can

also be ranked into four classes: low (<5%), moderate (5-10%), high (10-15%), and very high (>15%), as

follows [23]. Therefore, the lower the VSI, the higher the pre-shrinkage stress and the lower the amount

of three-layer clay minerals (i.e., smectite), and also the self-healing potential through re-swelling.
The conversion of vertical shrinkage measurements into soil water content changes [25,26],

V,
In VTI]

Is = In ZZTi) )
where z is the layer thickness under quasi-saturated conditions (cm) and V is the volume change upon
shrinkage (cm?), 0 is the initial volume (saturated condition), i corresponds to the pore size of the
respective drying stage as mentioned before, and 15 is the dimensionless geometry factor. The geometry
factor can be described as follows: isotropic shrinkage, rs = 3; dominance of vertical shrinkage over
shrinkage cracking, 1 < rs < 3; and, dominance of shrinkage cracking over vertical shrinkage, rs > 3.
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The coefficient of activity (I5) describes the relationship between the Atterberg limits and the clay
content [23,27],

Ip
= ].
% clay (10)

where Ip is the plasticity index. The 15 values can be ranked into three classes: Iy < 0.75 (inactive
material), 0.75 < Io < 1.25 (normal active material), and > 1.25 (active material). The clay mineralogy
was determined with X-ray diffraction analysis (D8 Discover, Bruker AXS, Billerica, MA, USA).

2.4. Continuous Measurements of Soil Hydrological Parameters

During January 2012 and December 2015, pressure transducer tensiometers with a stainless-steel
membrane being continuously recorded on an hourly basis the matric potentials at depths of 0.2,
0.5, 0.8, and 1.0 m with three replications per depth to quantify the soil moisture dynamics of the
temporary capping system as mentioned in Figure 1. The measuring range was between +200 and
—850 hPa (Tensio 151; Umwelt-Geréate-Technik GmbH, Miincheberg, Germany) that were connected to
a standard data logger DL 200 (Umwelt-Geréate-Technik GmbH, Miincheberg, Germany).

Additionally, a local weather station recorded the weather data (i.e., precipitation, wind speed,
relative humidity) and the actual evapotranspiration was estimated according to the following
literature [28]. Together with these time and depth-dependent changes of measured matric potential
values, the in-situ shrinkage of the capping system was finally quantified while considering the concept
of a critical matric potential range.

2.5. Statistical Analysis

The mean values and standard deviations were calculated for each sampling depth. An analysis
of variance (ANOVA) with p < 0.05 verified the effect of (a) fine pores (FP) on the volume shrinkage
indices (VSI) and (b) dry bulk density (pt) on void ratio (e). Differences of means were assessed by
Tukey’s HSD test (p < 0.05), according to the following literature [29]. The coefficient of correlation (r?)
is an index of goodness of fit between the observed and modelled data.

3. Results

3.1. Basic Soil Characteristics

The boulder marl consists is characterized by a sandy loam (SL) with a clay content between
9 wt% and 14 wt%, a slightly alkaline character (pH 7.4-7.7) with an organic carbon content (OC)
between 0.02% and 0.12%,; the Ks values decreased from 7.3 x 107 m/s to 4.1 x 10~7 m/s with
increasing soil depth (Table 1). Additionally, the bottom liner thickness must be 15.4 m to reach the
same permeation rate like a 0.5 m thick layer with a Ks value of 5.0 x 1072 m/s, while the Ks value
was two-orders in magnitude higher.

Table 1. Soil physical and chemical characteristics of the boulder marl in different depths, n = 4 repeated
measurements for organic carbon (OC), pH value, texture, and Ks values. The symbol + corresponds
to the standard deviation. SL = * [30].

Depth oC pH Sand * Silt * Clay * Ks
[m] [wt%] [CaCly] [wt%] [wt%] [wt%] [m/s]
0-0.05 0.12 +0.02 74+02 71+1 20+2 9+2 72421 x107°
0.05-0.4 0.09 &+ 0.02 76+02 73+3 19+1 841 344+16x107°
0.4-0.7 0.05 £0.01 7.6 0.1 68 &2 21 &2 11+1 74431 x1077
0.7-1.0 0.02 +0.01 77+£03 63+2 22+1 14 +2 41+13x 1077

* SL = sandy loam.
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The TP and AC values proceeded inversely proportional to the intermediate to high p; values
between 1.77 g/cm? and 1.86 g/cm?, while the AWC values varied between 0.105 and 0.125 cm3/cm?.
However, there are no clear differences in the AWC and PWP values (Table 2). Additionally, the AWC
of the top liner (0-0.7 m) with 0.093 cm3/cm3 per meter is lower than the statutory requirement of
0.14 cm®/cm?® per meter.

