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Introduction générale






1. Contexte et problématique

1.1.L’érosion hydrique, une menace pour la durabilité e la ressource sol

Le sol est une ressource non renouvelable a I'kcldel temps de nos sociétés. Cette
ressource est soumise a différents processus dedadign qui menacent la durabilité de son
fonctionnement et les services éco-systémiquey qant liés. L'érosion hydrique est I'un de
ces processus.

Selon la FAO (1998) « 26 millions d’hectares serbadfectés par I'érosion hydrique des
sols dans I'Union Européenne ». En France, seloagport du Gis Sol (2011), « pres de 18%
des sols de France métropolitaine présentent um @krosion moyen a tres fort ». En
contexte agricole, I'érosion des sols cultivés enige des pertes en fertilité du sol, des baisses
de rendement a la levée des plantes et, dansnseitas, la destruction des semis ou la
formation de ravines qui constituent un obstaclerpges opérations culturales. Le transport
vers l'aval des particules minérales et des fedilis prélevés par I'érosion constitue une
source de pollution pour la qualité des eaux déasear(perturbation des écosystemes) et des
dommages importants pour les collectivités (saiiese et destruction de chaussées, coulées
boueuses...). Ainsi, I'érosion hydrique des sols ivédt représente une menace pour la
durabilité de la ressource sol et génere une ch&rgeomique importante. L’'optimisation des
pratiques agricoles et la mise en place d’aménagesnaéin de lutter contre I'érosion apparait
donc comme un enjeu crucial.

D’un point de vue scientifique, I'érosion hydriqdes sols est définie comme I'ensemble
des processus de détachement, de transport epdedééparticules issues de la surface du sol
sous l'action de I'eau. L’érosion hydrique faitantenir deux processus de dégradation des
sols qui interagissent : le détachement de paetcet la formation de croltes de battance.
Sous l'effet des pluies, les mottes et agrégatsemité a la surface du sol se fragmentent. Ses

fragments peuvent étre mobilisés par le splasheowiksellement, et étre alors transportés



vers l'aval. La concentration de fragments de estihilles a la surface peut conduire a la
formation d’'une crodte qui engendre la fermetumypssive de la porosité ouverte du sol. La
présence de croltes de battance réduit considérabtd’infiltration de I'eau dans le sol et,

de ce fait, augmente la quantité de ruissellemantuissellement ainsi généré est le moteur

du détachement et du transport des particulessslongjues distances.

1.2.L’érosion hydrique est un processus difficile a moéliser

La modélisation numérique de I'érosion hydrique stitte un outil indispensable pour
optimiser la lutte contre I'érosion des sols. Lesdegles d’érosion des sols permettent
d’estimer les risques d’érosion, de quantifier flesx d’eau et de particules générés et
d’évaluer I'impact des mesures de lutte contreoBén. La plupart des modeéles considerent
deux parametres clefs dans les processus d'érdwyoinique des sols: l'érosivité et
I'érodibilité. L’érosivité de la pluie ou du ruidiEment correspond a la capacité des agents
erosifs a détacher et a transporter les partiaiddesol. L’érodibilité du sol correspond a la
sensibilité du sol face a ces agents érosifs. Canpetre référe donc aux propriétés du sol. On
distingue généralement I'érodibilité des rigolesillkerodibility ») qui renvoie a la sensibilité
du sol aux processus de cisaillement lié a I'érogioncentrée, et I'érodibilité inter-rigoles
(« interrill erodibility ») qui renvoie aux processde I'érosion diffuse.

Actuellement, si les modéles d’érosion sont indisbles, les prédictions de I'érosion
données par ces modéles présentent globalememnbvsi@rgblemes de précision (Jetten et al.,
1999, Jetten et al.,, 2003 ; Boardman, 2006 ; Gunedr al., 2009). Les difficultés de
prédiction de I'érosion par les modeles sont enigpéiees a des difficultés dans I'estimation
de I'érodibilité du sol (Cheviron et al., 2011). Effet, I'érodibilité est une notion complexe
englobant différentes propriétés du sol influencgas de nombreux facteurs interagissant
entre eux. Si de nombreuses études concernantuéimfe des propriétés du sol sur les

processus d’érosion ont permis d’améliorer nos amsances sur ['érodibilité (e.qg.



Wishmeier & Mannering, 1969; Bryan et al., 1989|, 1091; Bryan, 2000 ; Bajracharya et
al., 1998, Salvator Sanchis et al., 2008), ce patanreste difficile a estimer et a quantifier
(Borseli et al., 2012).

Il existe différentes méthodes pour estimer I'ébddé d’'un sol. Des mesures directes sur
le terrain ou sous simulateur de pluie peuvent ébadisées. Ces mesures consomment
beaucoup de temps, nécessitent des investisseoentls et donc représentent un poids
financier important. L’érodibilité peut aussi étestimée par des fonctions statistiques
intégrant des propriétés du sol comme la texturéacieneur en matiéres organiques (e. g.
Alberts et al., 1995; Renard et al., 1997). Largemailisée par les modéles d’érosion (e.g.
RUSLE, WEPP) cette méthode nécessite une connassgprofondie des propriétés du sol
influencant I'érodibilité, ce qui n'est pas le castuellement. Une méthode intermédiaire
consiste a mesurer la stabilité structurale desgags comme proxy de I'érodibilité

(Bajracharya et al., 1992 ; Le Bissonnais, 1996rils & Roose, 2002).

1.3.La prédiction de la stabilité structurale : un enjeu pour améliorer les prédictions

de I'érodibilité du sol

La structure du sol correspond a l'arrangementsidides et des vides au sein de la
matrice du sol. A travers différents processus, degicules minérales et les substances
organiques ou inorganiques présentes dans le solepe s’agglomérer entre elles pour
former un agrégat possédant une certaine cohéstmanigue. La stabilité des agrégats (ou
stabilité structurale) correspond a la capacité digrégat a conserver sa structure lorsqu’il est
Soumis a un stress exogene comme par exemple umectation. Il s’agit d’une propriété
intrinséque du sol que I'on mesure de facon emypérid-a stabilité structurale influence les
flux d’eau et de gaz au sein du sol, I'activité lbgique, et le développement des plantes
(Amézketa, 1999). La stabilité structurale influerggalement la sensibilité du sol a I'érosion

inter-rigole et a I'encroltement (Le Bissonnais989 Bajracharya et al., 1998 ; Barthes &



Roose, 2002). Les agents érosifs tendent a fragmkast agrégats présents a la surface du sol.
Il en résulte la présence de fragments de petiiiest Plus leur taille sera petite, plus ces
fragments seront susceptibles d’étre mobilisés Ipar agents de transport. De plus, la
fragmentation de ces agrégats est a l'origine di®r@ation des croltes de battance. Une
stabilité structurale élevée a la surface du saitdi donc la fragmentation des agrégats par les
agents érosifs et, donc, la libération de parteulgcilement mobilisables ainsi que la
formation de crolte. Ainsi, plus la stabilité sturale est élevée, moins le sol est sensible a
'érosion et a l'encroltement. Ainsi, en amélioramis connaissances sur les facteurs
contrbélant la stabilité structurale, on pourra miastimer le parametre « érodibilité inter-
rigoles » des modeles et donc mieux prédire I'érosies sols.

De nombreuses études se sont intéressees auxrsagdela stabilité structurale du sol.
Cependant, les connaissances concernant la vardgida stabilité structurale pour un méme
type de sol restent limitées. Des suivis de teragias de temps mensuel ont permis de mettre
en valeur une forte saisonnalité de cette propmdtérelation avec le climat et I'activité
biologique (e.g. Bullock et al., 1988 ; Blackmarg92, Chan et al., 1994 ; Dimoyiannis,
2009). Des suivis menés en laboratoires ont mantesla stabilité structurale d’'un sol donné
variait a pas de temps plus court (quelgues jounsigdques semaines) en relation avec les
cycles d’humidité et la stimulation de l'activitélogique (e.g. Denef et al., 2001 ; Cosentino
et al., 2006). En revanche, les connaissances owntdes variations de stabilité structurale a
pas de temps court sans stimulation de [Iactivitélogique restent méconnues. Bien
évidemment, il en va de méme pour les facteursrdamt ces variations. A ce jour, s'il
n'existe pas de fonction pédo-transfert capablepd®voir les variations de la stabilité
structurale, de nombreuses études ont permis difigerdes facteurs contrélant la stabilité
structurale. Ces facteurs ont été répertoriés \éernsadifférentes syntheses bibliographiques

(e.g. Amézketa, 1999; Brownick & Lal, 2005; Sixadt, 2006). Amézketa (1999) et Bronick



& Lal (2005) ont distingué des facteurs internesluant les propriétés du sol (teneur en
matiéres organiques, électrolytes, texture, minéraldes argiles,...) et des facteurs externes
(climat, activité biologique, pratique culturale,..Six et al. (2004) ont séparé les agents
organiques des agents inorganiques, les deux tyiast dépendants de variables
environnementales (e.g. cycle d’humidité, tempéeatlCes facteurs sont impliqués dans les
variations de la stabilité structurale au travesspdocessus biotiques et physico-chimiques.
Les processus biotiqgues ont bénéficié de nombreéseates récentes qui ont notamment
permis de souligner l'influence de l'activité bigique et de la dynamique des matiéres
organiques dans les variations de la stabilitécgirale (Chenu et al., 2000 ; Cosentino et al.,
2006 ; Abiven et al., 2007 ; Leguillou et al., 2D1Qependant, ces études n’ont pas permis de
prédire les variations de la stabilité structurdke fagon satisfaisante notamment lorsque
I'activité biologique n’est pas stimulée ou lorsqadeneur en matieres organiques du sol est
faible (<5%) (Chan et al. 1994; Bajracharya etE98; Dimoyiannis 2009). Dans ces cas, les
processus incriminés dans la variation de la stalstructurale sont des processus abiotiques
liés au climat et notamment aux cycles d’humidiiétoriquement, les processus physico-
chimiques ont été les premiers étudiés (e.g. Yo#leB6; Hénin, 1939; Emerson, 1967;
Utomo & Dexter, 1981; Kemper & Rosenau, 1984 ; [Bexdt al., 1988). Certains processus
ont été clairement observés tandis que d’autrdemesdes conjectures et nécessitent d’étre
vérifiés. Mieux prédire les variations de stabilgtructurale d'un sol donné implique de

mieux connaitre ces processus.

2. Objectifs et plan de la these

Cette thése a été reéalisé avec pour objectif gemaméliorer les connaissances
concernant les processus physico-chimiques detiaride la stabilité structurale en climat
tempéré pour des sols cultivés. L’approche adopsédoasée sur des mesures de la stabilité

structurale a pas de temps court en se focalisaries variations d’humidité du sol, qui sont



le moteur des processus physico-chimiques cités ldalittérature. Le premier objectif est de
guantifier — a pas de temps court et sur le terraifes variations de stabilité structurale, et
d’identifier les facteurs contrélant ces variatiohe second objectif est — sur la base d’'un
inventaire des processus physico-chimiques deti@ride la stabilité structurale cités dans la
littérature — d'identifier les processus méconnus de les étudiés a travers des
expérimentations en laboratoire.

Le présent manuscrit s’articule autour de troistipsy chacune divisée en deux
chapitres rédigés sous forme d’articles. La premnartie présente le contexte des travaux.
Le chapitre 1, soumis a la revieropean Journal of Soil Scienamrrespond a une étude de
terrain qui met en valeur les variations spatidiestabilité structurale pour un méme type de
sol encro(té, et les difficultés de prédictionslaistabilité structurale a partir des propriétés
usuellement mesurées sur un sol. Ce chapitre seules difficultés d’'une bonne estimation
de I'érodibilité dans les modéles d’érosion et reEvidence la nécessité d’'une mesure de la
stabilité structurale a pas de temps court afidetitifier clairement les facteurs contrélant sa
variabilité. Le chapitre 2 est une synthése bibhphique des processus physico-chimiques
cités dans la littérature comme étant a I'origiree vdriation de la stabilité structurale. Ce
chapitre souligne I'influence majeure des cyclesactation-dessiccation sur ces processus et
identifie les processus qui restent méconnus (dorarrangement particulaire intra agrégat).

La deuxieme partie rapporte les résultats d’'unisigvterrain réalisé sur des sols de
Beauce dans l'objectif de quantifier les variatiolesstabilité structurale a pas de temps court
et d’identifier les facteurs contrélant ces vadoas. Les deux chapitres qui le constituent
feront I'objet d’'une soumission a la revi@oil Science Society of America Journbé
chapitre 3 met en valeur d'importantes variatioesla stabilité structurale a pas de temps
court et souligne I'effet de I'historique des ppitations comme facteur de ces variations. Le

chapitre 4 détaille cette relation et identifieidtoire hydrique du sol comme le facteur



dominant des variations de la stabilité structugalpas de temps court (expliquant jusqu’a
60% des variations observées).

La troisieme partie porte sur I'identification da®cessus influencant les variations de
stabilité structurale liées aux cycles d’humidilés’agit deux expérimentations menées en
laboratoire. Le chapitre 5 met en évidence desatraris de pression interne, a I'échelle
millimétrique, entre les particules d’'un massif giégat soumis a des cycles d’humidité
contrlés. Le chapitre 6 présente les résultatmed’axpérimentation visant a valider le
processus de réarrangement particulaire comme @tbmtigine de variations de la stabilité
structurale. L'imagerie par micro-tomographie X geé@g que si le processus de
réarrangement particulaire est la cause de vamstie la stabilité structurale, il ne s’agit pas

d’'un réarrangement global de la structure mais ddifications localisées.
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Premiere partie

Variabilité de la stabilité structurale sur le
terrain. Evaluation des processus physico-
chimiques associés
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Introduction

L’érodibilité inter-rigole correspond a la senditéil d’'un sol au détachement de
particules et a leur transport par les agentsférgae sont la pluie et le ruissellement. Il s’agit
donc d’'un paramétre clef dans la modélisation ée$ion. Ce paramétre est complexe car il
référe a des processus, aux propriétés du solfeedtructure, teneur en matiéres organiques,
etc.) et ne peut pas étre mesuré directement. Aigsdibilité du sol reste difficile a estimer.
De ce fait, la plupart des modeles d’érosion samitraints de considerer le paramétre
« érodibilité » d'un sol donné comme une constalaes 'espace et le temps (Jetten et al.,
2003 ; Gumiere et al., 2009). Au laboratoire, lestd de stabilité structurale constitue une
méthode d’estimation de I'érodibilité, une fortalstité structurale correspondant a une faible
érodibilité (Le Bissonnais, 1996 ; Barthes & Ro002002). Du fait de cette relation, la
prédiction de la stabilité structurale apparait omenun enjeu pour I'amélioration de la
paramétrisation des modeles d’érosion.

Malgré de nombreuses études concernant les faatenndlant la stabilité structurale,
cette propriété du sol reste actuellement difficilerédire (Chan et al. 1994; Bajracharya et
al., 1998; Dimoyiannis 2009). Différents processasmt impliqués dans les variations de
lastabilité structurale. Ces processus sont bieiq(liés a I'activité biologique et a la
dynamique des matieres organiques) ou abiotiquiegsign-chimiques), liés au climat. En
lien avec la dynamique du carbone, les processatgjbes ont fait 'objet de nombreuses
études récentes (Chenu et al., 2000 ; Cosentialb, &006 ; Abiven et al., 2007 ; Leguillou et
al., 2012) mais n’'ont pas permis de prédire lesatians de la stabilité structurale de facon
satisfaisante notamment lorsque I'activité biolagiq’est pas stimulée ou lorsque la teneur
en matiére organique du sol est faible (<5%) (Ceaml. 1994; Bajracharya et al., 1998;

Dimoyiannis 2009). Dans ces cas, les études sumplesessus biotiques renvoient aux

13



processus abiotiques pour expliquer les variatimsa stabilité structurale. . Ces processus
abiotiques ont été étudiés dans un passé plusailoirfe.g. Yoder, 1936; Hénin, 1939;
Emerson, 1967), certains processus ont été clanepieservés tandis que d’autres restent
basés sur des conjectures et nécessitent donciteuj@tre vérifiés.

La premiére partie de ce manuscrit a été constsuite2 chapitres avec pour objectif
de poser les bases contextuelles de la these.dptihl correspond a une étude de terrain
réalisée dans la région du Plateau de Loess (Chin@utomne 2009. Les objectifs étaient de
caractériser la variabilité de I'érodibilité d’unlsx travers des mesures de stabilité structurale
réalisées sur des états encroutés, et de relieésedtats obtenus a la stabilité structurale du
matériau sous-jacent et aux propriétés standardssadu(texture, teneur en matieres
organiques, etc...) Ce chapitre montre que I'éroiibil’'un méme type de sol peut varier
fortement méme pour un secteur de faible dimendies.résultats soulignent la nécessité de
mesurer I'érodibilité du sol sur le matériau defate et non pas dans I'horizon labouré
comme c’est usuellement le cas. Enfin, cette étoamtre que les propriétés du sol
généralement mesurées ne permettent pas de pléslirariations de stabilité structurale.
Rédigée sous la forme d’'une article, dette étuéig aoumise a la reviropean Journal of
Soil Sciencet est actuellement en cours de relecture.

