Proceedings of the XVIII| ECSMGE 2024

GEOTECHNICAL ENGINEERING CHALLENGES ECSMGE 24

TO MEET CURRENT AND EMERGING NEEDS OF SOCIETY XVII| EUROPEAN CONFERENCE
© 2024 the Authors / ON SOIL MECHANICS AND
ISBN 978-1-032-54816-6 m— GEOTECHNICAL ENGINEERING

DOI 10.1201/9781003431749-583
Open Access: www.taylorfrancis.com, CC BY-NC-ND 4.0 license

Moisture content distribution in a dike cross-section — A case
study of a geophysical investigation

Distribution de la teneur en eau dans une section transversale de digue -
Etude de cas d'une investigation géophysique

Zs. 1llés”, G. Nagy, L. Nagy
Budapest University of Technology and Economics, Faculty of Civil Engineering, Department of Engineering
Geology and Geotechnics, Budapest, Hungary

A. Kovacs
KBFI-Triasz Kft., Budapest, Hungary

“zsombor-.illes@edu.bme.hu; illes.zsombor@emk.bme.hu

ABSTRACT: Due to long spells of droughts, embankments can desiccate. Dikes constructed of high plasticity clays can
crack. These cracks can be detected by visual inspection, site investigation, or geoelectric resistivity. We aimed to identify
areas with geoelectric measurements that are desiccated and vulnerable to fissuring. To better understand the cracks' cause,
geophysical measurements and traditional geotechnical investigations were carried out on a dike section where cracks on
the paved crest were already visible. A soil moisture monitoring system was already installed at one of the investigated
sections. Geophysical measurements can identify large areas of desiccated embankment slopes, while geotechnical drillings
and sensors can only be at point locations. Geophysical measurements can only be used to identify desiccated areas if it is
known that the investigated embankment is relatively homogeneous. Electric resistivity and moisture content correlation
were done based on the field measurements.

RESUME: En raison de longues périodes de sécheresse, les digues peuvent se dessécher. Les digues construites avec des
argiles a haute plasticité peuvent se fissurer. Ces fentes de dessiccation peuvent étre détectées par une inspection visuelle,
une étude du site ou par résistivité géoélectrique. Dont 1'objectif d’identifier les zones vulnérables aux risques de
desséchement, des mesure géoélectriques ont été prélever. Pour mieux comprendre ce phénomeéne, 1'étude geoélectrique a
été couple par une études géotechniques traditionnelles sur un trongon de digue ou des fissures sur la créte pavée étaient déja
visibles. Un systéme de surveillance de I'humidité du sol avait déja été installé sur 1'une des sections étudiées. Les mesures
géophysiques permettent d'acquérir une identification continue sur la totalité de la surface de zone étudier, alors que
l"identification des forages et des capteurs n’est que ponctuels. L’approche géophysique ne peut étre utiliser pour identifier
les zones a risque de dessiccation que dans les cas ou le talus étudier est relativement homogeénes. La corrélation de la
résistivité électrique et de la teneur en eau a été effectuée sur la base des mesures de terrain.
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1  INTRODUCTION 2009). The material was extracted from ditches at the
waterfront and then piled onto the dike. The soil was
moderately or not compacted at all.

Wide-spread cracking has been identified on the
dikes of the Great Hungarian Plain, along the Tisza

Flood protection embankments, also known as dikes,
are built to protect floodplains and the population of
their areas along rivers and lakes from inundation. In

Hunga.ryl, dikes ?lontg;hfe T1sTa RH’ o angll 1;s1tr1b1}11tar} © and its tributary rivers (Szepessy 1991; Lazanyi and
are mainiy constructed from foca’ty avalable ConesIve g4y 1997). The same phenomena have been

materials such as silt and clay (Illés and Nagy, 2022). . . .
tifi North Engl D t al. 2009).
Most of them were built before the development of identified in No ngland (Dyer et a %)

modern soil mechanics in the middle of the 19% The desiccation of clay (and fine-grained) layers in

¢ N 2006). At that fi tructi lake and river beds has been studied since the middle
cten gry d (Nagy )- At t a.t 1rtrllle, ctorzis rue 103 of the 20th century (Neal 1968; Walker 1986).
standards - were more permissive than today, an The desiccation and cracking of these high

materials available near the site were utilised. .. . . .
. . plasticity and mainly high montmorillonite content
Historical methods, namely cross transportation, were

used as the primary construction mode (Dyer et al.,
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earthworks are triggered by long spells of droughts as
a consequence of climate change.