Table 2. Soil physical properties of the boulder marl including the total porosity (TP), air capacity (AC),
the plant available water capacity (AWC), and the permanent wilting point (PWP), n = 10-15 soil cores
per depth, respectively. The symbol + corresponds to the standard deviation.

Depth TP AC AWC PWP Pt
[m] [em3/cm3] [em3/cm3] [em3/cm3] [em3/cm3] g/ cm?]
0-0.05 0.302 £ 0.005 0.064 £+ 0.012 0.118 £ 0.008 0.125 + 0.003 142 +0.1
0.05-0.4 0.298 +0.0.1 0.056 % 0.007 0.105 + 0.014 0.123 + 0.015 1.77 £ 0.1
0.4-0.7 0.291 £+ 0.012 0.054 4+ 0.007 0.125 4+ 0.014 0.121 4 0.005 1.82+0.1
0.7-1.0 0.286 £ 0.013 0.049 £ 0.003 0.114 4+ 0.007 0.131 4+ 0.011 1.86 =04

The coefficients of activity varied between 0.15 & 0.1 and 0.28 &£ 0.1 that corresponds to an inactive
material (Table 3). Additionally, the boulder marl mainly consists of quartz (85-95%) and calcite (2-5%)
and the clay fraction is dominated by smectite (2-11%) and vermiculite (1-4%).

Table 3. Coefficients of activity (In) and mineralogy of the boulder marl in 0.05, 0.2, 0.5, and 0.8 m
depth, n = 3 repetitions per depth. The symbol & corresponds to the standard deviation.

Depth Ip Quartz Calcite Smectite Vermiculite
[m] [-] [%] [%] [%] [%]
0-0.05 0.16 £0.2 89-93 34 2-8 2-3
0.05-0.4 0.15+£0.1 86-95 4-5 2-10 1-3
0.4-0.7 0.18 £0.1 85-88 34 3-11 3-4
0.7-1.0 0.28 £0.1 86-91 3-4 3-10 2-3

3.2. Shrinkage Behavior and Volume Shrinkage Index

The structural shrinkage was the major shrinkage phase in all three layers under continuous
drying. The pattern of the shrinkage curves of the more compacted top and bottom liner showed
similar deformation during the drying process, except the humic topsoil (0.05 m) (Figure 3).

The latter had greater moisture and void ratios and a more pronounced proportional shrinkage
phase than the more compacted layer (es = 95 < 0.42 cm®/cm?). The structural shrinkage phase was
characterised by geometry factor values < 1, which define the dominance of vertical shrinkage. When
the pre-shrinkage stress was exceeded due to continuing dehydration, the geometry factor increased,
but it remained smaller than 3.0 (Figure 3). Therefore, both vertical and horizontal shrinkage occurred,
but the vertical shrinkage was still dominant throughout the whole drying range.

In particular, continuous circumferential cracks along the soil core edges were observed, while
only a few secondary cracks in the soil cores of the humic topsoil developed.

The critical matric potential (Y crit) at the transition from the structural to the proportional
shrinkage phase, as described by the wet side maximum curvature point (eghy, dshw), can be outlined
as follows: —60 to —150 hPa (0.05 m), —150 to —300 hPa (0.2 m), —300 to —500 hPa (0.5 m), and —500
to —1000 hPa in the bottom liner (0.8 m), which define the predictable rigidity limits of the boulder
marl in different depths (Figure 4).
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Figure 3. Shrinkage curves and corresponding shrinkage geometry factors for the investigated boulder
marl in depths of (a): 0.05 m, (b): 0.2 m, (c): 0.5 m, and (d): 0.8 m. The bars indicate the standard
deviation (n = 10) at each drying stage. The r? indicates the coefficient of determination and the dashed
lines indicate the confidence limits for a confidence level of 95%. The dashed lines (eghy, dshw) indicate
the transition point between the structural and the proportional shrinkage phase.



