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Abstract :

An experimental embankment was constructed in RoEkesmce. The construction
was completed in December 2004. The first objectivethis experiment is to
investigate the influence of climatic changes om $bil response such as changes in
water content and temperature as well as the imbueatical and horizontal
displacements; and the second objective is to tigadse the soil response under water
flooding from the base of embankment. In this stuttg changes in temperature,
volumetric water content and suction along the re¢rixis have been analysed using
a one-dimensional model and based on the meteacalagata obtained in the field.
Comparisons made between the measurements andasonsl have shown the
relevance of the method adopted, provided thaéBl@tboundary conditions and soil
parameters are taken into consideration. Moredveth the simulation and field
monitoring showed that climatic effects are limiteda shallow depth, which results
from the low permeability of the compacted fill.

Keywords: soil-atmosphere interaction; experimental embankmefield
measurements; numerical simulation.




Introduction

Embankments are made up of unsaturated compacitd $beir behaviour is
strongly affected by the climatic or environmengarturbations. When climatic
conditions change, the temperature, water contethtsaction of soils change. When
clayey soils are involved, significant ground mowsitnor soil cracking can occur,
leading to possible damage to buildings and geoieahconstructions (Arbizzi et al.
2008, Borde et Despres 2008). Indeed, recent assasson hazards caused by
droughts showed that evapotranspiration is alsongortant process to be accounted
for in natural hazards analysis.

The evapotranspiration process has been widelyiestuih the field of
meteorology and agronomy. Very often, the potenghpotranspiration (PET) is
calculated to obtain a first estimate. The most mam methods used for PET
calculation are the Penman method, the Penman-Momeethod and the Turc
method (see Guyot 1997 for a comprehensive reviéhg. actual evapotranspiration
(ET) can be determined by either field measurerbhaséd on water balance or energy
balance, or numerical analysis using standard matepcal data. For the numerical
analysis, Choudhury et al. (1986) and Xu and Q897) developed different models
allowing the calculation of ET in the case of ba@ls (without vegetation) or
homogenous canopy (grass, crops etc.).

For a given soil, when the evapotranspiration ikwated using the models
mentioned above, the boundary condition in ternwafer flux is determined, and
further coupled analysis using the finite differermaethod or finite element method
can be performed in order to determine the soiewabntent variations. This is quite
common practice in the field of agronomy. In theldiof geological and geotechnical
engineering, this approach has been introducedntlgcbut has been met quick
development (Wilson et al. 1994, Terlien et al. 3,99an Beek and Van Asch 1998,
Bogaard and Van Asch 2002, Cui et al. 2005, Matetle 2005, Zornberg and
McCartney 2005, Cui and Zornberg 2008).

The present work presents the monitoring data morexperimental embankment
constructed in France, during the first stage efdkperiment whose objective was to
investigate the influence of climatic changes oe $oil thermo-hydro-mechanical
responses such as changes in water content aneraome as well as the induced
vertical and horizontal displacements. As the malnjective of this experiment
regards the second stage aiming at investigatig siiil response under water
flooding from the base of the embankment, the Btage lasted less than one year
unfortunately, from early December 2004 to late #atg2005. Based on the work of
soil-atmosphere modelling of Cui et al. (2005) &dand Qiu (1997), the changes in
temperature and volumetric water content alongc@ral axis of the embankment
have been simulated using meteorological data rddain the field. The calculation
was then compared with the monitoring data in otdeferify the adopted approach.

Field monitoring

The experimental embankment was constructed bgrraibmpaction in Rouen,
France, from early August to the end of Novembe®420Figure 1 presents a
photograph of the embankment near completion. Theaakment is 12 m long,
5.27 m high, 21 m large at the base and 5 m largleeatop; it consists of 15 layers
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made of two fill materials. For layers 1 to 5 (@80 cm from the base) a silty soil,
namely A28, was used and for layers 6 to 15 (186-&87 cm from the base), a silty
soil namely SNEC was used. Their physical properi® shown in Table 1 and their
grain size distribution curves in Figure 2. Soil8ABas more fine-grained fraction
(< 80 um = 97%) than soil SNEC (< 80 um = 40%);¢lae fraction is also higher in
soil A28 (< 2 um = 25%) than in soil SNEC (< 2 um5%); this explains the larger
plasticity index (§) and the larger methylene blue valug;évfor soil A28. Note that
Vgs can be considered as an indirect measure of tbeifgpsurface (the specific
surface expressed in’m is about 24 x ¥s). According to the French GTR
classification (1992), soil A28 belongs to categddy+A2 and soil SNEC belongs to
category Al. Both soils belong to lean clay (CLNdwing the ASTM unified soil
classification system.

Soil A28 was designed to be loosely compacted (&tbmum) whereas soil
SNEC was densely compacted (95% optimum); thisgdesias to emphasise the
collapsible behaviour of lower layers made up oBADbil and the swelling behaviour
of upper layers made up of SNEC soil. Figure 3 gmts the profile of density
determined using both double-gamma probe and gadenaimeter. At each layer,
the soil density was measured at various positiSngnificant heterogeneity can be
observed: the lower layers have a density varyingnf1.25 to 1.9 Mg i and the
density of the upper layers varies from 1.65 t&Mp mi°. This is a typical problem
when compacting under field conditions. The hetenegty identified can be related
to both material heterogeneity (different clod sthetribution) and water content
heterogeneity. Actually, any material heterogenedytainly results in water content
heterogeneity because the water content of thesdlbemselves must be different
from the overall water content; this is the casanduthe equilibration phase (water
redistribution due to suction gradient between rpoes and micro-pores) and this is
also the case after the equilibration phase (thenmeontent of clods must be higher
because of their smaller pores that generate hgjieions).

