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Abstract

As part of the Loire levees reinforcement projects, site instrumentation was carried out on one of the portions
of the reinforced levee by a deep soil mixing cut-off wall in 2017. Its purpose was to monitor, over several years,
the dike response in terms of water contents, suction and temperature, both in the cut-off wall and in the dike
body.

Thus, on a portion of the cut-off wall, the instrumentation consisted of installing 5 TDR (Time-Domain
Reflectometry ) probes in the trench of soil mixing in order to monitor the evolution and variations of the
volumetric water content and the temperature at five different depths. Similarly, 2 TDR probes and a suction
probe were installed in the body of the dike, close to the cut-off wall. In addition, a rain gauge and an outdoor
temperature sensor have been installed. Two piezometers were installed, on the river side and on the land side.

The long-term behaviour of the soil-cement mix forming the cut-off wall is also an important issue for design. It
is required to know if the conditions of temperature and water content of this one remain stable in time so that
the setting and the hardening occur under good conditions, to what extent the material is impacted by the
environmental conditions and could be impacted by the constraints of climate change.

In addition, the two piezometers makes it possible to follow the evolution of the permeability of the material
when the level of the Loire rises at the level of the body of the dike.

Monitoring also provides a more precise idea of the type of stresses the structure is subjected in terms of drying-
wetting cycles during floods and drops in the level of the Loire, or weather variations.
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1. Introduction

The Loire has around 700 km of earthen levees which provide protection for people living in the major river bed.
These levees are particularly sensitive to the phenomenon of internal erosion, which can lead to breaches in the
event of flooding and which has been highlighted in the levee hazard studies (DREAL Centre-Val de Loire, 2012).
For this reason, in 2010, DREAL Centre-Val de Loire initiated a study on techniques for creating deep soil mixing
cut-off walls in anticipation of reinforcement on large linear levees. Initially, in 2012, experimental work sites
were set up in the Val d'Orléans, involving Cerema, Univ. Eiffel, Inrae and Brgm for medium and long-term
monitoring. After preliminary tests on site, larger works were carried out in the Tours (10km) and Orléans (7km)
levees. For several kilometres long levees, the depth of the cut-off walls will have to be limited so as not to
hinder the natural movements of the alluvial underground water in the permeable subsoil layers. Consequently,
the depth of the cut-off wall is determined by precise soil studies, taking into account two sometimes conflicting
conditions: optimising the reduction of the hydraulic gradient and leaving a sufficiently permeable layer so as
not to cut off the underground water flow.

Among the various research works around deep soil mixing developed by the research team of this paper, a
feedback of the monitoring of reinforced levee from execution works until about four years of structure in
service are presented here. Monitoring of structures allow to get information from temperature and water
content to evaluate the durability of the geotechnical structure within the reinforced levee.



2. Monitoring of the levee on Montlouis-sur-Loire site
2.1 Context — objectives of the reinforcement and site characterization

The principle of the levee reinforcement is described in Figure 1. The levee is reinforced with a 50cm large and
8m deep cut-off wall with the deep mixing technique on several kilometres of dike.

The site geology is as follows :

Made silty fill (0 to 2.40m), silty clay sand (2.40 to 4.60m), fine sand with silt and gravels (4.60 to 7.50m) , clay-
sandy calcareous (from 7.50m).
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Figure 1: General scheme of the dike reinforced with a cut-off wall
2.2 Construction of a deep soil mixing cut-off wall
The field work can be described as follows (Figure 2a):
- Pre-trench of 1.5m depth
- Cement filling of the pre-trenching
- The mixing machine is positioned
- The mixing phase is done

- The monitoring is installed. In the cut-off wall, 5 TDR sensors are fixed on a steel rod that is introduced in the
fresh material (Figure 2b and Figure 4). One TDR sensor in the dike body at 1m depth (Figure 4).
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Figure 2: Field work: (a) mixing phase (Patouillard et al., 2018, 2019) and (b) monitoring installation

The 8m deep cut-off wall was built using dry deep mixing technique in October 2017. Cement content
of 207 kg/m? was used. The ratio W/C was about 1,5.