Le chapitre 2 est une synthése bibliographiquesdrad’état de I'art sur les processus
physico-chimiques de variation de la stabilité ctiueale. Il dresse un inventaire exhaustif des
processus physico-chimiques cités dans la litte@atomme étant a I'origine de variation de
la stabilité structurale et pointe ceux qui sontcamhus. C’est notamment le cas du
réarrangement particulaire intra-agrégat qui deraandne étude approfondie pour vérifier

son implication dans les variations de stabilitcttirale.
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Chapitre 1 :

Evaluation de I'érodibilité pour un sol encrouteé et
consequences pour la modélisation de I'érosion.
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Abstract

Soil interrill erodibility is a key parameter iniserosion models. However, because soil
interrill erodibility is still difficult to predictaccurately, current erosion models use a constant
erodibility value for a given soil. Moreover, wherising aggregate stability to assess soil
erodibility, samples are usually collected from ghew layer, while soil erosion occurs at the
soil surface. Hence, the potential changes in bitgti caused by crusting are ignored. This
study was conducted to assess the variability gfeggate stability for a crusted soil and to
relate this variability to the aggregate stabibfythe underlying material and to the standard
soil properties. A field study was conducted innaited area of the Loess Plateau (China).
The crusts and the underlying materials were sainpléne soil aggregate stability was
measured as a proxy of soil erodibility. Standandl groperties (organic matter content, sand
content, silt content, clay content, CEC, and pHravmeasured as potential explanatory
factors of erodibility. The results showed a lavgeiability in aggregate stability among the
sites, although the sites were very homogeneoledlas the standard soil properties. Even if
some correlations existed, none of the standaildpsaperties was able to predict aggregate
stability accurately. The aggregate stability af thrusts was significantly higher than that of
the underlying material. The large differencesdggragate stability imply large differences in
soil interrill erodibility. Because a unique sojbe was investigated, this finding proves that
erodibility can vary greatly spatially even for i@en soil. Soil erodibility should be estimated
based on the exact material actually exposed teiverdorces, i.e., the soil surface material.
Using the underlying material would have led toagjyeoverestimated erodibility and thus to

a notable bias in the erosion model prediction.
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Résumé

L’érodibilité du sol est un parametre clef des #led d’érosion. Cependant, comme
I'érodibilité reste encore difficile a prédire avecécision, les modeéles d’érosion utilisent
actuellement une érodibilité constante pour un tgipesol donné. En conséquence, ils ne
tiennent pas compte des variations d’érodibilitésain d’'un type de sol donné. De plus,
lorsqu’elle est évaluée par des tests de stalstitécturale, I'érodibilité est habituellement
évaluée sur des échantillons prélevés dans I'erisetiebla couche de surface ou de I'horizon
labouré, alors que I'érosion a lieu a la surfacesdu Ainsi, les changements potentiels
d’érodibilité causés par la formation de croltestsgnorés, ce qui pourrait conduire a des
biais dans I'évaluation de I'érodibilité. Cette @étua été conduite pour évaluer la variabilité de
I'érodibilité sur un sol encrolté, et pour reliestte variabilité a la stabilité structurale du
matériau sous-jacent et aux propriétés standardsldWne étude de terrain a été réalisée sur
un secteur limité du Plateau de Lcess (Chine). Riftérentes occupations du sol, des
échantillons provenant de la crolte et de la sooBte ont été collectés. La stabilité
structurale a été mesurée comme un proxy de I'Bilddi Les propriétés standards (teneur en
matiéres organiques ; teneurs en sable, limongdearCEC et pH), connues pour étre reliées
a la stabilité structurale, ont été mesurées eh dqae facteurs explicatifs potentiels de
I'érodibilité. Les résultats ont montré une grandeabilité de la stabilité structurale entre les
différents sites tandis que ces derniers étaiekd tromogénes vis-a-vis des propriétés
standards du sol. Bien que la stabilité structuetles propriétés standards du sol présentaient
des corrélations, aucune de ces propriétés n'aipedm prédire précisément la stabilité
structurale. La stabilité structurale de la croétait significativement supérieure a celle du
matériau sous-jacent pour la plupart des sitesdiffarence de stabilité structurale entre
crolte et sous-crolte était trés variable et auas® propriétés standards mesurées n'a

permis de prédire cette difféerence avec précisiogs grandes différences de stabilité
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structurale mesurées impliquent des érodibilités tontrastées. Puisqu’un seul type de sol a
été étudié, ce résultat prouve que I'érodibilitatpitre trés variable spatialement pour un type
de sol donné. L'érodibilité du sol devrait étre omé®e sur le matériau exact qui subi I'érosion,

c'est-a-dire le matériau de surface. L’utilisatdn matériau sous-jacent aurait engendré une
forte surestimation de I'érodibilité et donc unibianportant dans les prédictions des modéles

d’érosion.

3. Introduction

In the context of soil erosion by water, interetbdibility corresponds to the sensitivity of
the surface material to detachment and transpoithéyraindrop impacts and by the sheet
flow. Accordingly, interrill erodibility is a key grameter in soil erosion models.
Notwithstanding that no unified way of defining diaility currently exists in the erosion
models, researchers also have no widely-recognizethod to assess erodibility. Indeed,
several assessment methods are used, and ergdiaifitbe estimated through standard soill
properties (e.g., soil texture, carbon contenthgistatistical functions (Albertst al, 1995;
Renardet al, 1997). Although quick, such estimations postulhi@ samples with similar
standard soil properties have similar erodibiliti®®hile these estimates rely on other
measurements, their validity scopes are often ansidered. Field plot monitoring or rainfall
simulations are the most time-consuming methodsrodlibility estimation (e.g., Siegrist
al.,, 1998). An intermediary approach measures aggregadbility in the laboratory
(Bajracharyaet al, 1992; Le Bissonnais, 1996; Barthes & Roose, R0UZhatever the
estimation method, erosion models typically usesamme erodibility value for a given soil,

hence postulating a low heterogeneity of erodip{lRenardet al, 1997; Jettert al, 2003).

The properties of a given soil change over a peoifoa few weeks or months due to crust

development (Poesen, 1981; Bryainal, 1989). In an agricultural context, the soil sugfa
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evolves from a seedbed (loose surface layer comdpos&lods and macro-aggregates) to
successive stages of crusting that correspondffiereht types of crust (Bresson & Boiffin,
1990), such as the structural crust (i.e., a thirfase layer where the micro-aggregates
resulting from the breakdown of surface clods @aex together) and the sedimentary crust
(i.e., a thick and compact surface layer wheresilndace pores and micro-depressions are
filled by small fragments resulting from the erosiand sedimentation processes). The
presence of a crust can induce notable differebeeseen the plow layer properties and the
soil surface properties. Numerous studies show ttmatinfiltration capacities can be very
different between the crust and the underlying nedtée.g., Hairsine & Hook, 1994; Morin
& Van Winkel, 1996). However, few studies have a&ided the effect of a crust on
erodibility (Mcintyre, 1958; Poesen, 1981; Kuhn &yBn, 2004; Darboux & Le Bissonnais,

2007).

In fact, most of the studies using aggregate stalhd assess erodibility are performed on
samples collected inside the plow layer (e.g., @iklet al, 1988; Bajracharya & Lal, 1998;
Barthés & Roose, 2002; Legoet al, 2005), notwithstanding that interrill erosion ocg at
the soil surface and thus depends directly on todilality of the crust and not on the
erodibility of the plow layer material. For a cllam soil, Darboux and Le Bissonnais (2007)
demonstrated notable differences in aggregatelityabetween a sedimentary crust and a
seedbed material (without crust). This finding ldtese researchers to conclude that
estimations of erodibility performed on materiallected from the plow layer may be invalid
for the crust, resulting in potential bias in tletimated erodibility. However, the conclusions
of this laboratory experiment had a limited scolreover, the study did not attempt to
assess the factors responsible for the differeimcaggregate stability, while numerous factors
have previously been identified as affecting aggregstability (Amézketa, 1999). For

example, aggregate stability increases with theday content and decreases with the soil
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silt content (Wischmeier & Mannering, 1969). Orgamatter content is recognized to have a
positive effect on aggregate stability (Tisdall &des, 1982; Piccolo & Mbagwu, 1999). The
soil CEC, linked to soil organic matter content anisheralogy, is positively correlated with

aggregate stability (Zhang & Horn, 2001).

For the present study, a field study was condurtesl limited area of the Loess Plateau
(China). The crusts and the underlying materialsewsampled in areas designated for
different land uses. Aggregate stability was measduas a proxy of soil erodibility. The
standard soil properties known to be related taegae stability were also measured. The
goals were 1) to assess the variability of aggeegtbility for crusted soils in a limited area
and 2) to relate this variability to the aggregstebility of the underlying material and to the
standard soil properties. The consequences foilelibdassessment and erosion modeling

are discussed.

4. Material and methods

4.1. Sampling sites

The Chinese Loess Plateau (northwest China) iggrezed as the largest deposit of loess
in the world. Silt particles resulting from the wierosion of the Tibetan Plateau accumulated
during the Quaternary glacial periods (from 2.5lionl years ago) to an average thickness of
150 meters. The silt loam soils that developedhadubstrate are very homogeneous in both
texture and chemical properties and are recogrizdx very sensitive to erosion processes
(Zheng, 2005). Soil samples from seven field sieh different land uses were collected in
the Ziwuling area in the hilly-gully region of theess Plateau (Table 1). The Ziwuling site
altitude varies between 1100 and 1300 meters. Vheage annual temperature is 9°C, and

the average annual precipitation is 577 mm. Pretipn occurs mainly from June to
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September, which accounts for 60% to 70% of thal tatnual precipitation (Zhengt al,
1994).

The studied sites were geographically close toge®iees A, B, C and D were located in a
7.5 km radius. Sites D1, D2, D3 and D4 were locatedtg the erosion sequence of a 200-
meter-long hillslope. The sampling was performedSeptember 2009 over a period of

three consecutive days, beginning four days afefdst rain event.

Table 1: Site localizations and land uses

Site Geographic location Land-use and slope position Slope
(latitude; longitude) gradient
A 36°03.888'N; 109°12.621' E Cultivated corn fielghslope 5°-10°
36°03.874' N; 109°12.675' E Apple orchard, shoulufea terrace 5°-30°
C 36°04.227' N; 109°11.226' E Cultivated radish cromjdle slope, sampling in ridges and furrows 53¢
D1 36°05.149'N; 109°8.958' E Ziwuling experimenggdtion, bare soil, upslope, interrill area 5021
D2 36°05.431'N; 109°8.951' E Ziwuling experimenggdtion, bare soil, mid-slope, rill area 30° - 35°
D3 36°05.450' N: 109°8.947' E Ziwuling experimental station, bare soil, 20 m fréoot slope, ephemeral 050 . 350
gully area
D4  36°05.460' N; 109°8.884’ E Ziwuling experimengtdtion, bare soil, 10 m from foot slope, guliga 35° - 40°

4.2.Sampling method

For each site, five plots (one square meter eadr wlefined to collect samples. For
site D, samples were collected on the gully ardidles, not in the gully and rill centers. Prior
to sampling, the soil surface was described, aedctiist type was identified (Bresson &
Boiffin, 1990; Belnapet al, 2008). The soil surfaces did not present moesdghens and
had a light color, indicating a low level of cyamaterial development (Belnag al., 2008).

Paired samples (crust and underlying material) wetlected from each plot. The crusts
were collected separately from the underlying niatgihereafter referred to as “under-
crust”). All of the sites had a structural crusut lonly site C had a sedimentary crust.
Therefore, only structural crusts are considereckditer. Because the lower limit of the

structural crusts was indefinite, a thickness giragimately 5 mm was considered to be the
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limit. The under-crust was defined as the soil matéetween -1 cm and -5 cm (from the
initial soil surface). In all cases, large piecéthe sampled material were collected using a

sharp knife to cut through the material withoutating its structure.

4.3. Measurements

4.3.1. Aggregate stability

Aggregate stability was measured using a slightbgiired version of Le Bissonnais’
method (Le Bissonnais, 1996; ISO/DIS 10930, 20%pgcifically, air-dried samples were cut
into 2-5 mm fragments.

The three stability tests of Le Bissonnais (199&$t(wetting, slow wetting and stirring) were
designed to reproduce the processes involved st éwumation and interrill erosion (slaking,
differential clay swelling and mechanical breakdpwhhe 5 g sub-samples were dried at
40°C for 24 h before application of a test, andhei@st was replicated twice. After the tests,
the resulting fragments were sieved in ethanol. Tdwmilts are presented using the mean
weighted diameter (MWD). Each MWD value correspotalene of five classes of stability:
MWD above 2 mm corresponds to very stable matévialy low erodibility), between 2 and
1.3 mm corresponds to stable material (low erodiypilbetween 1.3 and 0.8 mm corresponds
to median stability (median erodibility), betweeB8 Gand 0.4 mm corresponds to unstable
material (high erodibility), and lower than 0.4 nouorresponds to very low stability (very

high erodibility) (Le Bissonnais, 1996).

4.3.2. Standard soil properties

The standard soil properties were measured to expte stability differences between
the sites and between the crust and under-crugt.soll properties that are assessed on a
regular basis by soil scientists and known to leted to aggregate stability were measured:

soil texture (using laser diffraction granulometiastersizer 2000, Malvern Instruments
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Ltd.), soil organic matter content (Walkey & BladQ34), cation-exchange capacity (CEC)
(Ammonium rapid method; Mackenzie, 1951) and pH2.&:soil:water ratio, using a pH

meter).

4.4, Statistical analysis

Statistical analyses were performed using versi®R2of software R (R Development
Core Team, 2011). To identify the differences bemnvéhe sites and between the sampled
materials, paired comparisons between the matewal® performed with the Wilcoxon
method on the MWD and the standard soil properthés.considered a threshold of 5% to be
significant. The variability of the soil propertiagas quantified using the coefficient of
variation, which is a normalized measure of dispers.inear correlation analyses (Pearson’s
coefficient) were performed to identify the stardl@oil properties related with aggregate
stability. If the Pearson’s coefficient was abov@30or below -0.33, we considered the
relationship to be significant. The standard sodperties found to be significantly related to

the MWD were combined through step-up multiple esgron analyses to predict the MWD.

5. Results

5.1. Variability of the aggregate stability

Considering the mean of the three stability tetbts, MWD of the crust among the sites
varied between 0.33 mm (site C) and 2.04 mm (sitg @ith a variation coefficient of 37%
(Table 2a). Of all the stability tests on the cemmples, sites A (cultivated corn field) and D1
(Ziwuling exp. Station, interrill area) presentéa thighest MWD, whereas site C (cultivated

radish) presented the lowest MWD (Figure 1).
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Table 2: Variability of the mean weighted diamdgBramong the sampling sites (inter-site

variability) for all stability tests, and (b) foragh site (intra-site variability) for the mean of

the 3 stability tests

(a)
MWD of the crust MWD of the under-crust
Stability test Min. Max. Mean c Ccv Min. Max. Mean c Ccv
(mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm)
Fast wetting 0.20 1.62 0.98 041 042 0.13 0.95 0.36 0.18 0.51
Slow wetting  0.41 2.22 1.47 0.52 0.3 0.22 1.93 0.97 0.52 0.54
Stirring  0.29 1.77 1.14 0.41 O.BE 0.23 1.23 0.69 0.27 0.39
Mean of the 3 tests 0.33 2.04 1.20 0.44 0.3 0.23 1.42 0.68 0.32 0.47
o. standard deviation; CV: coefficient of variation.
(b)
MWD of the crust MWD of the under-crust
Site Min. Max. Mean c CVv Min. Max. Mean c CVv
(mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm)

A 151 1.76 1.66 0.09 0.0p 0.74 0.98 0.86 0.09 0.11

B 0.85 1.74 1.23 0.34 0.26 0.40 0.56 0.47 0.07 0.15

c 0.33 0.50 0.37 0.08 0.22 0.18 0.23 0.21 0.02 0.12

D1 1.43 2.04 1.63 0.29 0.18 0.79 1.42 1.11 0.23 0.21

D2 0.91 1.38 1.23 0.19 0.1 0.70 1.39 0.92 0.30 0.33

D3 0.85 1.03 0.93 0.07 0.08 0.63 0.83 0.75 0.10 0.13

D4 1.20 1.49 1.35 0.12 0.09 0.31 0.49 0.42 0.07 0.17

0. standard deviation; CV: coefficient of variation.
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Figure 1: Aggregate stability of crusts and undeusts for (a) fast wetting, (b) slow wetting,

(c) stirring tests and (d) the mean of the 3 téstsll sites.

Each MWD corresponds to the mean of 5 plots witkplcates each, n=10. Bars represent

standard errors.

*: difference statistically significant at p<0.0%tween crust and under-crust (Wilcoxon test,

0=5%).

VS: very stable; S: stable; M: medium; U: unstabl&l: very unstable (Le Bissonnais, 1996).
Considering the mean of the three stability tetste, MWD of the under-crust samples

varied between 0.23 mm (site C) and 1.42 mm (sitg @ith a variation coefficient of 47%

(Table 2a). Of all the stability tests on the underst samples, site D1 (Ziwuling exp. Station,

interrill area) presented the highest MWD, whersiés C (cultivated radish) presented the

lowest MWD (Figure 1).
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For each site, samples were collected from 5 plotconsider intra-site variability.
Considering the mean of the three stability te#iis, intra-site variation coefficients were
larger for the under-crust samples than for thetcsamples for sites A, D1, D2, D3 and D4
(Table 2b). Among the sites, the variation coeéints were larger for the under-crust samples

than for the crust samples, except for the stirtasg (Table 2a).