Sustainability 2018, 10, 4025 90f17

Boulder marl (5 cm)

= quasi-saturated (left)

= Soil volume: 99.5 cm?
-60 to -150 hPa (right)

= Soil volume: 96,5 cm?

Boulder marl (20 cm)

* quasi-saturated (left)
Soil volume: 101.9 cm3
-150 to -300 hPa (right)
Soil volume: 100.3 cm?

Boulder marl (50 cm)

= quasi-saturated (left)

= Soil volume: 99.6 cm?
-300 to -500 hPa (right)

= Soil volume: 97.6 cm?

Boulder marl (80 cm)

= quasi-saturated (left)
Soil volume: 96.7 cm3
-500 to -1000 hPa (right)
Soil volume: 94.7 cm3

Figure 4. Three-dimensional (3D) structure of the detected soil core surface including the
shrinkage-crack structure of the boulder marl in 0.05, 0.2, 0.5 and 0.8 m depth in a quasi-saturated
condition and dehydrated down to the critical matric potential (0.05 m: —60 to —150 hPa, 0.2 m: —150
to —300 hPa, 0.5 m: —300 to —500 hPa, 0.8 m: —500 to —1000 hPa) using the Soil-LT software version
2.0 (Umwelt-Gerédte-Technik GmbH, Miincheberg, Germany).

The shrinkage model well described the shrinkage curves, including void ratio (e) and moisture
ratio (9) 2 values between 0.96 and 0.98. Therefore, the more pronounced volume and water loss in the
structural shrinkage phase, the higher was the fitting parameter x (Table 4). The volume loss during
the structural shrinkage phase (es-eghy) and the proportional shrinkage phase (eshy-eshq) proceeded
proportional to the liner-dependent p; values, while the corresponding water loss (9s-Oghw, Yshw-Dshd)
during both phases was most pronounced in the bottom liner (0.8 m: 0.070 cm®/cm?) and top liner
(0.2 m: 0.077 cm3/cm?), respectively (Table 4). Therefore, the exceedance of the pre-shrinkage stress
(Wmerit) resulted in a more pronounced volume change (eshw-€shq) and water loss (Vgpw-Oshg) during
the proportional shrinkage than in the structural shrinkage phase.
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Table 4. Fitting parameters derived from shrinkage curves of the boulder marl in 0.05, 0.2, 0.5, and
0.8 m depth follows [16]: saturated void and moisture ratio (es and Js), the transition point between
the structural and the proportional shrinkage phase (eg,, and d4p, ), the change of void ratio (e) and
moisture ratio (9) during the structural shrinkage phase (es-€gp,, and ds-9¢py ), and the proportional
shrinkage phase (eghw-€shd and dghyw-dsnq). The factor Ae indicates the change in the void ratios
(volume loss) due to swelling after the re-wetting from —1000 hPa to a quasi-saturated condition, n =5
soil cores per depth. The symbol + corresponds to the standard deviation.

2 eshw, es-eshw, eshw-eshd,
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The irreversible volume decrease (Ae) due to the maximum-shrinkage between the quasi-saturated
condition and the drying stage of —1000 hPa (lowest in-situ measurable matric potential) proceeded
proportional to the p; values (Table 4). Thus, the more compacted the soil material, the smaller the
volume increase during wetting. As a result, the boulder marl did not regain its initial volume.

The volume shrinkage indices, added up from the wide and narrow coarse pores, as well as
medium and fine pores, indicated a low to medium shrinkage tendency between 4.9% in the bottom
liner (0.8 m) and 7.2% in the top liner (0.05 m) (Figure 5). Thus, the more compacted the soil the less
pronounced was the shrinkage-induced volume change in the full dehydration range. However, the
VSl index varied significantly (p < 0.05) among the pore sizes and it was most pronounced with the

fine pores with values between 1.27% and 2.28%.
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Figure 5. Volume shrinkage index (VSI) of the wide coarse (wCP, 0 to —60 hPa), narrow coarse pores
(nCP, —60 to —300 hPa), medium (MP, —300 to —15,000 hPa) and fine pores (FP, < —15,000 hPa) in
(a): 0.05m, (b): 0.2 m, (c): 0.5 m, and (d): 0.8 m, n = 10 soil cores per depth. Different letters indicate
statistically significant differences (p < 0.05) of the volume shrinkage index in relation to the pore sizes
(um). The symbol + indicates the mean value.
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The volume shrinkage index correlated positively with the fine pore content (r?: 0.52), and the
void ratios decreased with increasing p; (r?: 0.93). The 12 values between VSI and the clay content with
(a) and without (b) the more humus topsoil (0.05 m) varies between 0.02 and 0.18 (Figure 6).