Figure 4 presents the instrumentation of the emin@mi. The numbers of layers
are also indicated. A large quantity of sensorsewesed to monitor the changes in
volumetric water content (Time Domain Reflectometry TDR, 40 points;
hyperfrequency loop, which measures the volumetvater content from the
measurement of soil permittivity by consideringnsity having travelled through the
hyper frequency loop cable: 10 points), total suct{equitensiometer, 15 points),
temperature (thermocouple, 25 points), verticabldisement (device based on Linear
Variable Differential Transformer - LVDT, 18 poiftsand horizontal displacement
(string potentiometer, 8 points). All these senseese installed along four axes:
centre, north, south and west at different height€.13, 0.33, 0.53, 0.85, 1.15, 1.81,
2.075, 2.375, 2.75, 3.21, 3.52, 3.94, 4.66, 4.93me. centre, south and north axes are
on the symmetric plan of the embankment whereasvébst axis is under the west
slope. Soil water contents were recorded everydl2shand soil temperatures as well
as pore water pressures (suction) were measurey guwour. The longer recording
time interval for volumetric water content was ammpmainly because of the larger
number of sensors (40 TDR and 10 hyperfrequencp)ldor a limited recording
memory space and of the low variation rate generdkserved for volumetric water
content under climatic changes (see for instanéeetCal. 2005).

The embankment was also equipped with a meteorabgitation on the top
surface to record the meteorological data everyn8tutes, including solar radiation,

precipitation, atmospheric pressure, wind speedl.@im, air temperatures at 0.5 m
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and 1.0 m, relative humidity at 0.5 m and 1.0 mvabground level. The soil surface
temperature was also monitored.

In the following, the meteorological data will beepented first. Then the data
about soil volumetric water content, soil pore-wapgessure (suction) and soil
temperature are shown. As the simulations made imwodved the central axis, only
data recorded along this axis are presented. Té@adiements measured are quite
small over the whole monitoring period: the maximuatue of vertical deformation
recorded was about 1% swelling in the near surtace and the maximum value of
horizontal displacements recorded at three levels lgss than 0.01 mm. As these
measurements are not significant (normal for the fasticity soils used) and in
addition they have been not involved in the calooilg they will not be presented
(detailed information about displacement measurésnesmn be found in Vinceslas et
al., 2009).

Meteorological data

Meteorological data were recorded from early Decam#)04 to late August 2005.
They are presented in Figure 5. Maximum daily sodaliation (Figure 5a) increased
almost linearly from December to April and then do®e constant until late August, at
about 0.8 kW/h One significant rainfall event was recorded off duly
(23.2 mm/30 min, Figure 5b). The precipitations December and May were
61 mm/month and 51.8 mm/month respectively, highan the average precipitation
of 45 mm/month. The average wind speed was abdumi1s’; but several high
speeds were recorded, especially off 3dly when it reached 36 nmt §Figure 5c).
The relative humidity in air varied between 30 di®% (Figure 5d). It seems that
there was a seasonal trend in relative humidityngba: the mean value decreased
from the beginning of monitoring (December, 200z XHe end of February, 2005; it
remained more or less constant afterwards till Aatgust. The air temperatures varied
between -6.7°C and 31.6°C. The minimum value amokar late February and the
maximum in mid June.

Volumetric water content of soll

Figure 6 presents the variations of soil volumewikter contents over the whole
monitoring period along the central axis. Note tinathis section the positions of the
sensors are indicated by the depths from the tape®embankment. Note also that
only measurements from TDR are presented becamslarsiesults were recorded by
the hyperfrequency sensors. At 34 and 61 cm defitlyure 6a): after the first
rainfalls from 18 to 26" December 2004, a sharp increas&dof about 6% was
observed. A stabilisation occurred from™.0anuary, followed by a new increase
probably in response to the rainfalls from"1® 24" January 2005. Afterwards, no
significant changes were recorded even after trenheainfall of 4" July 2005,
suggesting that a balance between infiltration ewaporation was reached. At 114
and 133 cm depths (Figure 6a), no significant Wamaof &s occurred till mid April
2005. A gradual increase was observed from midlAprearly July 2005, reaching
more or less the same value than the upper twdsléabout 30%). At 175 cm depth
(Figures 6b), the measurement shows a signifidaotufation around a value of 27%.
This fluctuation is difficult to be explained. AtO8 cm depth, no variation was
recorded, with a value around 26.5%. At 289.5 ciptldea constant value of about
26.5% was also recorded. But on the contrary tarieasurement at 206 cm depth, a
gradual increase was observed from late March tdy eday, followed by a
stabilisation till the end of the recording peridd. 346 cm depth, the measurement
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showed no significant changes with a value arout¥d.3-or the deeper levels (Figure
6¢), no significant changes occurred for all demkeept the depth of 442 cm where
an increase was observed during all the recordiexgog from a starting value
relatively low: 20%.

From the observations above, it seems difficultmrtake a simple correlation
between the precipitation and the volumetric watartent changes. Different factors
could be origin of this difficulty: the significariteterogeneity of density (see Figure
3), the soil nature (two different soils, SNEC af#8) and the sensitivity of the
sensors used. Furthermore, the possible non-untfpohsuction after compaction of
the embankment would lead internal water redistidouand result in volumetric
water content changes. But this phenomenon isuvsli®o take place only in the early
recording period.