5.2. Comparison of aggregate stability for paired crustand under-crust samples

For most of the paired samples, the aggregatelistadii the crust was larger than the
aggregate stability of the corresponding undericrarsd the under-crust samples were never
more stable than the corresponding crust (Figuréd orrelation analysis was performed to
study the relationships between the MWD of the tcared the MWD of the under-crust
material. An analysis was performed for each aggeegtability test and for the mean of the
three tests. The highest correlation coefficierD(@9) was found between the MWD of the
crust and the MWD of the under-crust for the slowttimg test. For the other tests, the
correlation coefficients were 0.43 (fast wettingt}e0.48 (stirring test) and 0.59 (mean of the
three tests). However, these correlation coeffisievere greatly influenced by the very low
MWD of site C, hence making site C a hot spot. Withsite C, the correlation coefficients
were only 0.52 (slow wetting), 0.20 (fast wetting),06 (stirring) and 0.28 (mean of the three

tests).

While the difference in aggregate stability betweaerrust and its under-crust was always
in the same direction, the amplitude of this deéfere varied greatly both for a given site and
among the sites. For example, for the mean of lineettests, the inter-site coefficient of
variation was 0.60 (Table 3a), while the intra-gitefficients of variation ranged from 0.16

(site D4) to 0.90 (site D1) (Table 3b).
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Table 3: Variability of the difference in mean waied diameter between crust and under-
crust (a) among the sampling sites (inter-site amility) for all stability tests, and (b) for

each site (intra-site variability) for the meantbé 3 stability tests

(@)
Difference in MWD between crust and under-crust
Stability test Min. Max. Mean c Ccv
(mm) (mm) (mm) (mm)

Fast wetting  0.10 1.04 0.62 0.35 0.56

Slow wetting  0.24 1.03 0.50 0.30 0.60
Stirring 0.00 0.81 0.45 0.32 0.71

Mean of the 3tests 0.16 0.93 0.46 0.28 0.60

0. standard deviation; CV: coefficient of variation.

(b)
Difference in MWD between crust and under-crust
Site Min. Max. Mean c CVv
(mm) (mm) (mm) (mm)

A 061 0.90 0.80 0.12 0.22
B 044 1.24 0.77 030 0.39
c 0.09 0.27 0.16 0.07 0.45
D1 0.08 1.25 0.52 0.47 0.90
D2 -0.08 0.59 0.31 0.27 0.87
D3 0.05 0.40 0.18 0.14 0.76
D4  0.83 1.13 0.93 0.15 0.16

0. standard deviation; CV: coefficient of variation.

5.3. Variability of standard soil properties

The samples showed silt content between 65.5% &P/ and clay content between
10.0% and 14.4% (Figure 2) and thus belonged tosilhdoam texture class (Soil Survey
Division Staff, 1993). Clay, silt and sand contedid not differ significantly between the
sampling sites. The organic matter content varietveen 0.7% (site D4) and 2.2% (site B)
(Figure 3a). The CEC varied between 15.6 mEg/1Q§itg C) and 30.7 mEQg/100 g (site A)

(Figure 3b). The organic matter content and the @Ef€red significantly between the sites.
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The pH, with values in the range of 8.3 to 8.6, dad differ significantly between the sites

(Figure 3c).
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Figure 2: Crust and under-crust contents in (a)ycléb) silt, and (c) sand for all sites.

The data from each site correspond to the meanpbdtS with 2 replicates each, n=10. Bars

represent standard errors.

*: difference statistically significant at p<0.0%tween crust and under-crust (Wilcoxon test,

0=5%).
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Figure 3: Crust and under-crust values for (a) ongamatter content, (b) CEC and (c) pH,

for all sites.

The data from each site correspond to the meanpbdtS with 2 replicates each, n=10. Bars

represent standard errors.

*: difference statistically significant at p<0.0%tween crust and under-crust (Wilcoxon test,

0=5%).
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Finally, the percentages of clay, silt and sandyfe 2), organic matter content, CEC and
pH (Figure 3) did not differ significantly betwe@nstructural crust and its under-crust. The
ranges of the standard soil properties were lowpared to the variability of the aggregate

stability.

5.4. Relationship between standard soil properties andggregate stability

A correlation analysis was performed between thgregate stability (MWD) and the
standard soil properties taken as potential expéapdactors (Table 3). This analysis was
performed on the crusts (Table 4a) and under-c(dstsle 4b) separately. In both cases, the
highest correlation coefficients were found betwgenMWD of the slow wetting test and the
organic matter content (0.57 and 0.56, respeciivétyall cases, the CEC was significantly
correlated with the MWD. For the crusts (Table 44}, was not significantly correlated with
any of the MWD. For the under-crusts (Table 4b), wHs positively correlated with the
MWD of the slow wetting test, the stirring test aihe mean of the 3 stability tests. Finally,
both for the crusts and under-crusts, the clay,asil sand contents were not significantly

correlated with any of the MWD.

A step-up multiple regression analysis was perfarmsing the standard soil properties
found to be significantly correlated to aggregdtdbsity: organic matter content, CEC, and
pH. For the crust, among all the tested combinatitine best regression was found for the
mean MWD of the three tests as the dependent Vargaal for the organic matter content and
CEC as the explanatory variables (moreover, tharocgmatter content and CEC are not
independent from one another): MWER{(mm) = 0.39(x0.15) x OM(%) +
0.06 (x0.02) x CEC — 0.66(x+0.47). The coefficieftdetermination (r2) was 0.38, meaning

that this model explained 38% of the variation leé iean of the three aggregate stability
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tests. The residual standard error for the estinisfé/D was 0.36 mm at the 95% confidence

interval.

For the under-crust, among all the tested comlmnatithe most statistically meaningful
regression was found for the MWD of the slow wejtiast as the dependent variable and the
organic matter content and pH as the explanatory riabas:
MWD sw(mm) = 0.69(x£0.17) x OM(%) + 1.15 (+0.44) x pH 63(x3.70). The coefficient of
determination (r2) was 0.40, meaning that this rhed@lained 40% of the variation of the
slow wetting test. The residual standard errortha estimated MWD was 0.43 mm at the

95% confidence interval.

Table 4: Correlations (Pearson’s coefficient) betweaggregate stability and standard

soil properties (a) for the crusts and (b) for theder-crusts.

(@
Organic CEC pH Clay Silt Sand
MWD matter content content content
Fast wetting 0.50 0.50 0.11 0.08 -0.31 0.21
Slow wetting 0.57 0.46 0.22 0.09 -0.18 0.11
Stirring 0.42 0.56 0.20 0.14 -0.16 0.06
Mean of the 3tests  0.52 0.52 0.18 -0.10 -0.22 0.13
N= 35; a=5%:r =0.32
(b)
Organic CEC pH Clay Silt Sand
MWD matter content content content
Fast wetting 0.51 0.44 0.19 0.12 0.09 -0.07
Slow wetting 0.56 0.44 0.41 0.04 -0.12 0.11
Stirring 0.22 0.46 0.47 0.28 0.29 -0.29
Mean of the 3 tests  0.49 0.48 0.41 0.13 0.03 -0.04

N= 35; a=5%:r =0.32
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5.5. Relationship between standard soil properties andhe difference in aggregate

stability between crust and under-crust

A linear correlation analysis was performed to Hartattempt to link the differences in
MWD between the crust and the under-crust materialghe standard soil properties
(Table 5). Potential explanatory factors were ttamaard soil properties (as before) but also
the difference between the crust and the undet-tous given soil property. The differences
in stability between the crust and the under-crusterials for the fast wetting test were
positively correlated with (a) the crust organictteacontent, (b) the crust and the under-crust
CEC, and (c) the crust sand content but were neggtcorrelated with the crust silt content.
For the slow wetting test, the MWD difference betwehe crust and under-crust materials
was positively correlated with the differences rgamic matter and sand content between the
crust and under-crust but negatively correlateth wie difference in clay content between the
crust and under-crust. For the stirring test, th&/M difference between the crust and the
under-crust materials was positively correlatechwite crust organic matter, the crust CEC
and the crust sand content but negatively correélaith the crust silt content. Considering the
mean of the three stability tests, the MWD differeetween the crust and the under-crust
materials was positively correlated with the cragganic matter, the sand content and the
difference in organic matter between the crust amaier-crust but negatively correlated with

the crust silt content.

A step-up multiple regression analysis was perfarmsing the difference in aggregate
stability between the crust and under-crust mdterés the dependent variable and the
standard soil properties and the differences betveseh property for the crust and under-

crust as the explanatory variables. No statisyigakaningful relationship was found.
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Table 5: Correlations (Pearson’s coefficient) betwehe differences in aggregate

stability between crust and under-crust and th@déad soil properties.

Difference in  Organic matter CEC pH Clay content Silt Content Sand content
MWD C U cU C U CcU C U CU C U CU C U CU C U cuU
Fast wetting 040 027 029 045 045 -0.16 004 016 009 -0020 -021 -046 -0.26 -023 0.37 0.16 0.23
Slow wetting 018 -0.01 042 012 015 -0.10 -0.19 -0.07 -0.10.2% 025 -0.35 -0.22 -0.04 -0.25 0.23 -0.06 0.36
Stirring 040 029 029 035 033 -007 -0.01 -0.28 -0.06180 0.09 -0.21 -0.48 -0.32 -0.16 042 023 0.19
Megpe(s)tfsthe 0.34 019 037 033 033 -012 -0.06 0.05 -0.10170.020 -0.28 -0.41 022 -0.23 036 011 0.28

C=crust; U=under-crust; C-U=difference in soil prepty value between the crust and the

under-crust. N= 35p=5%:r =0.32

6. Discussion

6.1. The aggregate stability of a crust is different fron the aggregate stability of its

under-crust material

For a given site, large differences in aggregabikty were found between the crust and
the under-crust. The differences in aggregate lgtabetween the crust and under-crust were
always in the same direction; the crust aggredaialgy was always larger than or equal to
the aggregate stability of its under-crust. No urotast sample was more stable than its
corresponding crust sample. Differences in aggeegtability as a function of the crusting
stage were drawn by Darboux and Le Bissonnais (200frough a lab experiment, they
measured the aggregate stability of a seedbeddnmted, initial material), a structural crust
and a sedimentary crust. The data of Darboux andBissonnais (2007) showed that
sedimentary crusts tended to be more stable tt@andhginal material, while the stability of
structural crusts remained quite similar to théiity of the seedbed. In the present study, the
structural crusts were generally more stable th@nuinderlying material, irrespective of the
sampling site and the stability test. The diffeebetween the results of these two studies

may lie in the experimental settings: the studyDafboux and Le Bissonnais (2007) was
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performed in a laboratory (thus using well-con&dlexperimental conditions) and used a soil

with a different texture (11% clay, 58% silt and@%and).

The variability of the aggregate stability measurethe crust samples was lower than the
variability measured in the under-crust sampless Bituation was consistently encountered
in the inter-site comparison and often observetthénintra-site comparison. This finding may
mean that the development of the crust decreasedsghtial variability of the aggregate

stability.

6.2. Standard solil properties do not adequately predicaggregate stability

We looked for relationships between the aggregaabildy and the standard soil
properties (organic matter content, clay conteilt,centent, sand content, CEC and pH)
because 1) these variables are measured routmespils and 2) relationships with aggregate
stability have frequently been reported in therditere (Wischmeier and Mannering, 1969;
Tisdall and Oades, 1982; Amézketa, 1999; ZhangHtmah, 2001). Hence, these variables
could be assumed to be suitable explanatory fatboithe differences in aggregate stabilities

between the crust and under-crust materials ofengsite and also between sites.

The test area was very homogeneous based on titasdasoil properties; the soil texture
and pH were almost constant among the sites, wiindeorganic matter content and CEC did
not change much. Accordingly, one may have expdtigidthe homogeneity of standard soill
properties in the test area would have led to hamneiy in the aggregate stability, but this

was clearly not the case.

For a given site, the standard soil propertiesadtook explain the differences in aggregate

stability between a crust and its under-crust. éajehe standard soil properties were very
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similar between the crust and under-crust matenelsle the stability of the crust tended to

be very different from the stability of its undewust.

Among the sites, even if the standard soil propsrtshowed a low heterogeneity,
correlations existed among the aggregate stabilittowever, none of these standard soil
properties (or combination of standard soil prapsjtwas able to satisfactorily predict the
aggregate stability of the crusts or under-crusis;statistical relationships explained 40% of
the variations at most, and with a residual stahdaror of approximately 0.4 mm, the
predicted MWD values could be flawed by as muchvas stability classes (out of five
stability classes) (Figure 1). Consequently, thedationships had no practical capacity of
prediction, and using these relationships in thegljotions would likely lead to large flaws in

the interpretations.

Land use may have caused the large differencesalmlisy among the sites without
affecting the standard soil properties. The restlsngly indicate that other variables should
be considered. In future studies, additional vaesimay need to be examined, such as the
organic matter quality, microbial activity, wetthdlgying cycles and crust formation
processes. These variables are known to be relatadgregate stability (Amézketa, 1999)
but are not commonly measured. Because the crdstiatler-crust originate from the same
initial material, the resulting differences in gty had necessarily accumulated over time.
This finding advocates for a time-monitoring of theggregate stability and the

aforementioned variables in both the crust and iodest.

6.3. Consequences for erodibility assessment and erosiorodeling

Aggregate stability is one of the methods usedssess soil erodibility (Bajrachargaal,

1992; Barthés & Roose, 2002), with a low aggregstility corresponding to a high

36



erodibility and vice versa. When used for erodipiissessment, aggregate stability is usually
measured in the under-crust material (e.g., Bulleickl, 1988; Bajracharya and Lal, 1998;
Barthés & Roose, 2002; Legoet al, 2005). In the present study, large differences in
aggregate stability were found between the crudt wader-crust materials of a given site.
From the results, we can infer the existence agdalifferences in erodibility for a given site,
with the crust being generally less erodible thhe tinder-crust. This finding strongly
suggests that erodibility should be assessed oaxhet material actually exposed to erosive
forces: the soil surface. In the present case,ctmemon practice of using the underlying
material — instead of the crust — would cause arestimation by at least one erodibility
class in 60% of cases and by at least two erotibiliasses in 30% of cases (Figure 1).
Accordingly, assessing the erodibility on the uhgdieg material leads to a large bias, and this

bias is clearly an overestimation of the soil eboddy.

In current erosion models, erodibility is assesfk®da given soil type (Gumieret al,
2009). Because a single soil type was investigatdtie present study, a similar erodibility
could have been expected. This outcome was cleatlyhe case: Erodibility can vary greatly
in space, even for a given soil. This finding gises our general ability to adequately assess
erodibility. Currently, parameterization of erosimodels sets a unique erodibility value for a
given soil and thus does not consider the varigbdf erodibility within a given soil. This
oversimplification could explain part of the langaccuracy in the predicted results of erosion

models (Jettemt al, 2003; Boardman, 2006; Vigiak al, 2006).

Comparisons between the sites showed that thebilggiaof the crust was lower than the
variability of the under-crust. Using crust sampfes erodibility assessment, instead of
under-crust samples, would decrease the heterdgesfethe mapped erodibility (although

this heterogeneity would remain large).
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Based on the current knowledge, erodibility assessrshould be performed with a very
high density of measurements, which could be intmralc leaving the construction of a
sound erodibility map currently impractical. Indeé#te large variability of erodibility appears
to be a difficult problem to confront because traiability of erodibility could not be
explained by the variability of the standard soroperties. New variables should be
investigated to accurately predict erodibility. teas that affect the erodibility of the soil
surface should be better understood so that relietddibility maps can be produced from a

reasonably small set of measurements.

7. Conclusions
Crusts showed an aggregate stability that was ghydnigher than their underlying

material. This finding emphasizes the importancesifmating soil erodibility on the exact
material that is exposed to erosive forces, i@, soil surface material. On a crusted soil, the
use of material collected from the plow layer magd to greatly mis-estimated erodibility
and thus bias the results of the erosion models. [&tge variability in aggregate stability
among sites proves that erodibility can be greadlyable in space, even when considering a
small test area and a single soil type with homeges standard soil properties. These
standard soil properties were not able to accwyrapeedict the observed differences in
aggregate stability. Clarifying the causes of aggte stability variability and improving the
parameterization of erodibility in soil erosion nedglwill require further research to account
for other controlling factors, such as 1) the organatter quality and the biological activity,
2) the soil hydric history linked to local climatmonditions, and 3) the physical processes

involved in crust formation.
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Abstract
Aggregate stability corresponds to the ability ofaggregate to keep its size and not

break up into smaller particles when it is subrditte wetting. It is considered as a key
property that affects the movement and storage atemy biological activity, plant
development, and the soil sensitivity to erosiorggiegate stability was found to be
temporally dynamic by several studies, incrimingtivarious processes in the observed
variations. The processes implied in aggregateilg¢yabariation are related to biological
activity but are also abiotic processes relatesoibwater content variations. If the processes
linked to biological activity have been widely sied, predictions of aggregate stability still
remain inaccurate, and abiotic processes are aftgiminated to precise the predictions. A
bibliographical review has been performed with #@ to inventory the physical chemical
processes involve in aggregate stability variatived in the literature. The objectives were to
assess the state of art concerning physical chépriceesses of aggregate stability variation,
and give directions of further investigations. Afmoprocesses act at two scales. The
identified processes acting at the macro-aggregatde were slaking, raindrop impact,
freezing-thawing, and differential swelling of thaays. Processes acting at the micro-
aggregate scale were: particle rearrangement amg obdistribution, friction, clay
dispersion/flocculation, crystallization/dissoluticand thixotropic age hardening. Among
those abiotic processes, particle rearrangemeyttatiization/dissolution and thixotropic age
hardening were identified to need more researchdskaowledge. Moreover, the identified
processes interact closely, and the effects of ethin¢eractions still remain unknown.
Understanding the mechanical aspects of such weseseparately would be useful to
understand the interaction between abiotic anddmbcesses and finally permit to predict

aggregate stability variations accurately.
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1. Introduction
1.1. Soil structure and aggregate stability

Soil is a complex and heterogeneous material coatpos$ four phases that interact
closely (mineral, organic, liquid and gaseous)| Swucture refers to the size, the shape and
the arrangement of solids and voids in the soirmxé@tal, 1991). The most common element
of soil structure is the aggregate. An aggregatesscondary particle (cluster) formed by the
combination of mineral particles with organic andrganic substances in such a way that the
strength of the forces combining the particles initthe aggregate exceeds external forces
applied from the environmental in which the aggtegexists (Farres, 1980; Kemper &
Rosenau, 1986).