2.5 Monitoring (levee and cut-off wall)

An example of monitoring within a reinforced levee is described in this paper but this type of monitoring
procedure can be applied to other different structures. It has been carried out to evaluate variations of
temperatures and water contents due to environmental solicitations (meteorology, variation of water level
during flood...). In October 2017, a monitoring on structure has been carried out. It consists in putting sensors



within the reinforced structure and within the natural material. Five temperature and water contents sensors
(TDR sensors) were set up within the mixed materials on a 8m deep soil mixing trench at five different depths.
Temperature, water content and suction sensors at 1m depth were installed in natural soil of the dike’s body to
compare measurements with soil mix response to environmental solicitations. The purposes are to observe the
biggest amplitude of variations for temperature and water content as well as their duration in the levee and in
the soil mix. Correlations between rainfall and water content in the natural soil could be analysed. The maximum
depth of monitoring is 5.5m and Loire river water level maximum reached 6.9m (until now) with an 8m deep
cut-off wall. Only capillarity effect can be observed in the cut-off wall above the Loire river water level.
Piezometers on each side of the cut-off wall were also set up.

The monitoring can be described as follows (Figure 4):

- 5 TDR sensors in the cut-off wall: 1.50m, 2.50m, 3.50m, 4.50m (Campbell Scientific CS650 and CS655)
and 5.50 m (SDEC) (Figure 4)

- 1 TDR probe installed at 1m depth (CS 650 Campbell Scientific) (Figure 4)

- 2 piezometers with automatic recording (DIVER sensor: SDEC)

- External weather sensors: temperature and rainfall

- Electric cabinet with long term battery

- 1 suction sensor at 1m depth (Campbell Scientific).

All sensors were connected with electric cable in the electric cabinet with long term battery. They were
connected to acquisition center with a recording system. The sensors were recorded every 3 h. The program
was designed so that battery needed to be switch on 20 ss before measurement and 20 s after measurement.

During monitoring of the cut-off wall, several steps were followed (Figure4).

$10mm diameter rod, 5.50m long was welded to the tip. The TDR sensors (1.50m, 3.50m, 4.50m and 5.50m)
were fixed to the metallic rod. A tube was mechanically fixed to the tip with a system of small metallic cables.
When the mixing phase occurs, the tube is pushed into the fresh material. Small metallic cables are pulled to
separate the tube from the tip.

Metallic rod welded to the tip remains in the fresh material with the sensors fixed on it as the tube and small
cables are withdrawn.

As far as 2.50m deep TDR sensor is concerned, a metallic rod with a sensor at 2.50m depth without tip was
introduced in the soil at a distance of 2m from the axis of the metallic rod with the tip into the fresh material.
The objective was to check that the tip would not have so much influence on the results.
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Figure 4: Monitoring — sensor installation, Transversal view (sensors. piezometers), cylindrical beam with 5
TDR sensors in the cut-off wall fresh material, Drilling 1m depth for soil TDR probes.



3 First results of the long term monitoring
3.1 Piezometric levels (field. weather station)

Piezometer measurements are obtained for each side of the cut-off wall. One of the piezometer (land side) was
damaged from June 2019. The same trend can be observed between piezometer in Montlouis-sur-Loire and the
Loire water level on Tours scale (Wilson bridge). The Tours water level was taken from Vigicrues website.

From Figure 5, it can be observed that the water level reached the cut-off wall (8m depth i.e. 48m NGF) during
three periods. The maximum reached is 6.5mi.e. 1m under the deeper sensor (5.5m). An effect due to capillarity
could be considered.

It can be shown that the water level variation has got an influence on the variations observed in the two
piezometers. Nevertheless, rainfall does not seem to have any influence on the piezometers levels.
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Figure 5: Comparison between the Loire water level measured in the city of Tours (Wilson bridge) and the
piezometric levels on each side of the cut-off wall with time and rainfall.

3.2 During the two first days of curing

During the two first days of curing, data recording was carried out. On Figure 6, it can be observed that
temperature in the cut-off wall is increasing during these two days in the same range for all the depths. As far
as dike body temperature at 1m depth, a decrease is noticed probably due to external conditions.
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Figure 6: Temperature evolution during the two first days of curing



Volumetric water contents within the cut-off wall are not shown here as the sensors were not able to show a
stabilized value during these two first days. Nevertheless, the volumetric water content measured at 1m depth
stabilized in the first two days and shows small values around 2-3% and mainly remains constant.