Soil pore pressure

Figure 7 shows the pore pressure variations at diiferent depths along the central
axis. At 61 cm depth, a sharp increase was recapdeti’’ December 2004. This is
consistent with the precipitation records. Indeed,rainfall events were recorded
before 18 December and significant rainfalls occurred betwed" and 19
December 2004. A slight gradual increase was theserwed, followed by a sharp
decrease from early July to early August. Aftervgamdsharp increase occurred till the
end of the recording period. This sharp decreadesharp increase seem difficult to
be explained. At 206 cm depth, no change occuritd23™ December then a
significant increase up to 20 kPa was observed. vidtee remained more or less
constant afterwards. There was probably a technicablem with this sensor
considering that the soil seemed to be unsaturatetl logically a negative pore
pressure should be recorded. At 346 cm depth, grofisiant changes were recorded.
For the depth of 397 cm, a slight increase occumadon the whole the measured
value was close to that at 346 cm depth. Note hewthat the measurements by this
sensor by the end of the recording time were algben than zero; therefore a
technical problem can be also suspected. At théhdegf 412, 494 and 527 cm, the
same variation trend was observed, with a geneeatedse till late May 2005
followed by an increase. There was also the samatim trend for the depths 442
and 474 cm. But on the contrary to the depths &, 4B4 and 527 cm, these two
depths showed a constant increase.

Compared to the measurements of volumetric wateteod, the measurements of
pore pressure seem more difficult to be interpréi@sked on the data of rainfall. This
Is probably due to the higher sensitivity of suetio the soil density variability and
soil nature. Further study is needed to investigfagereliability and sensitivity of the
equitensiometers used in the range of suction W&l Note also that many authors
have reported that climatic changes seem to affiecsurface soil only (Camillo and
Gurney 1986, Kondo et al. 1990, Mahfouf and Noili&91, Chanzy and Bruckler
1993). Unfortunately, because no sensors werdllggtabove layer 14 (34 cm depth),
it is not possible to know the volumetric water ®ort and pore pressuchanges in
the near surface zone, even though it is beliegdaetmore significant. This is also
one of the motivations for the numerical analyggq@med for the near surface zone.



Soil temperature

Figure 8 presents the soil temperature measurddfatent heights above the base
of embankment along the central axis. It appeaarkl that the lower the soil layer,
the less the variation of soil temperature. In faodj all the depths showed a
temperature decrease in the cold season and aromeeincrease in the hot season;
the decrease-increase transition time was funaifosoil depth: the deeper the soil,
the later the temperature transition. This obs@matuggests that on the central axis
considered, the variations were rather one-dimeasio

Figure 9a shows the temperature profiles at diffetienes on 26 June, including
the soil surface temperature and the air tempegstar 0.5 m and 1.0 m respectively
above the embankment surface. It appears cleady tluring 24 hours, the
temperature changes were limited to 34 cm deptis dépth limit changed with a
longer period. Indeed, if a five-month period isnslered, the soil temperature
changed at all the depths (Figure 9b).

Soil heat and mass flow models

The one-dimensional water and heat flow model mteseby Wilson et al. (1994)
is adopted. Obviously, considering the geometrythef embankment (12 m long,
5.27 m high, 21 m large at the base and 5 m lardgkeatop), a two-dimensional or
three-dimensional calculation must be more ratior@wever as a first attempt, a
one-dimensional analysis was made for changes mpdeature, volumetric water
content and suction along the central axis of tindankment. This is based on two
considerations: i) only the central axis was comsd and it is believed that along this
axis of symmetry an one-dimensional analysis isglde, and ii) one of the main
motivations of this work is to assess the suctibanges numerically in the near
surface zone where the soil-atmosphere interacti@s the strongest but the
instrumentation was unfortunately missing; this eawmith significant changes in
suction and volumetric water content has been fdonde thin and it seems that an
one-dimensional analysis was enough consideringdlaively large surface area.
Furthermore, the temperature changes showed inrd=i§usupport the approach
adopted. In the numerical simulations, the siltissmvolved were regarded as non
deformable. This assumption is supported by thg serall vertical deformation (less
than 1%) and horizontal displacement (less that ). Similar one-dimensional
model was also used by Cui et al (2005) to des¢hbéneat and water flow in a silty
soil. In this model, the transient equation of idqwater and water vapour is given as
follows.

N, _o 9f M), o 0( R
ot 0z 0z 0z 0z

wheret (s) is the timez (m) the elevation,h, (m) the total hydraulic head (the sum of
capillary head and elevation head P, (kPa) the vapour pressur@, (m) andC,

(m*kg™) the modulus of volume change with respect toidiquhase and vapour phase
respectivelyD, (kg m kN's?) the diffusion coefficient of water vapour throusil.
Vapour pressureP, may be related to the pressure hegd by Kelvin’s equationk,

;

[1]



is the water hydraulic conductivity depending oi soction.

The calculation of the vapour pressiken Eq. 1 depends on the saturated vapour
pressurdP,s and the soil temperatuile Hence, the temperature profile of the soil must
be determined simultaneously. Wilson (1994) used?&q describe the heat flow due
to both conductivity and latent heat diffusion.

2] Cha_T:i(Aa_Tj.,.LVP'*Pvi Dvap"
ot o0z\ o0z P oz 0z

whereC;, (J m3°C?)is the volumetric specific heat capacity, repreisgnthe thermal
storage capacity of the volume element considere@l s* m™* °C?) is the thermal

conductivity of soil. L, (J kg') is the latent heat coefficient of vaporisation of

water:L, = 4.186x10%(607- 0.7T), whereT is the temperature fiC.