= 2 20
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Figure 6. Regression analysis: (a): void ratio as a function of the dry bulk density (pt), (b): volume
shrinkage index (VSI) as a function of the fine pores (FP), (c): volume shrinkage index as a function of
the clay content with humus topsoil (0.05 m, n = 70), and (d): volume shrinkage index as a function of
the clay content without humus topsoil (0.05 m, n = 50). The r? indicates the coefficient of determination.
The dashed lines indicate the confidence limits for a confidence level of 95%.

3.3. In-Situ Matric Potential Measurements

The year 2014 was exceptionally warm with an average annual temperature of 10.4 °C, 1 °C above
the long-term average temperature of 9.4 °C. The years 2012 and 2013 with annual precipitation rates of
655 and 669 mm were comparatively drier than 2014 and 2015 with 753 and 767 mm, respectively. The
average precipitation rates varied between 1.8 mm/d and 2.2 mm/d, the maximum precipitation rates
between 22.2 mm/d and 29 mm/d, and as an exception to these values, in May 2013 and December
2014, the values increased up to 40 mm/d. The ET values increased from < 0.2 mm/d during the
winter months up to 5.5 mm/day during the vegetation period due to the vegetation growth (Figure 7).

The seasonal dynamics of precipitation and evapotranspiration caused variations in soil water
storage, including swelling and shrinkage periods. The minimal matric potentials reached values
down to —557 hPa in 2013 and —937 hPa in 2015 in the upper 0.2 m of the top liner, while values
between —300 and —514 hPa were observed in 0.5 m depth as result of temporary capillary rise
(Figure 7). Thus, the upper part of the top liner (0-0.4 m) showed further shrinkage crack formation of
the platy structure creating a new prismatic structure. Consequently, the vertical infiltration rates are
expected to increase due to the newly formed macro porosity.

However, even after four years of wetting and drying the matric potential values in the bottom
liner remained nearly constant and reached a minimum of —70 to —150 hPa in 0.8 m depth and —20 to
—100 hPa in 1.0 m depth during short periods in the drier spring and summer months (May—August).
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Figure 7. Daily values of precipitation and potential evapotranspiration (ETj) of the local weather
station, matric potentials () in 0.2, 0.5, 0.8, and 1.0 m depth. The colored section between —300 and
—500 hPa corresponds to the critical matric potential range (Wmcrit)-

The measured in in-situ matric potentials in the bottom liner (0.7-1.0 m) did not exceed the
previously highest observed drying range between —300 and —500 hPa under conservative treatment.

Thus, only a small range of the volume shrinkage potential was actively reached, and thus, the
hydraulic stability is still given

4. Discussion

4.1. Statutory Requirements of the German Landlfill Directive

The statutory requirements of the German Landfill Directive, enacted in 2009, includes the
following engineering standards for closed landfill capping system: AC and AWC values of the top
liner of at minimum 0.08 cm3/cm? and 0.14 cm® /cm3 per meter, respectively, and the Ks values of
values of at least 5.0 x 1077 m/s equal to 0.5 m thickness and a hydraulic gradient of i = 0.3.

The required threshold value for the air capacity could not be reached, even in the upper part
(0.05 m) of the less compacted top liner, thus, an optimal plant growth cannot be guaranteed resulting
in a limited transpiration potential, as mentioned in the following literature [28]. This is however
uncertain, because the rigidity of such construction is limited and is expected to collapse as soon as
seasonal drying becomes more pronounced. Additionally, the AWC of the top liner with 0.093 cm3/cm?
per meter is lower than the statutory required and it may be related to the smaller number of narrow
coarse pores and medium pores, as mentioned in the following literature [11,31].