Several models have been proposed to describe dggegnmvhich individual mineral
particles are held together to form aggregates @tdsv& Bremner, 1967; Tisdall & Oades,
1982; Amézkéta, 1999; Bronick et Lal, 2005; ®ixal, 2006). In those models, aggregates
are grouped by sizes, differing in properties saglhe nature and mechanisms of the binding
agents and the resistance of the bonds. The ntedtrtiodel has been proposed by Tisdall &
Oades (1982). Such model can be applied to soitsavbrganic matter is the main bonding
agent, and can be summarized by the following dasmn. Size of the soil mineral particles,
soil biota and hierarchical levels of aggregatiae @resented in table 1. The lowest
hierarchical order concerns particles with sizedpthan 2 um such as flocs of clay patrticles.
These < 2 um micro-aggregates consist of organiecutes (OM) attached to clay particle
(Cl) and polyvalent cations (P): (Cl — P — OM) (Eds & Bremner, 1967; Tisdall & Oades,
1982), and of plate particles are held togethevhg der Waals forces, hydrogen bonding,
and coulombic attractions (Edwards & Bremner, 1968dall & Oades, 1982; Bronick &
Lal, 2005). Microbial biomass acts at this scaléhvaiacterial populations developing on clay

platelets (Tisdall & Oades, 1982). These (Cl — ®M) micro-aggregates are joined together
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to form the higher hierarchical stage of aggregatigCl — P — OM)x]y. This stage of
aggregation consists in aggregates between 2 a@dn25diameter composed of particles
bonded together by various cements including persisorganic materials and crystalline
oxides. Silt and sand particles can be joined th @ther by micro-aggregates to form macro-
aggregates > 250 um diameter (Edwards & Bremnéi7;1%isdall & Oades, 1992). Macro-
aggregates (> 250 um) are very porous and are czedpaf micro-aggregates (< 250 um)
joined together by clay bridges or enmeshed byeaiietwork of roots and hyphae (Tisdall &
Oades, 1982). Bonds within micro-aggregates arengér than bonds within macro-
aggregates (Edwards & Bremner, 1967), and if a lcst@ge of aggregate is destroyed, the

higher stages are also destroyed.

Table 1: size of the soil mineral particles, sadta and hierarchical levels of aggregation.

Scale  Mineral particles Biota Aggregation
0,2 nm Atoms
1nm Clay platelet organic molecule
10 nm polysaccharides
Clays Clay domain
Nano-aggregates
0,1 pm
Bacteria
1 pum 2 pm
Silt
Fungal hyphae
10 um Micro aggregates
Root hair gareg
250 pm
100 pm Sand M
Meso fauna
Macro aggregates
1 mm Worms gared
Gravels Insects
lcm Stones Clods
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Aggregate stability corresponds to the capacitg ebil aggregate to keep its size and
not break up into smaller fragments when it is siiiéeh to an exogenous stress such as
wetting. Stability of aggregates is a function dfether the cohesive forces between particles
withstand the applied disruptive force (Kemper &sBoau, 1986). The stability of aggregates
and the pores between them affects the movementstordge of water, soil carbon
sequestration and biological activity (S al, 2000), plant growth and developments by
influencing plant emergence and root penetratioall@&lo-Carreraet al, 2007). Finally, it
also affects soil sensitivity to erosion and cmgt(Le Bissonnais, 1996; Bajracharyaal,

1998; Barthés & Roose, 2002).

1.2. Factors and processes of aggregate stability vaoiat

Many studies showed that aggregate stability chdwnwgéh time (e.g. Bullocket al,
1988; Charet al, 1994; Bajracharyat al, 1998; Denekt al, 2001; Cosentinet al, 2006;
Dimoyiannis, 2009). These temporal variations webserved by field monitoring and
laboratory experiments. Field monitoring perfornadnonthly time step identified seasonal
trends of aggregate stability variation followingnaarly cyclic pattern with the greatest
values during summer and the lowest values durimgew(Bullocket al, 1988; Charet al,
1994; Dimoyiannis, 2009). Laboratory experimentevagd identifying temporal variation of
aggregate stability at shorter time step. Tempeaahtions of aggregate stability have been
shown at weekly time step in relationship with weftand drying cycles (e.g. Utomo &
Dexter, 1982; Deneét al, 2001) and biological activity stimulation (e@enefet al, 2001;
Cosentinoet al, 2006; Abivenet al, 2007). If such studies allowed identifying fast@nd
trends of aggregate stability variations, theresditedifficulties to predict aggregate stability
variations suggesting that aggregate stabilitydgeraplex function.

Numerous factors are involved in aggregate stgbidriation (Amézketa, 1999;

Bronick & Lal, 2005). Several bibliographic reviewist the factors of aggregate stability
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variation and group them into different types (eKagy, 1990; Amézketa 1999; Set al,
2004; Bronick & Lal, 2005). Amézketa (1999) and Bk & Lal (2005) distinguished
internal factors including soil properties (elebfte, clay mineralogy, organic matter,
(hydr)oxydes) and external factors (climate, tin@plogical factor, and agricultural
management). Sigt al. (2004) opposed the organic binding agents tartbeyanic binding
agents, both exposed to environmental variablestigedrying cycles, freezing-thawing
cycles). Factors of aggregate stability are invdltbrough different processes. We can
distinguish  biotic processes, linked to biologicahctivity involving organic
binding/fragmentation agents, and abiotic procedsdg®d to climate and involving inorganic
binding/fragmentation agents. From 1970 to the ro@gg of the 90’s, the proportion of
studies treating about biotic processes of aggeegdhbility variation have increased
drastically in comparison with studies about abig@iiocesses of aggregate stability variation
(figure 1). Studies about biotic factors showedt thialogical activity and organic matter
dynamics affect aggregate stability through diffeengrocesses (Bronick & Lal, 2005). Fungal
hyphae and root hair enmeshed particles at theavsygregate scale (Degeeisal, 1994).
The decay of organic matter by biological activioduces polysaccharides that bind clay
particles and stabilize the structure at the maggregate scale (Tisdall & Oades, 1982;
Chenu & Guérif, 1991). Organic hydrophobic coatirays mineral particles decrease the
wetting rate and the negative effect of wettingagigregate stability (Cosentimb al, 2006;
Goebelet al, 2012). Such researches were based on stimudatibbiological activity by
organic amendments and showed that organic amenslirhad positive effect on aggregate
stability. However, they could not accurately pot@diggregate stability variation for a given
soil, especially when organic matter content was (€5%) and when microbial activity was
not stimulated by organic amendments. Field expamisishowed mild correlations between

aggregate stability and the temporal variation hed brganic matter content or biological
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activity indices, explaining at best 50% of the r@ggte stability variation (Chaat al. 1994;
Bajracharyaet al, 1998; Dimoyiannis 2009). Better aggregate sStgbgrediction requires

more detailed researches on biological processeg@minated abiotic processes.

300

Il Abiotic processes
[ Both abiotic & biotic

250 -
I Biotic processes

200

150 ~
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50 { LIl
L]

1975 1980 1985 1990 1995 2000 2005 2010

Figure 1: Evolution of the number of publicationng the processes of aggregate stability
variation. Comparison between citations occurrencésthe biotic and abiotic processes
incriminated in aggregate stability variation (beten 1970 and 2011). Bibliometric study
performed on October®12012, using the platform Web of knowledge edittribase. The
number of publication corresponds to the numbepuddlication citing the processes in their
abstract or keywords.

Abiotic (or physico-chemical) processes of aggregstability variation have been
studied since the beginning of the last centuny. (6oder, 1936; Hénin, 1939). Those studies
allowed understanding the influence of water onregate stability through various physico-
chemical processes acting at different levels saghclay dispersion and slaking. Many
processes have been incriminated and theorized.e Sointhose processes have been

concretely observed and understood, while others baly been hypothesized.
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This bibliographical review aims at inventoryingetphysical and chemical processes
involved in aggregate stability variation and thethod used to characterize them. The
objectives of the present work were 1) to assesssthte of the art concerning physico-
chemical processes of aggregate stability varia@yrio point the need in knowledge and 3)
to give directions for further investigations. Ejrsve present the inventory of the abiotic
processes found in the literature to affect agdeegtability. Secondly, we present the results
of a bibliometric study that aimed assessing tagestf the art and give directions for further

investigations.

2. Physical and chemical processes involve in aggregadtability

The present review inventories the abiotic proces#ted in literature as processes of
aggregate stability variation. According to the niaicited models of aggregation (Tisdall &
Oades, 1982; Amézketa, 1999), we distinguished $emles in which processes affect
aggregate stability: the macro-aggregate scale(Q(32b) and the micro-aggregate scale (<250

pnm). Each process was described and the occurcencitions are presented.

2.1. Macro-aggregate scale
The following processes affect the aggregate staldt the macro-aggregate scale

(>250 um). Such processes affect the bonds wittaororaggregates and can lead to their

breakdown into micro-aggregates.

2.1.1. Slaking

Slaking is caused by compression of air entrappsidié the aggregate during wetting
(Yoder 1936; Hénin, 1939; Panabokke and Quirk, 19%Mnin, 1958; Emerson, 1967; Le
Bissonnais, 1996; Zaheat al, 2005; Goebekt al, 2012). When an aggregate is rapidly
wetted, water enters the capillary pores thatilegl fwith air. The inter particle water menisci

only allowed part of the air contained within thergs to escape through the few unobstructed
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(non wetted) capillaries. Most of the air remaimapped within the aggregate and is
compressed by the incoming water. The rupture eflitbnds between the particles occurs
when the resulting internal pressure is great endiogovercome the aggregate cohesion
(Yoder, 1936; Hénin, 1958; Grant and Dexter, 194heret al 2005). By an experimental
study, Zaher et al. (2005) measured and modelizednternal air pressure variation, and the
air release from aggregates submitted to immer3iba.maximum measured pressure varied
between 0.5 kPa and 1.3 kPa depending on the wegtrteading to the breakdown of
aggregate within the first 8 seconds following imnsi@n. This study allowed to observe
directly the process of slaking and allowed to wstnd precisely its conditions of
occurrence.

Slaking occurrence is controlled by the volume iofirsside the aggregate and by the
rate of wetting. The first condition for slakingaaerence is the presence of air within the pore
system of the aggregate. This condition means iialidried state of the aggregate. Many
studies showed that humid aggregates were lesgigerts slaking than dried aggregate (e. g.
Panabokke & Quirk, 1957; Perfestt al, 1990). Humid aggregates contain less air voltome
be compressed by the water entry, and thus, lessyre build-up to break the inter-particles
bonds within the aggregate. Moreover, the wettaitg has to be high enough to prevent the
air to escape from the aggregate (Panabokke & Qu@%7; Zaher et al., 2005). The presence
of organic hydrophobic substances that decreastabiédly of soil aggregate was found to
limit the slaking occurrence (Piccolo & Mbagwu, 99%henuet al 2000; Goebekt al
2012). Slaking requires a state of quasi immersibdry aggregates. This condition might
limit the occurrence of slaking in the field. Inde¢he wetting rate has to be high and uniform
on all the aggregate surface, and the surface gagp® have to be initially dry. Only

important rain events during dry season can gdtb#r conditions.
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Slaking has been widely studied and controllingdexare identified. Recent studies
allowed predicting its occurrence by modelisatidah(er et al., 2005), and it can be measured

by several tests (Le Bissonnais, 1996).

2.1.2. Raindrop impact

When soil is submitted to rain event or sprinkiergation, the water drop beats the
surface aggregates. The impact can break the paréicle bonds leading to a decrease of
aggregate stability or to the aggregate breakdoWmis is a totally physical process: the
chemical properties of both soil and the applieteware not involved. Rain drop impact only
affects aggregates at the soil surface.

Decrease in aggregate stability by the raindropachps controlled by the kinetic
energy of the water drops. Aggregate stability dases as droplet kinetic energy increases
(Levy et al, 1986; Lehrsch & Kincaid 2006). Kinetic energyafvater drop depends on the
size of the drop and on the water drop speed whiempiacts the soil surface. The higher are
the size and the speed of the drop, the highé&eiginetic energy. Only rain with high kinetic
energy can induce aggregate stability decreasedaly drop impact. Through a field
experiment, Lehrsch & Kincaid (2006) tested diffearkinetic energy of water drops on soil
aggregate stability. They showed that, for a siéinh, droplet energies superior to 8 J'kg
decreased aggregate stability significantly. Fafi®&80) also showed that kinetic energy was
relevant factor of aggregate breakdown. Howevershewed that frequency of impacts
independent of the character of each impact wasb#ést single component at predicting
breakdown occurrence, and that the volume of wateived in impacts was as important as
the energy of impacts for explaining the aggredatmakdown. Mechanical breakdown of
aggregate by raindrop impact usually occurs in doatlon with other processes related to

soil wetting (Imeson & Vis, 1984; Le Bissonnais969Ramost al, 2003).
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Raindrop impact has been widely studied and cdmmtgofactors are identified. The
resistance of aggregate structure against raindnppct can be measured through laboratory
experiments such as the water drop test (Low, 1B8&son & Vis, 1984) and the stirring test

(Le Bissonnais, 1996).

2.1.3. Freezing- thawing

When a soil is frozen, the expansion of ice crgstatiuced by the freezing of water
present in pores breaks particle to particle bdeading to the decrease of aggregate stability
with thawing (Bullocket al, 1988; Lehrsclet al, 1991). Numerous studies showed that
aggregate stability was inversely proportional ¢d gvater content at the time of freezing
(Bullock et al, 1988; Lehrsclet al, 1991; Staricka & Benoit, 1995; Lehrsch, 1998{a88z&
Fayetorbay, 2003; Kvaerno & Oygarden, 2006). Aggtegstability was not found to be
affected when aggregates were air dried beforezifnge(Bullock et al, 1988; Oztas &
Fayetorbay, 2003). At low water content, the icgstals completed their growth in the pores
without applying disruptive force on inter-partiddends (Bullock et al., 1988). Bullock et al.
(1988) showed that aggregate stability decreaggifisantly when aggregates were frozen at
water content greater than 0.20 kg'k@his threshold of water content was observeafsitt
loam soil and a loam soil (Bullock et al., 1988).

Freezing-thawing has been widely studied and cbimgofactors are identified. The
resistance of aggregate structure against freghgging can be measured through laboratory
experiments using freezers (Bullock et al., 198&ri€ka & Benoit, 1995; Lehrsch, 1998;

Oztas & Fayetorbay, 2003).

2.1.4. Differential swelling of clay

Soil wetting is not a homogeneous process in tibwxing wetting, an aggregate

present wetted and dry regions. Part of the clayemais have the property to swell when
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hydrated (2:1 clay minerals). Considering an agagegontaining 2:1 clay minerals, in the
wetted regions of the aggregate, clay particles sviell appreciably while dry regions will
kept the same volume. This process, called difteakeswelling, causes mechanical stresses
between the dry and the wetted portions of theeggge, causing the development of shear
planes on the wetting front, breaking many of tlends between particles (Kemper &
Rosenau, 1986; Quirk & Murray, 1991). Differentkelling of clay during wetting and
drying cycles result in micro-cracking of aggregati€heyrabi & Monnier, 1968).

The first condition for differential swelling ocaence is the amount of swelling clay.
Aggregate breakdown by differential swelling wasirfd to increase with increasing clay
content (Le Bissonnais, 1996; Ruiz-Vera & Wu, 20a8)ang & Horn (2001) found that
differential swelling depended on clay mineralogydats properties such as cation size,
valence, ionic concentration and composition ofgbi solution. More than clay content, clay
mineralogy plays a preponderant role in differdnsaelling occurrence. Emerson (1977)
calculated crystalline swelling of smectite (2:aycminerals) to be 25 times that of kaolinite
(1:1 clay minerals). Ruiz-Vera & Wu (2006) obsentbdt differential swelling was not the
dominant process for aggregate stability decreassmoil where kaolinite was the main clay
minerals. The presence of swelling clays is theessary factor of differential swelling
occurrence. Differential swelling can occur at lewetting rate, but is emphasized at high
wetting rate (Le Bissonnais, 1996). Indeed, if ggragate is quickly wetted, the hydration
and expansion of swelling clay minerals happen lqriaand the differential in swelling
between the wetted and the dry regions of the agdeas larger (Kemper & Rosenau, 1986).
Mechanical stresses induced by differential swglhne more important than stresses induced
by differential shrinkage during drying. Indeed,yidg is a more progressive and
homogeneous process at the aggregate scale, amdhbkudifferential in shrinkage is lower

than the differential swelling induced by wettinggess.