Energy analysis method to define the soil-atmosphere boundary
The energy analysis method is based on the caasiole of the energy balance in
the earth-atmospheric system which can be presested

[3] R,=G+H+LE

where G (W rif) is the ground heat transfer (positive when enésgyansferred to
the subsurface and negative when energy is trardfés the atmosphere). H (W3n
is the sensitive heat transfer (positive when enesgused to warm the air and
negative when the air loses energy due to coolibg)(W ni?) is the latent energy
transfer (positive for evaporation and negativedamdensation)R, (W m) is the net
radiation at the soil surface and can be estimiated the incoming solar radiatidR;;
(W m®) and the long-wave radiation emitted by soil stefand atmosphere:

[4] Rn = (1_ A)RSI - SSO-T34 + gaaTa4

whereA is the soil albedags is the soil-surface emissivity,is the air emissivitys is
the Stefan-Boltzmann constant (5.67%10 m? K™®): Ts (K) and Ta (K) are the
soil-surface and air temperature, respectively.

In the work of Cui et al. (2005), the water flux the soil surface was determined
using the potential evapotranspiration calculatethgi the Penman method. The
repartition of the net solar radiation, Bn the soil surface was done by assuming a
constant ratio G/R(G is the soil heat flux) and a constant ratio H/[H is the
sensitive heat; LE is the latent heat flux). Thigthhod has the drawback of not
considering the soil surface properties such asrahghness. In this work, a more
explicit approach was adopted, without assumptiowaoious constant ratios. Water
and heat transfers in the upper boundary betweirarst atmosphere are modelled
using Eq. 5 and 6, which are based on the Prampgtioach and similarity theory
(Monin and Obukhov, 1954):



— pana(Ts _Ta)

[5] H
r.T

[6] LE = I‘VlvI W(pVZO B pvza)
RTr,

Where H is the sensitive heat; LE is the latent Ae&; p, (kg m°) is the air density;
Coa(J kg" K™ is the specific heat of air (1.013 x%10 kg K™); Ts(K) is the soil
surface temperaturd; (K) is the air temperature at a reference hergtmn); T (K) is
the average temperatur€:~ (T,+Tg)/2; pvzo(Pa) is the vapour pressure at the soil
surface;pyza(Pa) is vapour pressure in the air at the referéeoghtz, (m); rr andr,

(s mY) are the aerodynamic resistances for the sensitidelatent heat fluxedf, is
the molecular mass of water (0.018 kg MpR s the gas constant (8.314 J tHé).

Eq. 5 and 6 take into account both the soil-atmesphesistancer andr,, which
depend on the wind velocity, the soil-atmosphere temperature gradignatT,and

the vapour pressure gradigRio- Piza It is generally assumed that =r, =r,and the

aerodynamic resistancescan be calculated using the approach proposedubgnd
Qiu (1997) and Xu et al. (1999):

N I S N a
) o 2 (B (B

whereu (m s%) is the friction velocity;L’(m) is the Obukhov lengthyy,, is the
stability function.u- is calculated from a logarithmic wind profile. = u,k/Ln(z/z),

where y(m s?) is the wind speed measured at an elevation ofi)z % (m) is the
roughness length. k is a constant taken in gemepadl to 0.41. The Obukhov length
L’ is calculated by

[8] = Pt T
kgH

Where k is the same constant as in Eq. 7. Theliggahinction for the case of
unstable stratificationL(<0, in the sense of turbulent flow) is given by

L (1+%2 _(1-162)""
[9] wH—ZIn( 5 j ,x—( C j

and for the case of stable stratificatit’™Q, in the sense of laminar flow)

2az\*? Z C z\ bc
10 - = 1+— +h ———|exp —-d— |[+—-1
[10] D ( 3|_j (L dj F{ Lj d

According to Xu and Qiu (1997),a=1, b =0.66% % and d = 0.35.

As the sensitive heé&t is involved in Eq. 8 to determine the Obukhov |lérigt
an iteration process is needed in the resolutioth@fabove equations. Whéh
andLE are known, the soil heat flug can be then determined from the energy
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balance equation (Eq. 3).
The soil-atmosphere boundary condition is then liotfined by the latent heat
flux LE and soil heat fluxa.

Numerical methods

In this study, only changes in soil temperaturetewaontent and suction along the
central axis of the embankment were simulated. Hoerded meteorological data
were used to set the soil-atmosphere boundary wondiThe heat and mass flow
equations (Eq. 1 and Eq. 2) were solved using thee fdifference method by taking
the origin of the vertical axis z at the base & #mbankment. For the resolution,
water flow equation (Eq. 1) was first rewritten as:

2 2
oh, _ ok, oh, . 0°h, 9D, R . IR

ot Y 0z o0z v az? Y 0z 0z Y 9z2

and the corresponding difference equation is

Nug s ~ Mgy -
At
C kw(i+:Lj) _kw(i—l,j) Dh/v(i+1,j) _hw(i—lj) +C k hw(i+:Lj) _2hw(i,j) + hw(i—lj) +
v 20z 207 e AZ?
C Dy+1j) = Dugvj Dpv(im) ~PRuivp +CD Piwi = 2P * R
v 207 20z vy AZ?

wherei is the distance increment number in #héirection ,j is the time increment
number, Az is the distance step incremerit is the time step increment .
In the same fashion, heat flow equation (Eq. 2) reasitten as:

0T _dAoT 0°T P+P, (aD, 0P, 9°P,
h_:__+/1 2+Lv +Dv 2
ot 0z oz 0z P 0z 0z 0z

and the corresponding difference equation is

C Ty = Tap -
"Nt
Agap ~Aip DT(iﬂ,i) ~Tap +/1T(i+1,j) ~ 2T * Ty +
Az Az Az?
L PR Dugaan =By Dpv<i+11) ~ R +D sy = 2Rap * Py
v v 2
P Az Az Az

At soil surface (i=1), the boundary condition aefided by surface temperature
T(1), surface vapor pressurgl) and surface water heag(1l). Soil temperaturd
and water heat, at timet = j+1 can be calculated from the values at tinrg using
the two finite difference equations above. Figu@eptesents the calculation scheme
for the numerical resolution.