Alternatively, an increasing AWC could be realized with a soil-compost mixture (i.e., green
waste compost) or by additional mechanical compaction [32,33]. Thus, an increased water storage
capacity could enable higher transpiration rates and therefore a reduced amount of infiltrating water,
as described previously [28,34]. However, the boulder marl is an appropriate material for top and
bottom liner when considering the low to medium shrinkage-crack formation potential.
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In legal terms [2], the Ks values suggest that the boulder marl is not suitable as bottom liner under
natural conditions as hypothesized before. Thus, the natural permeability must be reduced and the
natural p; values increased through additional compaction [35-37] resulting in a reduced number of
wide coarse pores, especially in the bottom liner. The addition of three-layer clayey minerals (i.e.,
illite) could decrease the Ks values [37,38] and also increase the ‘self-healing” potential. However, it is
important to note that the high-water absorption strength and capacity of these clayey materials can
increase the moisture content for crack initiation, also resulting in a higher coefficient of activity [23].

In summary, there are several conflicts of interests exist (i.e., shrinkage intensity versus water
storage capacity) and the boulder marl is usable for a semipermeable capping system, but not as
statutory approved bottom liner for final capping systems with an exclusive purchase on the soil
physical properties. It should also be taken in mind that the temporary capping system in Rastorf was
provided with semipermeable mineral liner to slowly shut down the so-called ‘bioreactor’. Therefore,
the boulder marl with its permeability characteristics was the material of choice as mentioned
follows [35].

4.2. Shrinkage Behavior of the Boulder Marl

The shrinkage characteristics determine the possible applications of mineral substrates in
multi-liner landfill capping system and under certain weather conditions, even if not legally fixed. So,
this study is focused on the soil shrinkage behavior, intensity, and geometry.

The shrinkage behavior of natural soil strongly depends on its texture, structure, and compaction,
while mechanic and hydraulic stress resulting in changes in pore diameter and continuity are less
attended as mentioned in past papers [39,40].

Therefore, the shrinkage behavior and tendency were affected through the rearrangement of soil
particles and pores by both types of stress, as mentioned before [41,42]. Thus, the shrinkage-crack
formation impacts the pore size distribution and the pore volume, the structural pores rather than
the textural pores [43,44], while the shrinkage intensity strongly depends on the amount and type of
swelling clay and the OC content.

In this point, the low to medium volume shrinkage tendency (4.9-7.1%) of the differently
compacted boulder marl could also be attributed to the limited presence of smectite and vermiculite
(three-layer minerals), while the percentage of non-swelling and shrinking calcite does not alter the
volume change patterns [45].

The comparatively higher amount of MP and FP in the top liner, especially in 0.05 m depth, is
strongly influencing the volume change during the shrinkage phases [19] and the lower X (top liner <
bottom liner) the more pronounced is the proportional shrinkage, as mentioned follows [15].

Moreover, the shrinkage curves of the compacted boulder marl in the top and bottom liner were,
therefore, nearly parallel to each other with slightly varying volume shrinkage indices, which are
typical for compacted soils [41]. Thus, the intermediate to firm p; values are the major reason for
initial and already small void ratios (0.3-0.4 cm3/cm?), except for 0.05 m depth [19], because the more
compacted the layer and the higher the pre-shrinkage stress are the higher is the resilience capacity
towards dehydration [31,41]. Otherwise, the effect of organic (<1.2 wt%) or clay (<14 wt%) on the
shrinkage behavior is subordinate [31], accentuated by a very low relationship between the clay content
and the volume shrinkage index (r? < 0.18). On the other hand, the mineral composition and therefore
the limited amount of three-layer clay minerals (i.e., smectite) describes the restricted shrinkage and
the swelling characteristics of the boulder marl better than the clay content or the number of fine
pores [7].

In contrast, natural soils, like Silandic Andosols with 12% organic carbon, and Histic Gleysols
with 26.5% organic carbon and lower p; values presented void ratios of nearly 2 to 4 cm®/cm?3 resulting
in a more pronounced proportional shrinkage phase [46,47].
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Weather-dependent drying cycles can lead to dehydration events exceeding the previously highest
one or the matric potential can be more negative than the critical matric potential (pre-shrinkage-stress)
due to the higher hydraulic stress of the menisci forces in the micropores [11,12].