54



Differential swelling of clay has not been direcatlgserved yet. This process has been
deduced through experimental studies based ondhparison of swelling soils and non
swelling soils during wetting and drying cycles. nfficro-cracking has been observed by

microscopy, there relation with differential swediprocess still has to be proved.

2.2.Micro-aggregate scale

In order to better understand the following proessst is necessary to remind the
forces involved in inter-particle cohesion withincno-aggregates. Three main sources of
cohesion exist within a granular media: water t@msinter-particle bonds, and inter-particle
friction.

Water tension (also termed capillary forces) i&dih to the presence of inter-particle
water bridges (or menisci) within a humid aggregdtee water tension intensity is directly
linked to the morphology of the inter-particle mami(Sheekt al, 2008). Capillary forces are
null when soil is totally dry. It increases whileetiing, until reaching a maximum, and then
decreased to be null when solil is saturated. ipdeticle bonding needs the intervention of
bonding agents (clay particles, mineral or orgaoitoids). The intensity of bonding is linked
to the amount of bonding agents, their distributwathin the soil matrix and their fixation
properties. Inter particle friction appears aslé@st important source of cohesion involved in
aggregate stability. Friction involves the morplyplaf mineral particles and their surface

roughness and requires a direct contact betweeiclpar

2.2.1. Particle rearrangement during wetting drying cycles

As described by Kemper & Rosenau (1986) and Dexeral (1988), the
rearrangement of particles within the soil aggregan link with wetting and drying cycles
includes two distinct processes which act at twiteint scales: the rearrangement of coarse

particles and the redistribution of clays parti@desl colloids. Both processes interact closely.
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The rearrangement of coarse particles (silt andl ggains) involves short distance
displacements of the silt and sand particles addaes changes in the structure topology at
the coarse grain scale. The redistribution of @ag colloid particles involves displacement
of the colloids through longer distances and indudeanges in the bonds between coarser
particles.

Considering the coarser grain scale, soil wettingses the decrease of the inter-
particle water tension, leading to a decrease ter iparticle cohesion (Sheet al, 2008).
Water tension and so inter particle cohesion reachinimum value when soil is saturated.
Considering the clay grain scale, wetting phaseptdantially cause the hydration, dispersion
or dissolution of the clay particles and colloidepending on their properties, leading to the
weakening of the bonds between coarser particles. combination of both inter-particle
cohesion decrease and bond weakening leads to raadecin aggregate stability during
wetting.

As the soil dries the water phase recedes intdlagpiwvedges surrounding particle to
particle contacts and films between closely adjapdatelets. The internal cohesive tension
pull adjacent particles together (Kemper & RoserE86). The tension in the retreating
water menisci can generate enough force to prodireet contact between particles (Dexter
et al, 1988). Direct contact can induce friction fordbat increase inter-particle cohesion.
When solil is saturated, soluble compounds suchilas,scarbonates, (hydr)oxydes and
organic molecules are concentrated in the liquidseh Considering the clay grain scale, as
the soil dries the capillary wedges retreat towhel inter-particles contact point. While soill
solution becomes saturated, the solute moleculdsi@ms precipitate around these inter-
particle contact points, cementing particles toge(iKemper & Rosenau 1986; Dextdral,

1988). Such processes lead to the aggregate stahdreasing during drying.
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The succession of wetting and drying phases matiigysilt clay fabric within the
aggregate, leading to changes in aggregate syaflitou et al, 1998). The formation of the
close matrix fabric with clay coatings and bridgeguired several wetting and drying cycles
to reorganize the clay particle distribution withime soil matrix. The formation of clay
bridges between coarser particles induced by ssiegesvetting and drying cycles was
observed by microscopic imaging (Singeral, 1992; Attouet al., 1998).

The wetting and drying cycles is a required coodifior the occurrence of both coarse
particle rearrangement and redistribution of clag aolloids. Numerous studies showed that
aggregate stability variation was affected by wettand drying cycles and incriminated both
particle rearrangement and clay redistribution. Theults of the latter studies are still
controversial (Amézketa, 1999; Bronick & Lal, 2009)he result of wetting and drying
succession on aggregate stability depend on thete@cting effects of the negative impact
of wetting and the positive impact of drying (Deeéfil, 2001).

The particle rearrangement during wetting and dy\syicles theorized by Kemper &
Rosenau (1984; 1986) and Dexter et al. (1988) hsaxer been directly observed yet.
However this process is widely incriminated aggtegstability variation linked to wetting

and drying cycles.

2.2.2. Interlocking: frictional effect

As cited previously, soil wetting induces the deske of inter-particle water tension
and the development of water films around the naihearticles, increasing the distance
between them. In such conditions, the friction éocan become almost null. On the contrary,
while drying, water tension increases, pulling mahgarticles into direct contact with great
forces (Dexteet al, 1988). Even smooth-looking particles have amgutar and rough shape
at the micro scale. When pulled into direct contpatticles can fit together in a more stable

arrangement, thus providing an increase in cohesind thus in aggregate stability. Such a
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process is called interlocking. Macro interlockirgpncerns the particles and micro
interlocking concerns their surface roughness. $tiength due to the interlocking is a
function of the normal stress at the contacts audes an increase in the frictional component
of the strength.

The processes involving friction forces only comsecoarse textured soils with clay
content lower than 15% (Lebert & Horn, 1992). Thstfcondition for interlocking is the
close contact between the coarse particles witteraggregate. The strength of an aggregate,
defined by its angle of internal friction and itshesion, depends on the number of contact
points (Hornet al, 1994). The number of such contact is increasedhb coarse particle
rearrangement while drying, as mentioned earli@jalRm & Eberbach (1998) showed that
friction angle was affected by the drying rate.cion angle of a silt loam tends to increase
with the drying rate until reaching a 15% dryingera

While interlocking have been observed and incrit@dan the changes in mechanical
soil properties such as the shear strength, itsan€e in aggregate stability seems to be
limited. Indeed, interlocking involves slight foscecompared to the other processes of

aggregate stability variation.

2.2.3. Clay dispersion and flocculation

In order to understand the mechanisms of clay dispe and flocculation, and the
conditions of their occurrence, it is necessaryeimind the physico-chemical properties of
clay minerals and their role in aggregation. Clayerals are characterized by a layered
structure. Such structure has large exchangealflecsuarea and thus, large fixation capacity.
Depending on their structure and induced physicenabal properties, clay minerals are
generally divided in two main groups: 1:1 crystedl clays and 2:1 cristalline clays. 1:1
crystalline clays (e.g. kaolinite) are non expagdinave low cation exchange capacity and

surface area, and thus have low fixation capag@ity.clays, such as smectite, are expanding
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and are associated with high cation exchange dgpdarge surface areas and thus, high
fixation capacity. Because of high fixation capgc2:1 clay particles act as a cementing
agent, grouping in clay domains and forming mindsahds between coarser particles
(Shainberget al, 1992; Le Bissonnais, 1996). Smectitic clays #re most efficient in
aggregation because of large specific surface aigh, CEC, and thus high physio-chemical
interaction capacity. Clay particles also have ad#l properties: they can be dispersed in
solution or flocculate depending on their minergl@nd in the electrolyte concentration of
the solution.

Physico-chemical clay dispersion results from teeuction of attractive forces
between colloidal particles during wetting (Emersb®67). As water content increases, clay
particles become separated into distinct individerdities and suspended in the soil solution
(Kay & Dexter, 1990; Zhang & Horn, 2001). This pess results in the reduction in the
cohesive strength of all clay inter-particle bors&l clay domains that decreases aggregate
stability, leading to the structure breakdown (K&ayDexter, 1990). When attractive forces
between colloidal increases, the colloids flocailand clay particles can accumulate in
domains and depose at points of contact betwegerlgrarticles as drying proceeds. This
process results in the agglomeration of clay pagidin clay domains, the deposit of clay
coatings at the interface of fractures and at iaggregate pores resulting in an increase in
aggregate stability (Attoat al, 1998; Kjaergaardt al, 2004).

Physico chemical clay dispersion and flocculatisa mainly controlled by water
content dynamics, clay mineralogy, sodicity, pHd alectrolyte concentration of the soil
solution (Van Olphen, 1977; Emerson, 1977; Renggsatnal, 1984; Amézketa, 1999;
Bronick & Lal, 2005). Controlling factors of clayspersion and flocculation interact closely.
Chemical dispersion depends on clay mineralogis denerally recognized that aggregates

dominated by 2:1 layer minerals are dispersed meaglily than those dominated by 1:1
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minerals because of a higher charge density (Seegn& Letey, 1984, Kjaergaaret al,
2004). lllite clays are the clays the most sensitiv dispersion (high flocculation values).
This is due to smaller edge to face attractiondsrna comparison to the other clay because of
the irregular and terraced surfaces of the illaetiples (Amézketa, 1999). Smectite clays are
also recognized to be very dispersible. Kaolinitaycminerals are less susceptible to
dispersion (Zhang & Horn, 2001). It is importantriote that the clay minerals the more
susceptible to dispersion are also the most inebinexggregate stability (2:1 clay minerals).

The effect of clay dispersion and flocculation @uyeegate stability is closely related
to the dynamics of soil water content. Water presers a necessary condition for clay
dispersion occurrence. If the free water conteritmgted (unsatured soil) the clay particle
may not be able to disperse (Quirk, 1978; Rengasatmal 1984). Drying allows the clay
particles to concentrate in the retreating watenisge and to deposit at the coarser particle
interface, acting as clay bonds and increasingeagge stability (Dextest al, 1988; Attouet
al., 1998). Soil water properties such as pH, elédroconcentration or sodicity also
influence clay dispersion and flocculation.

According to Van Olphen’s theory (1977), repulsemmd attraction between particles
depend on the distance between them. It is welvknihat an increase of the concentration in
the soil solution reduces the thickness of thetetad double layer around the particles and
therefore reduces the repulsive forces between .thenin contrast, the attractive Van der
Waals forces remain constant independently of betrelyte concentration, the combination
of repulsive and attractive forces results in ddfe net potential curves. Hence, a low
electrolyte concentration causes predominantly Isepu whereas at a high electrolyte
concentration no repulsion forces exists (Holthuseml, 2010). Electrolyte concentration
and sodicity control the threshold of dispersiadéulation (Rengasamy & Olsson, 1991).

Low electrolyte concentration and high sodicityguoe clay dispersion and consequently the
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loss of soil structure (Rengasaraiyal 1984; Amézketa, 1999). High sodium concentration
causes dispersion of clay particles while highngiglicauses clay flocculation (Ruiz-Vera &
Wu, 2006). A threshold concentration curve defibgdthe sodium adsorption ratio and the
electrolyte concentration is very useful to defecteemical conditions that destabilize soil
structure. Clay dispersion increase with increasesbil pH (Shainberg & Olsson, 1991): the
negative surface charge on clay particles increagtds pH, increasing particle repulsion
(Choromet al, 1994). Organic matter appears to protect sajregpte from dispersion. In
natural field soils, the effect of mineralogy igluenced by the presence of surface adsorbed
organic carbon, which alters the clay behaviougdadic coatings have been found to induce
colloid stability (Kjaergaardet al, 2004). Finally, iron and aluminium (hydr)oxides
solution acts as flocculant.

Dispersion-flocculation of the clay has been widalpdied through laboratory
experiments. Soil resistance against dispersiorbeameasured by water dispersive clay tests

(Rasiah et al., 1992; Kjaergaard et al., 2004).

2.2.4. Dissolution and crystallisation

When a solid is immersed in a liquid there is angical reaction with the liquid that
transfer a portion the solid phase to the aquebaseg Solubility determines how much of the
solid phase dissolves into the solution. If thesdiged material exceeds a certain amount,
some of the aqueous material precipitates back ansolid phase. Hence, soil wetting can
induce the dissolution of components as saltscasilcarbonates or (hydr)oxides. Such
components acting as binding agents, their dissoludecreases aggregate stability. When a
soil is saturated, soluble compounds are in thaidigghase. As the solil dries, soil solution
retreats toward the inter-particles contact pointbe solutes molecules and ions are
concentrated in the water menisci, and thus pratgiat these inter-particle contact points,

cementing coarser particles together (Kemper & Raxge1986; Dexteet al, 1988). Such
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phenomenon was observed for glass beads in Na@ti@olof different concentrations
(Soulié et al, 2007), but not directly for soil material, acdimg to our knowledge. When
crystallizing at the water-air interface, precipga builds up much stronger links than
cohesion, resulting in strength increase.

Crystallization (or precipitation) and dissolutipnocesses affects the bonds between
particles at different scales, and involves différéype of bonding agents. Carbonates,
silicates, iron and aluminium (hydr)oxides are thestly cited (Amézketa, 1999; Set al,
2004; Bronick & Lal, 2005). Carbonates, phosphatas silicates can form bridges between
both coarse particles and clay particles (Mune@ales, 1989; Clough & Sklemstad, 2000;
Fernandez-Ugaldet al, 2011). C& and Md" carbonates precipitate to form secondary
carbonate coatings and bind primary particles togretCarbonates also play an important role
in bond formation between mineral and organic comepds (Muneer & Oades, 1989;
Baldock & Skjemstad, 2000). Recent studies showethant potassium
crystallization/dissolution also played a role mgeegate stability (Hohlthusest al, 2012).
(Hydr)oxides are mainly incriminated in bonds atycparticle scale.

Changes in soil water content is a required cooulitfor the occurrence of
precipitation-dissolution. As soil dries, the comcation in dissolved components in the
solution increases until reaching the saturaticst teads to precipitation. The amount of
soluble components is also an important factotHerdissolution-precipitation occurrence. In
soil rich in carbonates, the carbonate is the rbading agent, and thus, its dissolution and
precipitation are the dominant processes of agtgegi@bility variation (Sixet al, 2004;
Fernandez-Ugaldet al, 2011). This is especially the case of arid anisarid calcareous
soils where the rain amount is not large enougdledoh the carbonate ions. This process has
been less studied for soils under temperate climatbably because carbonate content is

lower and binding agents are dominated by the acgemmponents. Metal ion solubility is
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strongly influenced by the soil solution pH (Braki& Lal, 2005). Finally, organic matter
content also affects precipitation. Baldock & Skgad (2000) observed that precipitation of
dissolved carbonates was more probable to happem wiganic matter was present in the
soil.

If dissolution-crystallization is often cited agpeocess of aggregate stability increase,
there is no dedicated experimental setup able @sare the occurrence and influence of this
process on aggregate stability. Moreover, the obldissolution-crystallization in aggregate

stability variation has been hardly studied undengerate climate.

2.2.5. Age Hardening & thixotropy

Age hardening refers to the regain in aggregatength with time at constant
conditions (temperature, density and water conteft€r disturbance (Mitchell, 1960; Blake
& Gilman, 1970; Molopeet al, 1985; Dexteet al, 1988). It has been observed for artificially
compacted aggregates or clods. Such phenomendesoisnamed as “structural resiliency”
(Kay, 1990). Because the cited processes involveye hardening were found to depend on
thixotropic properties of the soil at the clay fian scale (Mitchell, 1960; Molopet al,
1985; Dexteret al, 1988), it is also termed “thixotropic age harden (Utomo & Dexter,
1981), “thixotropic hardening” (Molopet al, 1985), or simply “thixotropy” (Mitchell, 1960;
Dexteret al, 1988).

The thixotropy is a physical property referring feeology. According to Barnes
(1997), thixotropy is a time dependant fluid belvaviin which the apparent viscosity
decreases with the time of shearing and in whiehvicosity tends to recovers its original
value after the stirring ceased. It corresponds\tscoelastic behaviour (reversible) involving
local particle rearrangement at the microstructaade (colloids) (Barnes, 1997). The driving

force for micro structural change is the resulth&f competition between structure breakdown
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due to flow stresses, build up due to inflow cadiisand Brownian motion. Brownian motion
is the random thermal agitation of atoms and mdéscuhat results in element of the
microstructure being constantly removed, causiegntho move to a different position where
they could be attached again to the microstructMiechell (1960) extends this property to
soil behaviour in order to explain observed agaelé@ing in soils. Mitchell (1960) defined
thixotropy in soil as an isothermal, reversiblengirdependent process, taking place under
conditions of constant composition and volume, whgra material stiffens while at rest, and
softens or liquefies when remoulded (Mitchell, 1p6@/hile it never had been directly
observed, such phenomenon has been widely citetheagnain process controlling age
hardening (Utomo & Dexter, 1981; Dextet al, 1988; Shainbergt al, 1996; Sixet al,
2004). Such processes have been theorized by Mit¢h®60) without microscopic
observations, and thus staid partly speculative.

Two stages have to be considered: the structuaigth decrease when disturbance is
applied and the subsequent strength regain wheplseasnat rest. The processes incriminated
in both stages involve the clay particles rearramg#, physico-chemical dispersion and
flocculation processes, and dissolution/preciptati processes. In  Mitchell's (1960)
hypothesis, soil straining results in reorientatadrplaty clay particles by externally applied
shearing forces into a more uniformly parallel agament. Clay particles are moved from
their former equilibrium positions of low free eggrto positions of higher free energy
(Dexteret al, 1988) inducing a decrease in cohesion stredgtbording to Utomo & Dexter
(1981), remoulding would also create clay partidigpersion that induces the drop of soll
structure cohesion. Moreover, remoulding a soil@¢@lso destroy the bonds between coarser
particles (Mitchell, 1960). When the shearing forsestopped and the system sets to rest,
thermal oscillations (Brownian motion) tend to randze the orientation of the clay platelets.