2 METHODS

2.1 Location

The examined dike section is located on the
Szolnok-floodplain, north of Szolnok, Great
Hungarian Plain (Figure 1). The surface of the area is
covered by Holocene sediments (silt and clay)
transported by the Zagyva and Tisza rivers from the
North Hungarian Mountain range.

The site was selected based on a dike crest
pavement survey (Illés and Nagy, 2022) and on-site
visits. The nationwide study aimed to identify the
natural and human causes of the dike pavement fissure
and deterioration (Illés 2023). The cracks on the
pavement and the grass slopes indicate that clays
susceptible to volume change are present.

Slovakia

Croatia Serbia

Figure 1. Location of the water retention monitoring system
in the dike.

2.2  Dike materials

The dike, according to ISO 14688-2:2017, is
constructed of high plasticity clays (w; = 56.1% and
I, = 33.7%), while the subsoil under the dike has
higher Atterberg limits (w, =70.5% and [, =

43.8%). The dike contains considerable fine content
(Si > 50% and Cl > 20%) based on the grain size
distribution measurements (ISO 17892-4:2016).

The shrinkage limit, according to Krabbe’s empirical
relationship from 1958 (Schultze and Muhs 1967):

Ws = Wy — 1.25 - Ip (1)

Based on the equation for the dike and the subsoil the
shrinkage limits are 14 % and 16% respectively.

2.2.1

Dikes saturate during flooding until the seepage line,
or the upper parts of the cross-section after heavy

Unsaturated soil properties
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showers. Apart from these events most of the dike
section is unsaturated. The measurements presented by
I11és and Antal (2022) support this statement, however
under the paved crest the dike is almost constantly
saturated. The volumetric behaviour of compacted
unsaturated soils is particularly complex due to the co-
existence of three different phases: solid, liquid and air
(Kieu and Mahler 2018). It is influenced by soil
suctions. Laboratory and in-situ soil suction
measurements are conducted and compared to better
understand the state of the dike (Illés and Antal 2022).

2.3 Monitoring system

It is essential to monitor soil moisture content to
determine the health state of an embankment (Utili et
al. 2015). An established method is to create a water
content profile from disturbed samples when signs of
shrinkage cracks are visible on an embankment (Nagy
and Illés 2016). However, we aimed to continuously
monitor a flood protection embankment’s water
content at as many points as possible.

23.1

The monitoring system is composed of 17 sensors: 14
TEROS 11 soil moisture sensors, 3 TEROS 21 water
potential sensors and 3 ZL6 data loggers, all supplied
by METER Group. The instruments are located at
Doba (North of Szolnok city), section 87+620 and
installed in 4 borings; flood side slope, flood side of
the crest, crest axis, and at the protected side charging
bench (see Figure 2.). The soil moisture sensor
(TEROS 11) has a range of 0.00 — 0.70 m*/m?
volumetric water content (METER Group, Inc.
2018a), while the water potential sensor (TEROS 21)
has a range of —5 to —100,000 kPa (METER Group,
Inc. 2018b). Both instruments are equipped with
thermocouple, measuring temperature; their detailed
data sheets are available in the manuals.

The installation procedure and the initial results are
described by Illés and Antal (2022).

Sensors

2.4 Geophysical measurements

In-situ  electric resistivity tomography (ERT)
measurements are a useful tool for engineers to assess
the soil properties along a section and not just from
drilling. It can be used to identify soil water deficit
(Chrétien et al. 2014), to detect desiccation cracking
(Nagy et al. 2008; Sentenac and Zielinski 2009; Jones
et al. 2014) and the presence of dispersive clays (Nagy
et al. 2021). We aimed to identify the areas with
different moisture content and, if present the location,
of possible cracks.

Multielectrode site geophysical measurements were
conducted in the cross-section of the monitoring
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system, and in other two cross-sections before and
after it. Furthermore, the dike was examined in three
longitudinal sections, on the flood side. Altogether a
total length of 535 m was measured with a 0,5 m
electrode arrangement. Three longitudinal (90 m) and
three cross-sections (55 m).