In those cases, not only a vertical volume movement but also a higher horizontal shrinkage crack
formation and increasing geometry factors (rs > 1) can be expected [26], which was also proofed by our
results. Therefore, vertical shrinkage causes subsidence of the soil surface, and the involved horizontal
shrinkage results in soil shrinkage cracks [44]. Thus, the geometry factor strongly depends on the
mechanical and hydraulic history [31], the water content during dehydration [48], and the number of
wetting /drying cycles [19].

Furthermore, the changes in the void ratios (Ae) due to swelling after re-wetting (—1000 hPa to
quasi-saturated condition) could also show that only a certain part of shrinkage is reversible. These
findings also confirm the theory of non-rigid pore systems, even for soils with a high pre-shrinkage
stress [40].

4.3. Seasonal In-Situ Soil Water Dynamics

The in-situ measurements of the soil water dynamics link the actual in-situ shrinkage of the
boulder marl with the given in-situ matric potential when considering the concept of critical matric
potentials. Considering the tensiometer data, in-situ matric potentials more negative than it or
rather exceeding the pre-shrinkage stress, as mentioned before, can cause further shrinkage-crack
formation and generation [39].

These potential preferential flow paths can increase the amount of infiltrating water (i.e.,
contaminated with heavy metals) resulting in higher leachate rates by a factor of 3 to 4 [28,49],
especially during intensive precipitation events. Therefore, the presence of shrinkage cracks is a key
factor for the long-term hydraulic stability of mineral liners [38,50], when considering, for example,
the cracked mineral liner of the ‘Georgswerder landfill’ (Hamburg, Germany) in humid climates [48].

As promising technical solution, the repeated desiccation of the material and/or in combination
with previous compaction can increase the impermeability of mineral liner in a long term [45].

The structure deformation cannot be avoided within the top liner, considering annually occurring
negative matric potential values of up to —850 hPa [28]. This statement, however, does not
contradict the requirements for an impermeable bottom liner, because, in combination with a high
evapotranspiration rate and a greater water storage capacity, there is a reduction in the amount of
infiltrating water, as described in following literature [34]. This is especially true, if the upper part of
top liner is well rooted by small plants or grass, so that we can concentrate shrinkage and swelling in
this rooted soil volume, which protects the deeper bottom liner from drying and root penetration.

In the study period and beyond, the in-situ matric potentials of the bottom liner reached at
minimum values between —100 and —150 hPa, even during drier periods, thus, the hydraulic stability
of the Rastorf landfill was preserved, accentuated by constant annual leachate rates between 10%
and 14% [28]. In this regard, the boulder marl in the bottom liner reached only a small range of its
shrinkage potential. The total volume change was <2%, despite the potential volume change of up to
4.9%. These results emphasize the hydraulic stability of the temporary capping system. The reason
why sandy loam textured soils do not crack distinctly can be considered to a low tensile strength,
including a less pronounced shrinkage strain energy [9].

5. Conclusions

The results allow to conclude that the shrinkage characteristics of the boulder marl including
shrinkage behavior, geometry and tendency are mainly affected by the installation conditions and
therefore by the mechanical and hydraulic stresses. The less compacted top liner enabled the
concentration of the shrinkage and swelling cycles in the rooted soil volume, while the bottom
layer was slightly affected during the annual wetting and drying periods.
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Therefore, the shrinkage-crack formation resistance of the bottom liner was ensured until the end
of the study in 2015, because the pre-shrinkage stress (—500 to —1000 hPa) was more negative than the
previous reached matric potentials in the field (—100 to —150 hPa), also provided through a suitable
material selection. On the other hand, the Ks values, even in the most compacted bottom liner, were up
to two orders of magnitude higher than the statutory required values. Furthermore, the bottom liner
was sufficiently moistened, even in drier periods, and it enabled a constant supply of the ‘bioreactor’
with infiltrating water, while avoiding shrinkage crack formation and therefore preferential flow paths
through its soil hydraulic characteristics under the given climatic conditions.

The concept of critical matric potentials complimented by in-situ field measurements is valuable
to investigate the hydraulic stability of mineral liner substrates under realistic conditions.

In summary, the soil chemical and physical properties of mineral liner materials, including the
shrinkage and swelling capabilities should be studied before installation in final capping systems.
However, the aftercare (i.e., field measurements) of mineral capping systems is also necessary to assess
the effect of settlements (post-compaction), root growth and aging (bioturbation, carbonate leaching),
and on the material properties ensuring the hydraulic stability in the long term.
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