The particles gradually rearrange their positiond arientations back towards a minimum
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free energy configuration. The resulting disordeparts rigidity to the system by creating
new bonds between particles (Mitchell, 1960; Molepal, 1985; Dexteet al, 1988). After
the colloid rearrangement, clay particles get wset contact and can flocculate (Utomo &
Dexter, 1981). Chemical change such as time depérfdemation of cementation bonds
between particles, are also considered as a pessélse of thixotropic behaviour. Iron
oxides, carbonates, organic matter, and amorphitiua and alumina may bond particles
together (Mitchelll, 1960). The stability increaseuld also be attributed to component ions,
atoms and molecules migrating to lower energy mstwhere there are more effective in
bonding clay particles together (Dexétral.,, 1988).

The amount and speed of these changes depend osothe&vater content and
properties of the colloid solute system (Dexteraét 1988). The loss of strength and
subsequent recovery would be greater when clayenfdilure zone is dispersible. At low
water content, the cation concentration maintanesday flocculated. Further rearrangement
is not possible in this condition and so no ageléaing is possible (Mitchell, 1960). At high
water content, the soil colloidal particles mayyst#o stable suspensions, and age hardening
would be negligible. At intermediate water conteotlloids are able to rearrange and
flocculate with consequent increases in soil stitenghe optimum water content for age
hardening would be around the plastic limit of Huéls (Utomo & Dexter, 1981). The range
in water content considered by Utomo & Dexter (19&tould result in electrolyte
concentration changes by no more than a factor, @@ would therefore require that the
concentration of the pore fluids be close to thiticat concentration for flocculation-
dispersion to be sensitive to solute concentration.

Age hardening is an observed phenomenon that as lbgmthetically attributed to
clay particle and colloid rearrangement. Such @ecéas been called thixotropy by

comparison with rheological properties of mateaall fluids, but had never been directly
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observed yet. Anyway, thixotropic age hardeningvidely cited as a process of aggregate

stability variation.

2.3.Interactions between the processes during wettimgl @rying cycles

Water content was found to be the dominant factaach of the cited processes of
aggregate stability variation whatever the scal¢hefprocess occurrence. Soil liquid phase
can affect aggregate stability in different ways.fiést, water content influences aggregate
stability through the presence of water menisci mntlliced capillary forces at the interface
between particles. The presence of water menidtigraggregate porosity prevents the air to
escape during rapid wetting and provides slakingpilary forces are involved in particle
rearrangement and frictional interlocking. The lszdion of water menisci at the interface
between coarser particles allowed the formationirgér-particle bonds formed from
flocculated clays and crystallized components. Belyo the kinetic energy of water drops is
can break inter-particle bonds within the aggregaig lead to aggregate breakdown. Finally,
soil solution also influences aggregate stabilibyotigh physico-chemical interactions
between water and soil particles. Wetting can céusalifferential swelling of clay, and clay
dispersion and the inter-particle bonds dissolytiinile drying can cause the flocculation of
clay and crystallization of suspended componenét tan act as bonding agents. Water
physico-chemical properties are also involved whmmstant in freezing-thawing and
thixotropic hardening processes.

These processes involve different mechanisms andnaest be distinguished.
However, because water content variation is a comeundition of occurrence, during
wetting and drying cycles, most of these procesgesact at the same time.

During wetting, soil water tension and thus theiirgarticle cohesion decrease. This
decrease in cohesion affects the aggregate streggihst raindrop impact (Le Bissonnais et

al., 1995). Moreover, clay dispersion and dissolutbf soluble components affect the bonds
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between the patrticles, decreasing their resistageist fragmentation processes. Processes
at the micro aggregate scale decrease the resstaainst disruptive processes at the macro
aggregate scale. On the other hand, the wettingcedl slaking and differential swelling of
clay occurring at the macro-aggregate scale creatmses of weakness and cracks that
stimulate processes at the micro-aggregate scakbeAnterface of those planes of weakness
or micro cracks, new particles are directly expasetthe water phase and can be dispersed or
dissolve depending on their properties (Le Biss@nd989). The combination of these
processes leads to a general aggregate stabiliteate during wetting. According to our
knowledge, wetting does not provide physico-chehmicacesses which increase aggregate
stability.

During drying, three main processes are involvedaggregate stability variation:
particle rearrangement, friction and creation ohds According to Kemper & Rosenau
(1984), during wetting, the water tension increasuces the rearrangement of particles
(coarser grains and clay particles) in a closareyement leading to a direct contact between
them. For the reinforcement of inter particle bondisle drying, it is necessary for the coarser
particles to be in contact initially. As the watension pulls adjacent mineral particles into
closer proximity, there are also more opportunita@sbonds to develop (Kemper & Roseau,
1986; Dexteret al, 1988). Inorganic stabilizing material and orgamolecules will be
capable of bonding clay particles and cementingelamineral grains together at their points
of contact. However, when grains are separatedrbsgter distances, material of molecular
scale will be largely ineffective (Kay, 1990). Mokesr, water evaporation provides an
increase in electrolyte concentration and thuggéis the flocculation of the dispersed clay
and the crystallization of soluble components (hadenet al, 2010). Because the remaining
water get concentrated in the inter-particle reingamenisci, the dispersed clay and soluble

compounds will flocculate and precipitate at thetipke interfaces, creating new inter-
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particle. The combination of those processes I¢éads general positive effect of drying on
aggregate stability. According to our knowledgeyimy only provide physico-chemical
processes which increase aggregate stability.

Even if processes involved in aggregate stabiligyeery different, they all are related
to water content. It is difficult to experimentallyeparate them since they can occur
simultaneously. However, only a few studies todlerest in the interaction between those
processes. Further researches must be done in todénd experimental methods of
measurements taking into account the effect of @asbess of aggregate stability separately,

but also to study the interactions between thosegsses during wetting and drying cycles.

3. Summary of current knowledge and orientation of futher investigations

In the previous part, we described each processhiatt in aggregate stability and
detailed their conditions of occurrence. The presdriiometrical study allowed us to hold a
global point of view on the state of the art congey the abiotic processes affecting
aggregate stability. Those processes have bearattially studied and cited in literature, as
presented in table 2 and 3. We made a bibliogragthity with the aim to assess the intensity
of citation of each identified process (table 2blB®metric study was performed the first of
October 2012, from the Web of knowledge editorfplat. For each identified process, we
presented the number of citing studies (A indeh@, iumber of citation occurrence (B index)
and the citation intensity (B/A). The number ofirgt studies (A index) corresponds to the
number of publication between 1970 and 2011 citivegidentified processes in their abstract
or keywords. It inventories the publications whitinectly studied the processes or directly
implied such process in aggregate stability varratiPublications identified by the A index
have been cited by latter studies. The B indexespwnds to the total citation occurrence of
the publications identified by the A index, withotgtking self citations into account. It

inventoried the publication citing the processeshaut directly studying them. Hence,
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processes are not necessarily cited in keywordsthair descriptions refer to publications
which directly studied them. The intensity of dbat (B/A) provides information about the
knowledge status of each process. A high ratio smiegmrocess well cited but few studied and
thus, that can need further researches. A low rarcesponded to a process well studied but
few cited, thus with a low importance in aggregstability variation compared to other
processes.

Table 3 summarizes the information detailed in RarFor each process, qualitative
information is given about their knowledge staflise “observed” processes have been well
studied, recommended method of measurement aren.gite/pothesized” processes are
based on theory but have never been observed Idi@stprocesses of aggregate stability

variation, and need further researches.
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Table 2: Results from the bibliometrical study: fn@mof publications directly studying the
process of aggregate stability variation (A), numioé publication refering the previous
studies (B), and ratio between both values (A/B).

A. corresponds to the number of publication cititige processes in their abstract or
keywords. B. corresponds to the number of pubboateferring to A. Bibliometric study

performed on October12012, using the platform Web of knowledge editor.

Process Scale Observed or Measurement
Conjectured
Dispersion/flocculation Micro aggregate/ Observed  Water dispersive clay te®Rasiah et al., 1992;
Clay domains Kjaergaard, 2004)
Slaking Macro aggregate Observed Fast wetting test, imoe(se Bissonnais, 1996)
Pressure sens@aher, 2005)
Rain drop impact Macro aggregate Observed  Water drop festv, 1965; Imeson&Vis, 1984)
Stirring test(Le Bissonnais, 1996)
Freezing-thawing Macro aggregate Observed Fregzeg. Bullock et al., 1988)
Crystallisation/dissolution  Micro aggregate/ Hypothetical -
clay domains
Friction Micro aggregate Observed  Friction angle measuref®aram & Erbach,
1999)
Particle rearrangement
Coarse particles Micro aggregate  Hypothetical-
Clay redistribution Micro aggregate  Hypothetical-
Differential swelling Macro aggregate Hypotheticalt

Thixotropic age hardening  Clay domains Hypothetical -

Table 3: qualitative synthesis of the results frahe bibliographical study: scale of

occurrence, observation status and recommendedoaiethmeasurement for each identified

process.
Process A. Number of studies B. Number of citations Intensity of
citing process of those studies citation (B/A)
Dispersion / flocculation 369 6055 16.4
Slaking 217 6193 28.5
Raindrop impact 96 1401 14.6
Freezing-thawing 93 1707 18.4
Crystallisation/dissolution 29 660 22.8
Friction 20 211 10.6
Particle rearrangement 11 436 39.6
Differential swelling of clays 8 388 48.5
Thixotropic age hardening 3 88 29.3
Mean 94 1904 25.4
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3.1. Widely studied processes

At the macro aggregate scale, slaking, raindropachpnd freezing-thawing processes
of aggregate stability variation are the most widelown. Since 1970, 217 publications cited
slaking, 96 publications cited raindrop impact &®publications cited freezing-thawing as
processes of aggregate stability variation in thbstract or keywords (Table 2). Intensity of
citation were 28.5 for the slaking, 14.6 for théndaop impact and 18.4 for the freezing-
thawing processes. Those processes have been ethsé#mough repeated laboratory
experiments, their conditions of occurrence havenbelentified and the involved forces
guantified (air pressure, kinetic energy of thendabp and expansion of ice crystals). Such
processes have negative effects on aggregate itstafihe aggregate strength against
disruptive processes can be tested by various d#drgr experiments (e.g. Le Bissonnais,
1996; Farres et al, 1980) (Table 3). The resistagaenst slaking can be easily measured by
wet sieving after immersion of dry aggregates (Ypd836; Le Bissonnais, 1996). The recent
work of Zaheret al (2005) permitted to quantify the pressure reqluifer the aggregate
breakdown by slaking. The water drop test (Low,3t9feson & Vis, 1984) and the stirring
test (Le Bissonnais, 1996) allow the assessmenth®faggregate resistance against the
raindrop impact. The effect of freezing on aggregstability can be performed through
laboratory experiments using freezer.

Differential swelling-shrinkage of the clays hag been observed directly yet. This
process has been deduced through experimentaksthdsed on the comparison of swelling
clay soils and non swelling clay soil during wegtiand drying cycles. Since 1970, only 8
publications cited this process in link with aggreeg stability variations (table 2). Many
studies considered differential swelling of theycks part of the slaking process, and thus
named it slaking. This simplification might biastéee results of the bibliometric study.

Because of strong interactions with the other pses induced by wetting and drying cycles
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(slaking, clay dispersion and flocculation), thecartence of differential swelling and
shrinkage is hard to estimate. The slow wetting femm aggregate stability tests (Le
Bissonnais, 1996) emphasizes the effect of difiemernswelling compare to slaking.
Microscopic imaging allowed identifying micro-crackvithin soil aggregate that are caused
by differential swelling. Anyway, if micro-cracksatie been observed as a consequence of
differential swelling of the clays, consequencesaggregate stability remained qualitative
and need further researches to be quantified.

At the micro aggregate scale, physico-chemicalaetspn and flocculation of the clay
has been widely studied. Since 1970, 369 publinatmted dispersion and flocculation of the
clay as a process of aggregate stability variafiGable 2). The intensity of publication was
16.4 for clay dispersion/flocculation which do nmtrrespond to an extreme value. This
process has been experimentally observed and adgregpistance against dispersion can be
measured by water dispersible clay tests (Rastiah, 1992; Kjaergaardt al, 2004).

Finally, friction is a process that is well knowspecially in material mechanic
science. Friction effect between coarser partiak@®m be assessed by friction angle
measurements (Rajaram & Erbach, 1998). Howeveresi®70, friction processes have only
been cited 20 times in relation with aggregateibtalariation, and intensity of citation was
the lowest among the studied processes (10.4). &stlits may mean that friction is not
considered as a dominant process in aggregate litytaariation. Incriminated in
phenomenon affecting soil structure at higher sealeh as resistance against compaction,
friction influence may be lower at the aggregat@escompare to other processes of aggregate

stability variation.
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3.2.Processes needing further researches

According to the present study, three processesggfegate stability variation are
based on hypotheses and have not been directlyvalosget. Those processes remained
unknown and thus need further researches.

The internal particle rearrangement during wettamgl drying cycles theorized by
Kemper & Rosenau (1984; 1986) and Dexter et al8&)1%has never been observed yet.
Microscope image analysis allowed identifying chajdges or microcracks within aggregate
structure (e. g. Singer et al., 1992; Attou et H998) but the evolution of internal aggregate
structure linked with wetting and drying at botharcge grain scale and clay scale has not been
observed yet as a process of aggregate stabilrigtian. However, this process is widely
incriminated in aggregate stability changes link@evetting and drying cycles (e.g. Zhang &
Horn, 2001; Denef et al., 2001; Six et al., 200#pnly 11 publications directly cited this
process as a cause of aggregate stability varigiioce 1970, those publications have been
cited 436 times, corresponding to an intensityitations of 39.6 (table 2). Further researches
must be performed in order to verify the validitly such process as a cause of aggregate
stability variations, and if it's the case, to urstand its occurrence conditions and
interactions between other processes. New techsidereelopment in imaging (e.g. X-ray 3D
micro-tomography) could allow characterizing theoletion of the coarse grain structure
within an aggregate during wetting and drying cgcle

Since 1970, dissolution-crystallization has beaadcby 29 publications as a process
of aggregate stability variation (Table 2). If dajtzation is often cited as a process of
aggregate stability increase, there is no dedicatguerimental setup able to measure the
occurrence and influence of this process on agtgegability. If the effect of carbonates and
(hydr)oxides on aggregate stability have been widaldied, this not the case of silicates or

other soluble minerals. Moreover, the role of disson-crystallization in aggregate stability

73



variation has been hardly studied under tempetataie, probably because it is considered
as secondary process compared to other processeggate stability variation. Recently,
studies from Hohlthuseret al (2010; 2012) took interest on the role of potassi
precipitation/dissolution on aggregate stabilityd aheological properties of German sails,
indicating that new researches are taking this ggecinto account. However, current
knowledge does not allow studying separately thdecef of ions on clay
dispersion/flocculation processes and crystallisdtiissolution processes. Hence, further
researches are needed to clarify the effect obllisen-crystallization on aggregate stability
variation in temperate climate.

Age hardening is an observed phenomenon at theonaggregate scale. The strength
regain after the remoulding has been hypotheticatigibuted to clay particles and colloids
rearrangement. Such process has been called tpyotbecause of a comparison with
rheological properties of material and fluids, bad never been directly observed yet. Since
1970, only 3 publications have cited thixotropytheir abstract or keywords in relation with
aggregate stability variation, however, such predssdiscussed in articles as a process of
aggregate stability variation (e. g. Dexter et H88; Shainberg et al., 1996; Six et al., 2004).
The occurence of the processes described in Mitel{@B60) theory should be checked by
further researches. Moreover, the use of the tehmxdtropy” in order to describe such
hypothetical process should be deleted until furthsearches directly observe its occurrence.

These researches would allow a better understamditige physio-chemical processes
and the effect of wetting and drying on aggregaabikty. Understanding the mechanical
aspects of such processes separately would bel usainderstand the interaction between
abiotic and biotic processes and would enable tteibpredict aggregate stability variations

for a given soil.
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4. Conclusion

The present review allowed identifying the abigiimcesses involved in aggregate
stability variations. The soil water content dynesnaffects each of the identified process. At
the macro-aggregate scale, slaking, raindrop impmaad freezing-thawing have been
identified as processes of aggregate stabilityedesing. Such processes have been observed
and their conditions of occurrence condition ardl weown. At the micro-aggregate scale,
particle rearrangement and clay redistribution,ctibh, clay dispersion/flocculation,
dissolution/crystallization and thixotropic age deming have been identify as processes of
aggregate stability variation. While clay dispenditocculation is well known, other
processes need further research in order to chetk ihvolvement with aggregate stability
variation. Coarser particle rearrangement has lbenrized but not observed yet. The
influence of crystallization-dissolution on non lsanated soils remains mostly unknown even
if recent studies aimed at assessing its effectggnegate stability. Because solil is a complex
media where many processes interact even at theegajg scale, understanding the
processes, conditions of occurrence and interactimiween abiotic processes is a current

challenge for aggregate stability predictions.
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Synthese et conclusion

L’objectif de cette premiére partie était de pdssrbases contextuelles de la thése sur

deux problématiques : I'estimation de I'érodibil@€les processus physico-chimique en jeu.