Resistivity (P) measurements by the ERT and soil
moisture measurements by the sensors can be related
by using the Waxman and Smits (1968) model:

e
Pw

where S, is the degree of saturation, ¢ is the porosity,
a is the tortuosity factor, m is the cementation, while
n is the saturation exponent, p,, is the pore water
density, B is the average ionic mobility, Q, is the
cation concentration per unit pore volume in

(meg/cm?). The material density (p,) and dry density
(pq) of the samples are measured. The void ratio (e =

a

@™MSy

&)‘1
Sr

Pws = 2)

n

South-East
[m] |

water and energy

ps/Pa — 1), and the porosity (¢ =1—py/ps) are
calculated. The void ratio are used for the calculation

of the saturation (S,.).

3 RESULTS AND DISCUSSION

Temperature and soil moisture distribution of the
examined cross-section is presented along resistivity
measurements in Figure 2. High resistivity areas on the
flood and protected side are matched by areas of low
water content. The dike crest is paved, it acts as a seal.
A stretch of high moisture content can be found under
the dike crest. The installation depth of the soil
moisture sensors was limited by the installation tool,
provided by the manufacturer. From the resistivity
map it can be seen that the core of the dike has a
homogenous resistivity indicating a stable water
content.
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Figure 2. Dike cross-section, soil temperature and moisture distribution, resistivity measurement.

The data of the soil moisture sensors and electric
resistivity measurements are pared (same location and
time), to analyse the connection in between them.

The Waxman-Smits model was fitted on these
measurements (see Figure 3). The used parameters are
summarised in Table 1. The cation exchange capacity
(CEC) value is based on a literature review. Csillag et
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al. (1995), measured 39.0 meq/100g near the
Hungarian town Szolnok. Furthermore, Yilmaz (2004)
proposed a connection between liquid limit and cation
exchange capacity; the proposed equation resulted in a
similar value, somewhat higher. In general, clays have
a higher CEC value than 30 meq/100g.
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Table 1. Waxmann-Smith parameters.

Parameters Value Notes Units
Tortuosity factor o 2.56 Fitted
Cementation exponent m  2.82 Fitted
Saturation exponent n 1.58 Fitted
Pore water resistivity, P, 14.00 Estimated Qm
Pore water density, pw 1.00 g/em?
Solid density, ps  2.70 g/em’

. - . (Sm™)
Average ionic mobility B 2.00  Estimated /meq
Cation exchange capacity, C 39.00 Estimated meq/100g
100y
= \
S80
g \

\

g 60 <
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Z
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Figure 3. Waxman-Smits model, correlation of in-situ
resistivity measurements versus gravimetric moisture
content.

As only the in-situ measurements were used (soil
with natural water content), we could not capture the
whole phenomena, the exponential increase of
resistivity with the decrease of soil moisture content.

Glendinning et al. (2014) wused laboratory
resistivity and  gravimetric moisture  content
measurements to fit the Waxman-Smits model. The
gained curve was used to calculate the volumetric
water content distribution of the test embankment at
the times of the ERT resistivity measurements.

The resistivity measurements of this conference
paper (5-120 Qm) and Glendinning et al. (2014) (10-
150 Qm) are in the same range, the two major
differences are; i) the embankment at Tisza river is
paved, due to it the moisture content is relatively high
under the crest, ii) the slopes desiccate to much deeper
extent in Hungary, due to the more severe droughts.

4 CONCLUSIONS

Electric resistivity tomography is a useful tool to
distinguish areas with different moisture content. It
can be applied to identify stretches with considerable
moisture deficit, on dike slopes or just on the open
field. For different kinds of soils, resistivity moisture
content calibrations are needed to be able to use
geophysical measurements on their own. In our case,

Proceedings of the XVIIl ECSMGE 2024

with 0,5 m electrode distribution the cracks were not
visible on the sections. However, areas with high
resistivity indicate a highly unsaturated state (pores
mainly filled with air) and an area with a possible
hairline crack system. The results were correlated with
the Waxman-Smits model, indicating reasonable
agreement.
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