In order to obtain a stable and accurate solutoamall point distanceAz was
used in both the near surface zone and the zome¢heebhase where hydraulic gradient
was large when evaporation or infiltration was #gigant. In the simulation,Az =
5 mm for depth O - 20 cm and 505 — 525 cAz = 10 mm for depth 20 — 50 cm and
475 — 505 cm;Az = 50 mm for depth 50 — 475 cm. A fixed time st&p was

10



adopted: 0.5 s.

Initial values and boundary conditions

The initial soil temperature and volumetric watentent profiles were determined
by the measured temperature and volumetric wateteob along the central axis in
the night of 31 March, 2005; a linear relationship was assumedvést two
neighbouring measurement points. Because the vatiomeater content of the
surface soil was not monitored in the field, artiahivalue of 20% was assumed,
which can affect the simulation results during salvdays, as shown later.

The soil-atmosphere boundary is defined by theggnanalysis method given in
the last section from the measured meteorologietd dair temperatures at 1.0 m,
wind speed at 1.0 m, relative humidity at 1.0 mwabthe embankment surface, solar
radiation and precipitation). The measured tempega&nd volumetric water content
near the base were used to define the bottom boyodadition.

Soil-atmosphere interface parameters

As Eg. 3 and 4 indicated, soil albeAmlays a major role in the energy balance.
Albedo depends mainly on the volumetric water conht®, decreasing whers
increases. In this work, the soil albedowas determined using the expression
proposed by Passerat de Silans et al. (1989):

A(6,)=01 for 6,203
[11] A(6,)=025 for 6,<01
A(6,) = 025-0.75@,-0.1) for0.326,>0.1

A constant value as 0.90 was taken for emisssdtyrhe emissivitye,was estimated
from the vapour pressurB,,, (Pa) and air temperaturg, (°C) at the reference
elevation g (Idso, 1981):

[12] £,=0.70+05.95p,,, exp{ 1500 J

T, +2731

The roughness lengiy depends on the roughness of the bare soil sur@Garerally,
a bigger roughness length results in a smaller resistang@amd a higher latent heat
LE and sensitive hedd. In this work,z, was determined by a calibration phase. The
fitting was made by a maximum likelihood method,iesthcompared measured and
simulated soil-surface temperature in the firsefdays. It was found that a value of
0.15 mm was suitable. This value is very closeh® value of 0.14 mm used by
Melayah and Bruckler (1996) in an analysis of aelsil surface.

Soil parameters

A set of thermal-hydro-mechanical parameters wéescts for each soil used to
construct the embankment. The water retention caxeressing the relationship
between suction s (kPa) and volumetric water can#n was described using Eq. 13
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(see Cukt al.2005):
6,.-0
[13] 8, = T +6
1+ HWS _Hr _1 E
6.6 S
where 6,.is the volumetric water content in the saturateatestd, is the

residual volumetric water contentfd,, is the value of water content

corresponding to a reference suctmnkPa). ¢ is a parameter controlling the
shape of the water retention curve. The fitted eslfrom field suction and
volumetric water content measurements wike 0.33,6,= 0.05,6,,= 0.26,5, =
30 kPa = 1.0 for the upper soil SNEC afgs= 0.44,6,= 0.05,6,,= 0.26,5; =
50 kPa for the lower soil A28 (Fig. 10). The figldta show significant scattering;
that must be mainly related to the heterogeneitieaked by the soil density
control (Fig. 3). Indeed, laboratory tests on s&H#8 using osmotic suction
control method (see Cui et al. 1996, Delage efl@®8, Delage and Cui 2008,
Blatz et al. 2008, Tang et al. 2010) for two dryisiéies pg = 1.45 Mg ni* andpg
= 1.85 Mg m°) showed significant density effect on the wateeméon curve
(see Figure 11). It was therefore quite difficdt the parameters determination.
One of the possible methods would be to normahsedata as respected to the
soil density but as mentioned before some technjpalblems of the
equitensiometers for suction measurement were stespeand therefore the
authors prefer adopting a single water retentiawesfor each soil in this study.
Note also that the hysteresis in the water retargioves was not accounted for.
The hydraulic conductivity-suction relationshig(s) presented by Cuet al.
(2005) was adopted to calculate the hydraulic cotidty k.

[14] k, = s

w ¢
(-3
Kua S

whereks (m s%) is the water permeability at suctism 0; ky1 (m s?) is the hydraulic
conductivity corresponding to a reference suctsrtkPa);& is a parameter. The
parameters for soil SNEC were estimated based etatioratory tests conducted by
Mantho (2005) on a similar soil (Boissy-le-Chatéllselonging also to lean clay (CL)
following the ASTM unified soil classification sysh; the water permeability at
saturated state is about®m s'at a lower dry density of 1.6 Mg and they were
ks= 1.5 x 10 m %, kyx = 1.15 x 10° m s, s, = 40 kPa and = 1.25. For soil A28,
as it was less compacted than soil SNEC, its weganeability at saturated state was
taken slightly higher than that of soil SNEG:=%6 x 10° m s*; the other parameters
were kept the samey k= 1.15 x 10°m s*, s, = 40 kPa and = 1.25.