1) L’estimation de I'érodibilité est imprécise et estdonc une source d’erreur dans les
modéles d’érosion.

- L’érodibilité varie fortement pour un méme typesdéselon la localisation du site.

Les résultats de I'étude de terrain présentés aokapitre 1 ont clairement montré que
pour un méme type de sol présentant des prophé@®genes, I'érodibilité estimée par des
mesures de stabilité structurale pouvait fortememter selon la localisation du site. Ce
résultat souligne les limites dans l'estimation parameétre érodibilité par les modeles
d’érosion. En effet, la plupart des modeles d’@wostonsiderent I'érodibilité comme une
constante pour un type de sol donné (Jetten eR@03 ; Guimere et al.,, 1999). Or, les
résultats de la présente étude montrent que IBilidéi d'un sol donné varie selon la
localisation du site. Améliorer la précision desd@les d’érosion nécessite de déterminer la

source de ces variations.

- La stabilité structurale de la surface du sol pdétte trés différente de celle du

matériau sous jacent

Les résultats de I'étude de terrain ont eégalememitré de fortes différences entre la
stabilité structurale de la croute de surface eitddilité structurale du matériau sous jacent.
Méme lorsque la stabilité structurale est utilisémme un proxy de I'érodibilité, les mesures

sont généralement réalisées dans I'horizon labduré&ol. En considérant les résultats de
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I'étude, les mesures de stabilité structurale ddiyeortées sur le matériau au contact du

processus érosif, c’est-a-dire sur le matériawdasce.

- les propriétés standard du matériau ne permettexst ¢fexpliquer les variations de

stabilité observées

Enfin, les propriétés standard du matériau ne piemepas d'expliquer la variabilité de
stabilité structurale observée. D’autres varialsiest donc a l'origine de ses variations. On
suggere, par exemple, des variations dans le cllow entre les sites. Ses variations
pourraient causer des différences d’histoire hydriglu sol pouvant étre a l'origine des
variations de stabilité structurale observées. Wi sle terrain a pas de temps court associant
des mesures de stabilité structurale, de varidhitdegiques et de variables climatiques est
proposer pour identifier les facteurs de variatilenla stabilité structurale. Une telle étude a

été réalisée ; elle est présentée dans la patierdge.

2) Les processus physico-chimiques a l'origine des vations de la stabilité structurale

doivent étre mieux connus.

La synthése bibliographique présentée dans le tthapi a permis de dresser un
inventaire exhaustif des processus physico-chinsiquitgs dans la littérature comme étant a
I'origine des variations de la stabilité structeraCette étude souligne que la dynamique de la
teneur en eau du sol est le facteur commun deroesgsus. A I'échelle du macro-agrégat, les
processus identifiés (éclatement, impact des godtepluies, gel-dégel) diminuent la stabilité
structurale. Ces processus ont été observés stdenditions d’occurrence sont bien connues.
A [l'échelle du micro-agrégat, certains processusnt sdbiens compris (telle la
dispersion/floculation des argiles), mais, pourutfes processus, des études approfondies
validant leur existence et déterminant leur implama dans les variations de stabilité

structurale restent a conduire. C'est le cas notamirdu réarrangement particulaire intra-
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agrégat lié aux cycles d’humidité. S'il a certes #téorisé, il n’a pas encore été directement
observé. Aussi, deux études portant sur les chaggfsnde structure interne des agrégats ont

été réalisées et sont présentées dans la troigiartie.
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Deuxieme partie

Etude de terrain de la variabilité de la stabilité
structurale a pas de temps court.
Evaluation des facteurs explicatifs.
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Introduction

L’érodibilité du sol est un parametre clef pour deédiction de I'érosion par les
modeles. Ce parameétre peut étre estimé par degesade stabilité structurale. De ce fait, la
prédiction de la stabilité structurale apparait omenun enjeu majeur pour améliorer les
prédictions de I'érosion. Dans le chapitre 1, nausns pu voir que I'érodibilité du sol était
trés variable, et que, de ce fait, considérer leupatre érodibilité comme constante dans
I'espace pour un sol donné était une forte souliogpdécision. Les résultats présentés dans le
chapitre 1 ont aussi montré qu’a un instant dot@rédibilité d'un méme type de sol pouvait
varier entre le matériau de surface et le maténemédiatement sous-jacent.

Les chapitres suivants s’intéressent a la vartébiémporelle de I'érodibilité estimée
par des mesures de stabilité structurale. De nambgeétudes ont montré que la stabilité
structurale variait dans le temps (e.g., Bullockakt1988 ; Blackman, 1992 ; Chan et al.
1994 ; Bajracharya et al. 1998 ; Denef et al., 20@bsentino et al., 2006 ; Dimoyiannis,
2009). Des suivis de terrain réalisés a pas degamgmsuels ont mis en valeur des variations
saisonnieres : la stabilité structurale est maxénzalla fin de I'été et minimale a la fin de
I'hiver (Bullock et al. 1988 ; Blackman, 1992 ; Ghat al. 1994; Dimoyiannis, 2009). Des
suivis réalisées en laboratoire ont permis d’idemtides variations & pas de temps court
(hebdomadaire a journalier) en relation avec leslesy d’humidité et la stimulation de
l'activité biologique (Utomo & Dexter, 1982 ; Denet al. 2001 ; Cosentino et al. 2006).
Cependant, de telles variations a pas de tempg$ omnt, & notre connaissance, jamais été
rapportées sur le terrain. Si les études précédemgigees ont permis d’identifier des
facteurs de variation de la stabilité structurbde,prédictions de la stabilité structurale restent
peu précise. De plus, il est actuellement difficle relier les facteurs identifiés par des

expérimentations en conditions contrlées aux trana de stabilité structurale mesurées sur
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le terrain. Ces difficultés peuvent étre expliqupasune résolution temporelle trop large des
suivis de terrain : des préléevements a pas de tempsuel ne peuvent pas prendre en compte
'ensemble de la variabilité de facteurs explicati€éls que la teneur en eau et l'activité
biologique. Un suivi de terrain a pas de temps tcur a deux jours) apparait donc comme
opportun pour préciser la relation entre la stebititructurale et les facteurs considéaés
priori comme explicatifs.

Un suivi de terrain a pas de temps court a étéséealr deux Luvisols localisés dans
le sud du Bassin parisien. Les objectifs étaientgdantifier les variations de la stabilité
structurale a pas de temps court et de relier agations a des facteurs explicatifs a travers
des variables liées a I'activité biologique et #éimat. Ce suivi de terrain s’est étalé sur une
période de 6 mois, de mars a aolt 2011. Sur ladeseésultats présentés dans le chapitre 1,
la stabilité structurale du sol a été mesurée sumétériau de surface et dans I'horizon
labouré. Le sol a été maintenu sans végétatiomttoat le suivi et I'activité biologique n'a
pas été stimulée par des apports. Des variabkes did'activité biologigue et au climat ont été
mesurés en tant que facteurs explicatifs potentdielta stabilité structurale. Les résultats de
cette étude de terrain sont présentés dans lestrelse® et 4. Ces deux chapitres ont été
rédigés sous forme d’articles en vue d’'une soumnissi la revueSoil Society of America
Journal

Le chapitre 3 présente les variations de la stélsliructurale & pas de temps court et
compare ces variations avec les modalités spasalgantes : deux sites présentant des types
de sol similaires et une proximité géographiqueqgdelques kilomeétres ; deux placettes
situées dans la méme parcelle cultivée ; la surédck sub-surface au sein d'une méme
placette. Les résultats montrent de fortes vanatiemporelles de la stabilité structurale a pas
de temps court en lien avec l'historique des pitatipns, ainsi que des comportements

spatialement différenciés.
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Le chapitre 4 porte sur les variables potentiellenexplicatives des variations de la
stabilité structurale. Ce chapitre montre que leete en eau et I'histoire hydrique du sol
étaient les facteurs dominants de la variationadstabilité structurale. Les variables liées a
l'activité biologique n’ont pas influencé la statdl structurale. Un modele de régression
incluant différents indices de l'histoire hydriqesplique prés de 60% des variations de
stabilité observées. Cette étude met en valewarkctere dominant des facteurs abiotiques sur
la variation de la stabilité structurale a pas émfs court sans stimulation de I'activité

biologique.
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Chapitre 3 :

Mesure de la variation de la stabilité structurale
a pas de temps court.
Conséguences pour I'estimation de I'érodibilité
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Short-term dynamics of aggregate stability in theigld,
consequences for erodibility assessment

Baptiste ALGAYERet al.

To be submitted to Soil Science Society of Amdooanal.
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Abstract

Aggregate stability can be used as a proxy for suérrill erodibility. Because soil
interrill erodibility is still difficult to predictaccurately, current erosion models use only one
erodibility value for a given solil type as a timenstant. Many studies have shown that
aggregate stability may change over time. Variagiaver short time steps have been
observed through lab experiments, but have nobgeh observed through field monitoring.
We conducted a field monitoring experiment to assesiations in aggregate stability over
short time steps and the influences of rainfall anmt® on such variation. Variability in
aggregate stability was measured for different igp&teatments. Rainfall occurrence was
measured as a potential factor in aggregate sbilgy variation. Aggregate stability varied
greatly over short time steps and was differentigfluenced by the studied treatments. The
two sites, located on similar soil types in closeximity, presented with contrasting ranges
for their aggregate stabilities, but they showesl ghme trends in variation. The influence of
soil surface and subsurface on aggregate stahitiyless clear. Finally, rainfall, as assessed
by the antecedent precipitation index, was neglgtigerrelated with soil surface aggregate
stability, regardless of treatment. Variations gygmegate stability correspond to contrasting
erodibility values. Parameterizations of erosiondeis for a given soil type should consider

these short time step variations.

1. Introduction

Aggregate stability corresponds to the ability nfaggregate to retain its structure when
exposed to water. In the literature, many studeslshown that aggregate stability changes
temporally (e.g., Bullock et al. 1988; Blackman929Chan et al. 1994; Bajracharya et al.
1998; Denef et al., 2001; Cosentino et al., 2006ndyiannis, 2009). Field monitoring,

performed monthly, has identified seasonal tremdsaggregate stability variation which
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follow a nearly cyclical pattern, with the greatestiues recorded during summer and the
lowest values during winter (Bullock et al. 1988laé&kman, 1992; Chan et al. 1994;
Dimoyiannis, 2009). These experiments permit thentdication of explanatory climatic
factors related to aggregate stability variatiomchs as the occurrence of rain (Blackman,
1992; Dimoyiannis, 2009). Lab experiments havevadid for the identification of temporal
variations in aggregate stability over shorter tisteps. Temporal variations in aggregate
stability have been shown at to be in line with kigevetting-drying cycles and with the
stimulation of biological activity (Utomo & Dextef,982; Denef et al. 2001; Cosentino et al.
2006). Although lab experiments have shown thategage stability can vary at shorter time
steps (from a few days to several weeks), such sinoe step variations still have not been

observed through field monitoring.

In the context of water erosion, aggregate stghgitrecognized as a proxy for soil water
interrill erodibility: the higher the aggregatelsitay, the lower the soil interrill erodibility (&
Bissonnais, 1996; Barthes & Roose, 2002; Gumieat. @009). Soil water interrill erodibility
is the sensitivity of soil material to detachment dransport by raindrop impact and sheet
flow. Thus, interrill erodibility is considered toe a key parameter in soil erosion modeling
and prediction. Currently, erosion models have tgaifficulty predicting water erosion
accurately (Jetteret al, 2003; Boardman, 2006). These difficulties may limked to
difficulties in estimating erodibility. First, whemeasured by aggregate stability tests,
erodibility is often assessed in samples collegtgdin the plough layer (e. g. Bulloat al,
1988; Bajracharya et al., 1998; Barthes & Roos@220despite the fact that interrill erosion
occurs at the soil surface of crusted soils angs,tdepends directly upon the erodibility of
the crust and not upon the erodibility of the sufzse material. Previous work has shown
that the aggregate stability of the soil surfage loa very different than the aggregate stability

of the subsurface (Poesen, 1981; Kuhn & Bryan, 2@&rboux & Le Bissonnais, 2007;
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Algayer et al., under review). This finding hasdeasearchers to conclude that estimates of
erodibility may be less accurate if performed ornanal collected from the plow layer than if
they are performed on surface samples, resulting ipotential bias in the estimated
erodibility. Moreover, parameterizations of erosimndels currently set a unique erodibility
value for a given soil and, thus, do not considertemporal variability of the erodibility for a
given soil (Alberts et al., 1995; Jettehal, 2003; Gumierest al, 2009). Finally, an erosion
model typically uses one erodibility value for csw@l type as a time constant or, at best, one
erodibility value as a constant for one season.eéxample, in the Water Erosion Prediction
Project model (WEPP), the soil interrill erodibylitactor (K) is calculated as a function of
primary soil properties (Alberts et al., 1995).cérresponds to the erodibility of freshly tilled
soil and can be adjusted using correcting factockiding canopy cover, roots and crusting.
Such models do not consider the temporal varighititerodibility that occurs with a bare

soil.

For the present study, we conducted field monitpahaggregate stability variations over
short time steps (of a few days) in two sites ledah Luvisols, in the south of the Parisian
basin (France). The objectives of the study werefodlsws: 1) to assess variations in
aggregate stability at short time steps in thedfidl) to compare temporal variations in
aggregate stability for different treatments foil snrface and subsurface measured on the
same field plot, for two different plots located thre same crop field, and for two different
fields presenting very close soil types; and 3p$sess the relationship between aggregate
stability variation over short time steps and ragcurrence. The consequences for erodibility

assessment and erosion modeling are discussed.
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2. Materials and Methods

2.1. Sampling sites

Field monitoring was performed in two sites, Manile and La Gouéthiere, both
located in the south of the Parisian Basin, 15nkédters to south-west from the city of
Chartres. Sites were located on two silt loam ealéd Luvisols (Soil Survey Division Staff
1993) and were geographically very close togetbekilometers). Soil surface (A horizon)
properties of each site are presented in table He Warcheville field was located
(48°21'512"N; 1°16’0.55"E) on a typical Luvisol, tivated by wheat and presented a slight
slope (7%) oriented towards the North. The anteted®p was corn. The La Gouthiere field
was located (48°22'489”N; 1°12'100”E) on a degrddkuvisol, cultivated by pea and
presented a with slight slope (5%) oriented towdh#gsSouthwest. The antecedent crop was
wheat. Sampling was performed in the A horizon loé tsoil. The A horizon of the
Marcheville soil was comprised of 16.4% clay and62 organic matter, while the La
Gouéthiere A horizon was comprised of 11.3% clay B/37% organic matter (table 1). Other

soil characteristics were very similar betweentti@ sampling soils (table 1).

Table 1: Characteristics of the soil material frdhe two sampling sites

Site Clay Sit Sand OM CEC pH Ca Mg Ka Na
gkg™ Cmol kg g kg™

Marcheville 164 798 38 21.6 9.1 6.7 8.8 0.5 06 0.03

La Gouéthiere 113 848 39 13.7 6.7 6.7 6.6 0.4 0.2 0.04

2.2.Monitoring setup

For each site, two 50 m2 plots (upslope and dovp®lavere defined within the crop
field. The distance between the two plots was apprately 50 meters. Plots were kept bare
with herbicide during the 6 months of monitoring faxilitate sampling and minimize the
effects of soil vegetation on aggregate stabiMpnitoring was conducted on four plots (two

plots for each site) during five months in 2011. MMoring started just after the seed bed

93



work, on 9 March for the Marcheville site and onMérch for the La Gouéthiére site, and it
ended on 18 August.

Sampling was carried out at two time scales: mertihie steps and shorter time steps of
a few days (two to three days) during the two wesksr an important rain event. For each
monthly sample, three distinct samples were cabkédor each 50 m?2 plot to assess the spatial
variability of the measured variables within theotpl Three periods of short time step
sampling occurred during the monitoring. Seven dampere recorded at short time steps
between 3 May and 18 May. Five samples were redobééween 7 June and 16 June and,
again, between 8 August and 18 August. On eachlsaggate, samples were collected from

a one square meter area within the plot. Each gnare meter area was collected only once.

2.3. Sampling setup

Prior to sampling, the soil surface was describedally. If the soil surface presented
crust, the crust type (structural crust or sedimgntrust) was identified (Bresson & Boiffin,
1990; Belnaget al., 2008).

Paired samples (surface and subsurface material walected from each plot. The
surface samples were collected separately fromsthesurface samples. For the surface
samples, material was collected from the first fimdlimeters of soil depth. After 5 May, soll
surfaces at both sites presented a structural. cfbs crust evolved into a sedimentary crust
at the Marcheuville site only, from 2 August onwavdhen the soil surface was crusted, large
pieces of the crust material were collected usirgharp knife to cut through the material
without affecting its structure. The subsurface eriat was defined as the soil material

between -1 cm and -5 cm (from the initial soil suH).
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2.4. Measurements

Aggregate stability was measured for each samphegyubke Le Bissonnais method (Le
Bissonnais 1996S0/DIS 10930, 2012Y.he three stability tests of Le Bissonnais (19%&3t(
wetting, slow wetting and stirring) were designeddproduce the processes involved in crust
formation and interrill erosion (slaking, differet clay swelling and mechanical
breakdown). The 5 g sub-samples were dried at 40f@4 h before application of the test,
and each test was replicated three times. Aftetesis, the resulting fragments were sieved in
ethanol. The results are presented using the megghted diameter (MWD). Each MWD
value corresponds to one of five classes of stgbéis follows: MWD above 2 mm
corresponds to very stable material (very low driitly), between 2 and 1.3 mm corresponds
to stable material (low erodibility), between 113da0.8 mm corresponds to median stability
(median erodibility), between 0.8 and 0.4 mm cqoesls to unstable material (high
erodibility) and lower than 0.4 mm corresponds épyvlow stability (very high erodibility)
(Le Bissonnais, 1996).