3.3 Water contents from 2017 to 2021

On Figure 7, water contents in the body of the dike (depth 1m) and within the cut-off wall are plotted with time.
Amplitudes of water contents are observed in the cut-off wall at 1.5m, 2.5m, 3.5m and 4.5m depth but at 5.5m
depth, no variation is observed. Capillarity might be such that at 5.5m depth, cut-off wall seems close to
saturation whereas at the other depths variations of water content are observed with the amplitude of
variations increasing the closer to the surface.
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Figure 7: Water contents on the cut-off wall with time

A general observation is that the water content seems to decrease of about 1-1.5% per year from 1.5m to 3.5m
and about 0.5% per year for 4.5m depth. It can be noticed that the amplitude of variation for 1.5m. 2.5m and
3.5m are of the same amount. Nevertheless, the amplitude of variation for 4.5m is much smaller and the water
content at 5.5m is quite constant (Figure 7). A possible explanation for the 5.5m sensor can be the level of
saturation of the soil mix (water table and capillarity). (Figure 7). It probably means that the variation of the
water table of the Loire River has no effects on the 5.5m probe. Besides, the low water content variation means
that the curing conditions of the soil mixed material are relatively good despite temperature variations and
water content variations in the Dike body.

In addition, during the field work, water contents were measured on fresh materials with values between 25
and 33% i.e. close to the measured values at the beginning of the monitoring.

The water level seems to have no effect on these variations (Figure 5). Above 4.5m, the effect of climate seems
to appear and water exchange with the surrounding soil probably occurs. Below 5.5m, soil mix of the cut-off wall
reaches a stabilized value.

3.3 Temperature from 2017 to 2021

From Figure 8, a delay is observed between the peaks of temperature with depth due to diffusion that goes from
the top to the base of the dike, in the cut-off wall and in the dike body.

As far as maximum amplitude are concerned, between 1m (dike body) and 1.5m (cut-off wall), the temperature
variations seemed similar to a sensor in the dike body at 1.5m. It would therefore seem that the cut-off wall
undergoes the same temperature variations as the dike body. The temperature variations of the non treated
soil of the dike body are more important than in the soil mix of the cut-off wall. The dike body is more affects by



the environment variations. Wetting/drying cycles can be estimated from these measurements. Contrary to
water content variations, no significant difference is observed between the four years peaks and variations.
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Figure 8: Evolution of temperature in the cut-off wall and the dike body.
4. Conclusions and perspectives

The monitoring of the instrumentation of the levee at Montlouis-sur-Loire has been carried out since October
2017. The objective was to monitor the effect of the weather on the evolution of the water content and the
temperature within the dike and cut-off wall in deep soil mixing. For the cut-off wall, the monitoring made it
possible to monitor the response of the material in the cut-off wall between 1.5 and 5.5m during curing and
service stage of this structure in terms of water content and temperature.

Monitoring in the dike body at 1m depth allows monitoring of the response of the levee material in terms of
water content, temperature and suction (Le Kouby et al., 2022). Suction is not presented in this paper.

The weather station (temperature, rainfall) made it possible to link the observations made in the cut-off wall
and the body of the dike according to climatic events.

From this information, it seems possible to show that the cut-off wall undergoes wetting/drying cycles whose
intensity varies with the seasons.

The first results also showed that the water contents in the cut-off wall were quite high (25-30%) and were quite
close to the water contents during the works. The variations in water contents are all the greater, the closer the
measurement is to the surface, up to 5.5m where no variation in water content is observed. Temperature
variations show the same particularities. Nevertheless, the low water content variation provide good conditions
of curing of the soil mixed material and therefore improve the durability of this material and of the dike
reinforced with this technique. The temperature variations are such that the closer to the surface the higher
were the variations. Besides, delays between peaks and maximum amplitude are observed. Between 1m (dike
body) and 1.5m (soil mixing cut-off wall), the temperature variation is roughly equivalent. It would therefore
seem that the cut-off wall undergoes the same temperature variations as the dike body.

Those dry-wet cycles could be applied to laboratory samples to study long-term properties of mixed materials.

The effect of capillarity on an amplitude of variation of piezometric levels of the order of 3 m is quite limited
(absence of influence of the piezometric level 1.20m below the lowest TDR sensor probe in the cut-off wall at
5.50m depth).



The four-years monitoring shows an increase of the dry period in the service life of the dikes. Within the
reinforced structure, small variations of water contents were observed contrary to temperature variations that
were more important.

As far as return on experience is concerned, 11x22 cm specimens/samples were made with fresh material using
20mm sieve to avoid gravels and soil inclusions. They are sampled at two different depths in the cut-off wall.
Those specimens/samples were cured and tested under unconfined compression strength at 7, 28 and 90 days.
Besides, to follow long term response of the mixed material, coring on the 8m of the cut-off wall was achieved
in 2019 to get hydraulic and mechanical responses of the soil mix.
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