The wlumetric specific heat capacith (J m° °C?) was determined using Eq. 15
proposed by de Vries (1963):

[15] C:h = Cses + CWHW + Caga

where G, C, and G are the volumetric specific heat capacity of solids (2.24 x
10° I m3°C?), liquid water (4.15 x 10J m*°C™) and air (1.34 x 100 m*°C™,

neglected) respectivelyd,, 6, and 8, are the volumetric contents of soil solids,

water and air, respectively. The thermal condustiof soil A (W m™°C?) was
determined using Eq. 16 proposed by de Vries (1963)
12



_fEA + 10, + 1.6,

SsT”s”’s W= w”Tw a-a’‘a

fSBS + fWBW + faga

[16] P

where A, A andl, are the thermal conductivity of solid (6.0 W'fC™), water

(0.57 W nit °C?) and air (0.025 W °C™, neglected) respectivelyf,, f, and f,

are the weight coefficients for solid, water andraspectively, they are determined by
the method proposed by Wilson et al. (1994, see RAtedlund and Rahardjo 1993):
fw = 1.0,f=0.25 and,=1.5.

Simulation results and analysis

Figure 12 compares the simulated and measured teaiperatures at the
embankment surface. On the whole, satisfactoryemgeat was obtained between the
measured and calculated data. Nevertheless, soadeprs can be observed: the
calculated maximum temperature is about 35°C whife measured maximum
temperature is about 40°C; in some periodd” (26bruary to 24 March, 2005, and
1% to 8" May, 2005, for instance), the calculated tempeestare much higher than
the measured ones; in some other perioli¢@812" April and 8" to 14" May, 2005,
for instance) it is the inverse. Therefore the dation gave a good general trend of
temperature variations only, and it is difficult@abtain accurate simulations over the
whole monitoring period. Note that the constantcelated temperature during a
period in July was due to the lack of volumetrictevacontent measurements (see
Figure 6).

Figure 13 presents the soil temperature changesiadepths: 34, 133, 290 and
412 cm. An obvious difference can be observed:ntleasured temperatures show a
decrease in the cold season from December, 2004Jateh 2005, and increase
afterwards; the decrease-increase transition amgiion of the depth as observed in
Figure 7. This transition is less evident for tlaécalated temperatures.

Figure 14a shows the simulated volumetric waterteranat 34 cm. It is observed
that the variation was quite small and on the wiloéesimulation was in accordance
with the field data. The same observation can bdenfar the other depths (Figure
14b-d). Because no field data was available inns surface zone (shallower than
34 cm), no comparison was possible for this zofmat s why only simulation results
are presented in Figure 15, at 5 selected depthg, (8, 10 and 20 cm) in the near
surface zone. It can be observed that at 20 cnhddp variation of volumetric water
content was also small; By contrast, in the shadosoil, the variation is very clear.
The difference between the first four depths (& and 10 cm) seems to be negligible.
Si%nificant variations are observed during the qusiof 1" and 28 December, 2004;
11" February, 2005; 18and 24" April, 2005; 4", 14" and 38' May, 2005; 4' and
24" July, 2005; 18 August, 2005; consistent with the precipitatiocorels.

In Figure 15, the calculated results do not seetbet@affected by the initial value
set (20%). Actually, in the preliminary analysesfpened to the aim of verifying the
influence of the initial conditions, the effect tfe initial value was almost erased
after one day, hence justifying the choice forghmeulation presented.

Figure 16 presents the comparison between the latdduand measured soil
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suction (negative pore pressure) variations, atrldepth (the first level for suction
measurement). Significant differences were obserV¥ée field data showed a low
variation with an average value of about 20 kPatl@ncontrary, the calculation gave
a quasi constant suction of about 40 kPa, in ageeemith the low volumetric water
content variations calculated (see Figure 13). dewper levels the calculation also
showed negligible suction variations and the resalte not presented. As for
volumetric water content variation, the suctioniaaons in the zone shallower than
61 cm were calculated for 5 different depths (052,10 and 20 cm). Significant
variations were observed for 0, 2, 5 and 10 cmldephe variations were smaller at
20 cm depths. Again, theses variations are coa@haith the precipitations records.

Note that when calculating the soil hydraulic coctduty k,, if the volumetric
water contenb,, is close to its residual valg,, suction becomes very high leading
to a value of k close to 0. This would result in numerical problesmen determining
the boundary value of water head. To avoid thisblem, in the calculations, a
minimum value of 18" m/s was set fork This is probably the reason for the cut-off
values observed in Figure 15 and Figure 16.

Conclusions

An experimental embankment was constructed in Rodeance. Significant
instrumentation was installed, including a meteagalal station on the embankment
surface, soil temperature, soil volumetric watenteat, soil negative water pressure
(suction) and soil vertical and horizontal displaeats, in various depths. This
enabled the analysis of the interaction betweenospmere and embankment soil
using the first period monitoring data over aboum®nths prior to water flooding
from the base.

According to the embankment design, soil A28 wasigieed to be loosely
compacted at 80% optimum in order to emphasisedt@psible behaviour upon
wetting; by contrast, soil SNEC was densely comgmhett 95% optimum in order to
expose its swelling behaviour. The results of dgnsbntrol showed that the actual
densities were far from the designed values. Thfleats the common difficulty
encountered in soil compaction work in field coratis.

Because of the low permeability of the two consirelcompacted soils, the effect
of evaporation and precipitation on soil volumetwater content was limited to a
certain depth. Indeed, the field data showed thahet the first measurement level
for volumetric water content (layer 14 at 34 cmitigponly a fluctuation smaller than
2% was recorded. According to the simulation resuthe climatic effect on
volumetric water content was limited to 10 cm depth

In terms of changes in suction or negative porssune, it appears that all depths
were affected. This suggests that suction was m@msitive to climatic changes than
volumetric water content. Nevertheless, the fiemtadand the simulation results
showed that the most significant variations werethe near surface area: the
variations were very limited in the soil deepemi® cm.

As far as the temperature changes are concerregopéiars that during 24 hours, it
was limited to 34 cm depth. But this limit depthadlged over a longer period: if a
five-month period is considered, the soil tempagtihanges involved all the depths.
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Energy analysis method has been found to be ariezffimethod for the definition
of the soil-atmosphere boundary condition. Indeed]y the easily measured
meteorological data were required to predict charigesuction, water content and
temperature. In practice, this kind of predictiaas lobviously significant economical
and environmental impacts because direct monitooh¢he suction and the water
content are known to be difficult.

Comparison of simulation results with field measoeats shows that an approach
combining the soil-atmosphere interaction analygsigl a coupled heat-water flow
model can be used to calculate the water contemiperature and suction of the soil
at any time. As all numerical modelling work, thaimdifficulty is the determination
of model parameters. In this work, for the detemation of roughness length,za
calibration was carried out using the first fiveydeeld data. For the initial volumetric
water content at the embankment surface, an estimatiue of 20% was given. The
simulation results showed that the numerical apgr@aopted is able to auto-regulate
itself over a short time.

It must be mentioned however that the adopted ame+tsional model represents a
simplistic method because the geometry of the exygertal embankment. It seems to
be valid for the central axis. For a full geomeamyalysis, a two-dimensional or
three-dimensional model is necessary. Note als¢ tha work performed has
benefited from the relatively rich data; when makan analysis of a real geotechnical
embankment, the boundary conditions are certaintremcomplicated and less
available data are expected; as a result, the sinalypuld be more difficult.
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Table 1.Physical properties of the fill materials

Fill Materials
Property ; .
Soil A28 Soil SNEC
o 19.8 16.3
Plastic limit w, ( %)
S 31.9 25
Liquid limitw, ( %)
o 12.1 8.7
Plasticity indexJ ( %)
4 3.24 2.4
Methylene blue value 34 ( g 100g™ )
Particle size < 8@m 97% 40%
Particle size < 2m 25% 15%
Grain densitys (Mg m®) 2.68 2.66
Standard proctor optimum water content 14.5 12.5
Wopn (%)
Standard proctor optimum dry densiysen 1.85 1.92
(Mg m®)
French GTR classification Al-A2 Al
ASTM unified soil classification CL CL

Figure 1 Rouen test embankment near completion.



100

90 A
80 A
Z 70 A28 SNEC
1] i
2
g 60
>
= 50 -
S .
= 40 -
8 _
5 30 1
20 A
10 4
0 TTT T T T T T T TTT T TT
0.001 0.01 0.1 1 10
Equivalent diameter (mm)
Figure 2. Grain size distribution curves of soid8and SNEC
Dry density (Mg/m®)
1.2 13 14 15 16 17 18 19 2 21
550 1 1 1 1 1 1 1 1
500 1 Gamma-densimeter {HE[ 15 )
. : 14
|- Double-Gamma probe 0 N 12
—~ 400 - P L I T
£ N : % 10 | sNEC
= 350 : ' Sandy
%’ |\[K Z silt
T 300 Optimum : L
250 - 90 % optimum _ \\/1 7
200 | 80% oQimum ' 6
N A N
150 - : : 5
| L . A28
100 = ' ; it
a . Z 2 !
0 : :
Figure 3. Measured dry density of the embankmeitg.s

21



+ TDR probe (6s) (@) Elevation

X Equitensiometer (s) .
Ve A 15 ™\ o= o= o o o o o e e e e e e e
A Hyperfrequency loop (8s) as vam v = sm
O Thermocouple (T) E— =
(ﬁ—' - - S == 4m
/@\ ! 10
Y a 3HO-A 09
Y : 08 e ———— 3m
oX O+—A o
ofx oA ® - 2m
04
e r— \\ Lm
oA 02
xR oL
O A
f e Drainage layer ]
Horizontal displacement transducer (b) Elevation
—0
| 15 \mmmmmm——m e — e —— e ——— = = 5m
14
Vertical displacement transducer i 113
11 Ny - 4m
I 1] 10
I " 09
| e 08 N mmm—m— - 3m
T

Figure 4.Sensors installed in the embankment; a) measursneénlumetric water
content, suction and temperature, b) mearsureno¢uisplacements.

22



[ X4

areq

07-12-04
15-12-04
23-12-04
31-12-04
08-01-05
16-01-05
24-01-05
01-02-05
09-02-05
17-02-05
25-02-05
04-03-05
12-03-05
20-03-05
28-03-05
05-04-05
13-04-05
22-04-05
30-04-05
08-05-05
16-05-05
24-05-05
01-06-05
09-06-05
17-06-05
25-06-05
03-07-05
26-07-05
03-08-05
11-08-05
19-08-05

Wind speed (m/s)

T

Il

AT R

areq

07-12-04
15-12-04

N
[N
=
N
o
=

31-12-04

08-01-05 §

16-01-05
24-01-05
01-02-05
09-02-05

o

Precipitation (mm/30min)

L~ NN
N A O ©® O N MO OO N
S S T

17-02-05 {

25-02-05
04-03-05
12-03-05
20-03-05
28-03-05
05-04-05
13-04-05
22-04-05
30-04-05
08-05-05

16-05-05 —

24-05-05
01-06-05
09-06-05
17-06-05
25-06-05
03-07-05
26-07-05
03-08-05
11-08-05
19-08-05

1

(@)

areg

Solar radiation (kW/m?)

© ©o o o o 9 9 9 9 o p
o [l N w - ol (o2} ~ oo © o
07-12-04 } } } } } } } } } }
15-12-04
23-12-04 —
S
N—r

31-12-04
08-01-05
16-01-05
24-01-05
01-02-05
09-02-05
17-02-05
25-02-05
04-03-05
12-03-05 £
20-03-05

28-03-05 7
05-04-05
13-04-05
22-04-05
30-04-05
08-05-05
16-05-05
24-05-05
01-06-05
09-06-05
17-06-05
25-06-05
03-07-05
26-07-05
03-08-05
11-08-05
19-08-05




144

"90RJINS JUBWUBJWS

aA0ge W O'T e ainjeladwdp)ipue adeyns Juswyuequwsa aAoge w QT 1e Aupiwny

aAle|al (p) ‘@oelns uawyuapeAoge w O'T 1e paads pum (9) ‘uoneudoaid (q)

:uoneipel rejos (e) ‘5002 ‘6T 00z ‘2 08 wol) eyep [eaibojoloslsN "G aInbi

areqg

0T-

07-12-04

Air temperature (°C)

' = [ N N w
a1 o a1 o a1 o a1 o

w
a1

15-12-04
23-12-04
31-12-04
08-01-05

H

@

S

Iy

<}

&
L

24-01-05
01-02-05

o

g

S

N
)

o
L

17-02-05
25-02-05
04-03-05
12-03-05
20-03-05
28-03-05
05-04-05
13-04-05
22-04-05
30-04-05
08-05-05
16-05-05
24-05-05
01-06-05
09-06-05
17-06-05
25-06-05
03-07-05
26-07-05
03-08-05
11-08-05

~—~
D
~—

19-08-05

areg

0

07-12-04

Relative humidity (%)

S o2} ©
o o o

00T

15-12-04
23-12-04
31-12-04
08-01-05
16-01-05
24-01-05
01-02-05
09-02-05
17-02-05
25-02-05
04-03-05
12-03-05
20-03-05
28-03-05
05-04-05
13-04-05
22-04-05
30-04-05
08-05-05
16-05-05
24-05-05
01-06-05
09-06-05
17-06-05
25-06-05
03-07-05

N}

@

S

N

<}

o
\

03-08-05
11-08-05

19-08-05 -

(p)




14

"W 22S-2T¥ (0) ‘wo 9ve-G/T (q) ‘wo €ET-vE

(e) :sixe [esuad uo syidap JYgpale JUSIUOD J3JeM JLBWN|OA painsesy ‘9 ainbiyg

03/12/04
13/12/04
23/12/04
02/01/05
12/01/05
22/01/05
01/02/05
11/02/05
21/02/05
03/03/05
13/03/05
23/03/05
02/04/05
O 12/04/05
Z 22/04/05
02/05/05
12/05/05
22/05/05
01/06/05
11/06/05
21/06/05
01/07/05
11/07/05
21/07/05
31/07/05
10/08/05
20/08/05
30/08/05

wogTy

+9¢
8¢

ML

woy6y

4

W

WwoyTS

[ Wwovv]

Volumetric water content (%)

03/12/04
13/12/04
23/12/04
02/01/05
12/01/05
22/01/05
01/02/05
11/02/05
21/02/05
03/03/05
13/03/05
23/03/05
02/04/05

O 12/04/05

% 22/04/05
02/05/05
12/05/05
22/05/05
01/06/05
11/06/05
21/06/05
01/07/05
11/07/05
21/07/05
31/07/05
10/08/05
20/08/05
30/08/05

(a)

wo5'68¢

o't

03/12/04
13/12/04
23/12/04
02/01/05
12/01/05
22/01/05
01/02/05
11/02/05
21/02/05
03/03/05
13/03/05
23/03/05
02/04/05

O 12/04/05

% 22/04/05
02/05/05
12/05/05
22/05/05
01/06/05
11/06/05
21/06/05
01/07/05
11/07/05
21/07/05
31/07/05
10/08/05
20/08/05
30/08/05




9c

"W /2S-2Tv (Q) ‘wo 26€-T9

(e) :sixe enuad ayl uo syideplaylp e ainssaid-aiod Jo suoneuepn ‘, ainbi4

03/12/04
13/12/04
23/12/04
02/01/05
12/01/05
22/01/05
01/02/05
11/02/05
21/02/05
03/03/05
13/03/05
23/03/05
02/04/05
312/04/05
7322/04/05
02/05/05
12/05/05
22/05/05
01/06/05
11/06/05
21/06/05
01/07/05
11/07/05
21/07/05
31/07/05
10/08/05
20/08/05
30/08/05

(@

03/12/04
13/12/04
23/12/04
02/01/05
12/01/05
22/01/05
01/02/05
11/02/05
21/02/05
03/03/05
13/03/05
23/03/05
02/04/05
312/04/05
7322/04/05
02/05/05
12/05/05
22/05/05
01/06/05
11/06/05
21/06/05
01/07/05
11/07/05
21/07/05
31/07/05
10/08/05
20/08/05
30/08/05




24
22 +
20 T
618”
\-/16,,
(O]
S
2 14 + 289.5cm [T
5] i
= 346 cm Fyp em I et 7
Q12 ¢ 7 e
5 W
g 107 ey
g+ I
=\ 7 1y
AN N
6 T ,\\ Y 17
4,,
P ‘
ST T TOUOOUOLWOLLOLWHLHLWHLWHLWLWLWLWLWLWLWLWLWHLW]LW]LW]LW]LW0LWLW0
SO0C00L009999999999999999999¢99
ANANN A A NN NNODOMNMITITTWOWOL O©O© ONNNNNOOOO O
A A A0 0000000000000 000000000 00
S9Hd0000000909000900909000209002982°9
N MO O ANNNdAdTdT o mmAaANNANNNAdA AA A dH4 O OO
O d NO A NOANO A NO A NOAANOANO A NMANM
Date

Figure 8. Variations of soil temperature at varidepths on the central axis.
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