Rainfall was measured hourly using two pluviome{erse for each site) during the entire
monitoring period. The antecedent precipitatiorex@API) was calculated for 7 days prior to

aggregate stability measurement as follows:

6 i
apl =5 1071 p
= 10

Where i is the'! day before the sampling, ang (fh millimeters) is the total precipitation

height on the'f day.

2.5. Statistical analysis

Statistical analyses were performed using R vergi®®2 (R Development Core Team,
2011). To identify differences in MWD between thidfedent factors (surface/subsurface;

upslope/down slope; Marcheville/La Gouéthiére) rgzhicomparisons were performed with

95



the Wilcoxon signed rank test. Such non-paramet@thods allow for comparisons of the
variability of short datasets (n<30) without tegtithe normality of the data dispersion. We
considered a threshold of p < .05 to be significhimear correlation analyses (Pearson’s
coefficient) were performed to identify the relatships between MWD variations in the

different treatments and between MWD values andhttiecedent precipitation index (API).

3. Results

3.1. Temporal variation of aggregate stability

For temporal variations in aggregate stability yaile results of the slow wetting test are
presented in detail. Moreover, in the present pamty results from the upslope plots are

presented in detail.

3.1.1. Monthly variation of aggregate stability

For each monthly sample, three distinct sampleg wellected for each of the 50 m? plots
to assess the spatial variability of the measuegdhbles within the plot. In Figures 1 and 2,
error bars of the monthly points include this smatrariability. This measurement was
performed to take spatial variability into accountthe Marcheville site, the largest measured
spatial variability was 9% for the soil surface al2Po for the soil subsurface. In the La
Gouéthiere site, the largest measured spatialbhiitjawas 10% for both the soil surface and
subsurface (Figure 1). Short time step variatiomsaggregate stability superior to the

maximum spatial variation coefficients were consedeto be significant.
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Figure 1: Temporal variation of aggregate stabilityr the slow wetting test of surface and
subsurface for Marcheville site (a) and La Gouéthigite (b).

MWD monthly time step: each MWD corresponds tartean of three samples located on the
same plot (spatial variability) and 3 replicatesr feach measurements (n=9). Bars are
standard error. MWD short time step: each MWD cepends to the mean of three replicates
(n=3). Bars are standard error.

Stable, Medium, Unstable, Very unstable, refersthie aggregate stability classes (Le

Bissonnais,1996.
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3.1.2. Short time step variation of aggregate stability

For both sites, aggregate stability varied gredtlying the monitoring, for both surface
and subsurface. Such variations are considered ggnificant because there are larger than
the spatial variability as assessed during the hipsempling (Figure 1 and 2).

At the Marcheville site, for the surface, MWD fdret slow wetting test varied between
0.34 (very unstable) and 0.99 mm (medium stabjlityith a mean of 0.68 mm. For the
subsurface, MWD varied between 0.39 (very unstadnbe) 1.08 mm (medium stability), with
a mean of 0.60 mm (Figure 1). At the La Gouéthgite, for the surface, the mean MWD of
the three stability tests varied between 0.65 @big) and 1.43 mm (stable), with a mean of
1.01 mm. For the subsurface, MWD varied betweed Quéstable) and 1.07 mm (medium
stability), with a mean of 0.67 mm (Figure 1).

Short timestep sampling periods subsequent toalhie¥ents showed various trends in
aggregate stability changes (Figure 2).

May:

May was characterized by two significant rain egeRainfall 1 happened on 2 May and
rainfall 2 happened on 7 May.

At the Marcheville site, rainfall 1 was charactedzby a total rain height of 4 mm in 5
hours, with a maximum intensity of 2 mm/h (figur&)2After rainfall 1, MWD of the surface
dropped from 0.99 mm (28 Apr., prior to rainfallth)0.81 mm (3 May). After this decrease,
MWD did not change significantly at the next timep MWD of the subsurface did not
change significantly (Figure 2A) after rainfall Rainfall 2 was characterized by a total rain
height of 13.2 mm in 3 hours and a maximum raiensity of 7 mm/h (figure 2A). After this

rain event, MWD of the surface and the subsurfagendt change significantly (Figure 2A).
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Figure 2: Temporal variation of aggregate stabilfty the slow wetting test at short time step
for Marcheville site (a, c, €) and La Gouéthienegb, d, f) for May period (a, b), June period
(c, d) and August period (e, f). MWD monthly tirepseach MWD corresponds to the mean
of three samples located on the same plot (spagaiability) and 3 replicates for each
measurements (n=9). Bars are standard error. MWBrstime step: each MWD corresponds
to the mean of three replicates (n=3). Bars arendtxd error.

R1, R2, R3, R4, R5, and R6 refer to the numbédreofain event.

S=Stable, M=Medium, U=Unstable, VU=Very unstable @issonnais, 1996).
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At the La Gouéthiere site, rainfall 1 was charazeat by a total rain height of 13.8 mm in
10 hours, with a maximum intensity of 6 mm/h. Aftieis rain event, MWD values decreased
from 0.93 mm (28 Apr., prior to rainfall 1) to 0.6bm (5 May). MWD of the subsurface
increased significantly from 0.62 mm (28 Apr., prio rainfall 1) to 0.75 mm (5 May) three
days after the rain event (Figure 2B). Rainfalleaahed a total rain height of 6.6 mm in 3
hours, with a maximum intensity of 4.4 mm/h. Afteis rain event, MWD of the soil surface
dropped from 0.65 mm (5 May, prior to rainfall 2) .85 mm (9 May) and 1.09 mm (16
May). MWD of the subsurface decreased from 0.75 (&rivlay, prior to rainfall 2), to 0.44
mm (9 May) and remained stable until 18 May (FigaiBg.

June:

June was characterized by two significant rain ezeRainfall 3 happened on 4 June and
rainfall 4 happened on 14 June.

At the Marcheville site, rainfall 3 reached a r&eight of 26.2 mm in 7 hours, with a
maximum rain intensity of 16.8 mm/h. After thisma@vent, MWD of the surface decreased
from 0.81 mm (30 May, prior to rainfall 3) to 0.3dm (7 June) and it then increased from
0.34 mm (8 June) to 0.78 mm (10 June). MWD of thiessrface decreased from 0.59 mm (30
May, prior to rainfall 3) to 0.44 mm (7 June) ahern increased to 0.57 mm (8 June) (Figure
2C). Rainfall 4 reached a rain height of 9.8 mni inour. After this rain event, MWD of the
surface decreased from 0.78 mm (10 June, priofaldi) to 0.38 mm (14 June) and it then
increased to 0.47 mm (16 June). MWD of the subsarfacreased from 0.44 mm (10 June,
prior the rain) to 0.57 mm (16 June) (Figure 2C).

At the La Gouéthiére site, rainfall 3 reached a taight of 14.2 mm in 6 hours, with a
maximum rain intensity of 8.8 mm/h. After this rih event, MWD from the surface
decreased from 0.98 mm (30 May, prior to rainfglit@ 0.78 mm (8 June) and it then

increased to 1.0 mm (10 June). MWD of the subsarfacreased from 0.49 mm (30 May,
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prior to rain 3) to 0.74 mm (7 June) and then desed to 0.55 mm (10 June) (Figure 2D).
Rainfall 4 reached a rain height of 6 mm in 2 hpwi&h a maximum rain intensity of 5.4
mm/h. After this rainfall event, MWD of the surfadecreased from 1.0 mm (10 June, prior to
rain 4) to 0.75 mm (June 14), and it then increased.16 mm (16 June). MWD of the
subsurface did not change significantly during flesiod (Figure 2D).

August:

August was characterized by two significant raiergs. Rainfall 5 happened on 4 August,
and rainfall 6 happened on 14 August.

At the Marcheville site, rainfall 5 reached a tath height of 13.6 mm in 8 hours, with a
maximum rain intensity of 4 mm/h. MWD of the sudaemained stable between 2 August
(0.58 mm) and 10 August (0.63 mm), and it thenaased to 0.80 mm (Aug. 12). MWD of
the subsurface increased from 0.58 mm (2 Aug.rpdaainfall 5) to 1.08 mm (Aug. 12)
(Figure 2E). Rainfall 6 reached a total rain height7.4 mm in 5 hours, with a maximum
intensity of 4.8 mm/h. MWD of the surface decreasean 0.80 mm (12 Aug., prior to
rainfall 6) to 0.66 mm (16 Aug.), and it then ingsed to 0.95 mm (18 Aug.). MWD of the
subsurface followed the same trend: decreasing Ir@®& mm (12 Aug., prior to rainfall 6) to
0.52 mm (16 Aug.) and then increasing to 0.99 m@éAdg.) (Figure 2E).

At the La Gouethiére site, rainfall 5 reached altadin height of 11.2 mm in 8 hours, with
a maximum rain intensity of 2.4 mm/h. MWD of thefsge decreased from 1.1 mm (2 Aug.,
prior to rain 5) to 0.92 mm (8 Aug.), and it thexcrieased to 1.32 mm (12 Aug.). MWD of the
subsurface followed the opposite trend: increagiogn 0.61 mm (2 Aug., prior to rainfall 5)
to 1.07 mm (8 Aug.) and then decreasing to 0.80 (h&h Aug.) (Figure 2F). Rainfall 6
reached a total rain height of 4.6 mm, with a maxmintensity of 2.8 mm. Aggregate

stability of the surface decreased from 1.32 mmAWLBust, prior to rainfall 6) to 1.01 mm
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(16 Aug.), and it then increased to 1.37 mm (18 .AuRIWD of the subsurface did not

change significantly during this period (Figure 2F)

3.2.Comparisons between aggregate stability values ftine different treatments

Wilcoxon signed rank tests were performed to compaggregate stability values as

measured for the different treatments (surfacelstidce;

Marcheville/La Gouéthiere) (Table 2).

upslope/down slope;

Table 2: statistical significance level for theeeff of each treatment (surface/subsurface;

upslope/down slope; Marcheville/La Gouéthiere) guragate stability values for the three

stability tests.

Fast wetting  Slow wetting Stirring  Mean of the
3 tests

Marcheville
Upslope: Surface/Subsurface ** NS NS NS
Down slope: Surface/Subsurface NS NS NS NS
Upslope/Down slope NS * NS NS
La Gouéthiere
Upslope: Surface/Subsurface * ** NS o
Down slope: Surface/Subsurface NS * * *
Upslope/Down slope NS NS o NS
Marcheville/La Gouéthiere
Surface sample set for upslope o ** * *
Subsurface sample set for upslope * NS NS NS
Surface sample set for down slope * * * *
Subsurface sample set for down slope NS NS NS NS

NS, not significant at the 10% level
. Significant at the 10% level with Wilcoxon’s shc¢.
* Significant at the 5% level with Wilcoxon’s SHiit.

** Significant at the 1% level with Wilcoxon’s gkdtc.
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At the Marcheville site, for the upslope plot, théerence in MWD between the surface
and the subsurface was significant at the 5% l|éwelthe fast wetting test. However,
differences in MWD between the surface and subsarigere not significant for the slow
wetting test, the stirring test or the mean of theee tests. For the downslope plot, the
difference in MWD between the surface and subsarf@as not significant. The difference in
MWD between the upslope and the down slope wasfigignt at the 5% level for the slow
wetting test, but it was not significant for thestfavetting test, the stirring test or the mean of
the three tests.

At the La Gouéthiere site for the upslope plot, thference in MWD between the
surface and the subsurface was significant at #adevel for the fast wetting test, the slow
wetting test and the mean of the three tests,twias not significant for the stirring test. For
the downslope plot, the difference in MWD betwedre tsurface and subsurface was
significant at the 5% level for the slow wettingtiethe stirring test and the mean of the three
tests, but it was not significant for the fast wegttest. The difference in MWD between the
upslope and the downslope was significant at thdédl for the stirring test, but it was not
significant at the 5% level for the fast wettingtiethe slow wetting test or the mean of the
three tests.

Considering the upslope plots for the surface, diffeerence in MWD between the
Marcheville and La Gouéthiere sites was significanthe 5% level for the three stability
tests. However, for the subsurface sample setgliffezence in aggregate stability between
the Marcheville and La Gouéthiere site was not iB@ant at the 5% level for the slow
wetting test, the stirring test or the mean of ttree tests. Considering the downslope plots,
the difference in MWD between the Marcheville aral Gouéthiére sites was significant at
the 5% level for the three stability tests for ghaface, but it was not significant for the

subsurface regardless of the stability test.
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3.3. Relationships between aggregate stability variatiamfor the different treatments

3.3.1. Relationship between MWD of the surface and MWDtbé subsurface

A correlation analysis was performed between thgregate stability (MWD) of the
surface sample set and the subsurface sample abte(3). This analysis was conducted
separately for the two sites and for the two ptitgeach sites (upslope and downslope), for
the three stability tests and for the mean of kined tests. For the fast wetting test, MWD of
the surface was significantly correlated with MWD tbe subsurface, except for at the
Marcheville downslope plot. For the slow wettingtteMWD of the surface did not correlate
significantly with the aggregate stability of thebsurface regardless of site or plot. For the
stirring test, MWD of the surface did not correlatgnificantly with MWD of the subsurface.
The only significant relationship was found betwées surface and the subsurface aggregate
stability at the La Gouéthiére downslope plot. Findahe mean of the three tests of MWD at
the surface, for both sites and plots, did notifigantly correlate with the aggregate stability

of the subsurface.

Table 3: coefficient correlation (Pearson’s coea#itt) between surface and subsurface

samples for Marcheville and La Gouéthiere siteslope and down slope plots).

Marcheville La Gouéthiere
Upslope Down slope Upslope Down slope
Fast wetting 0.48* 0.32 (NS) 0.52* 0.40(NS)
Slow wetting  0.31(NS) 0.39(NS) 0.28 (NS) 0.36(NS)
Stirring  0.37 (NS) 0.39(NS) 0.40 (NS) 0.77*

Mean of the 3 tests 0.25 (NS) 0.38 (NS) 0.34 (NS) 0.4 (NS)
Upslope dataset: N= 203=5%; r=0.434

Downslope dataset: N= 11=5%; r=0.576

* Significant at the 5% level
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3.3.2. Relationship between aggregate stability of two tploon the same site
(upslope and downslope).

A correlation analysis was performed between thgregate stability (MWD) of the
upslope plot and the aggregate stability of the k@pe plots located on the same field site
(Table 4). This analysis was conducted for the sites separately, for both surface and
subsurface separately and for the three stab#ityst For the two sampling sites, for both
surface and subsurface sample sets and for eathsigsificant correlations were found
between MWD from the two plots located in the sdrakel, except for the MWD measured

by the stirring test in the Marcheville subsurface.

Table 4. coefficient correlations (Pearson’s cagéfnt) between upslope and down slope

plots, for Marcheville and La Gouéthiere sites, dodsurface and subsurface samples.

Marcheville La Gouéthiere

Surface  Subsurface Surface  Subsurface
Fast wetting 0.84* 0.81* 0.63* 0.64*
Slow wetting 0.85* 0.74* 0.52* 0.67*
Stirring  0.74* 0.54(NS) 0.63* 0.76*
Mean of the 3 tests 0.85* 0.76* 0.75* 0.63*

Marcheville sample sets: N=14=5%; and r=0.602
La Gouéthiere sample sets: N=1s55%; and r=0.482

* Significant at the 5% level

3.3.3. Relationship between aggregate stability of the Maeville site and the La
Gouéthiére site
A correlation analysis was performed between thgregate stability (MWD) of the
Marcheville site and the La Gouéthiére site (Tak)leThis analysis was conducted for the two
plots at each site, for the surface and the subseirdeparately and for the three stability tests.
For the fast wetting test and for the stirring s$eshe MWD of the Marcheville site was

significantly correlated with the MWD of the La Githiére site. These significant
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correlations were observed for both upslope andndtape plots and for both surface and
subsurface. For the slow wetting test, the MWD leg Marcheville site did not correlate
significantly with the MWD of the La Gouéthiereesifor both the upslope and the downslope
plots and the surface and the subsurface. Finatlysidering the mean of the three stability
tests, the MWD of the Marcheville site did not sfgantly correlate with the MWD of the La
Gouéthiére site for the surface sample set, bditlicorrelate significantly for the subsurface

sample set.

Table 5: coefficient correlation (Pearson coeffid®) between Marcheville soil and La

Gouéthiere site for upslope and down slope, andtioface and subsurface datasets.

Upslope Downslope
Surface Subsurface Surface Subsurface
Fast wetting 0.58* 0.58* 0.73* 0.62*
Slow wetting 0.23 (NS) 0.43 (NS) 0.41(NS) 0.24(NS)
Stirring 0.71* 0.56* 0.73* 0.61*
Mean of the 3 tests 0.41 (NS) 0.49* 0.73* 0.76*

Upslope dataset: N= 20;=5%; r=0.434
Downslope dataset: N= 11=5%; r=0.576

* Significant at the 5% level

3.4. Relationship between aggregate stability and rain éight

A correlation analysis was performed between thgreggate stability (MWD) and the
antecedent precipitation index (Table 6). This ysialwas conducted for both plots at the
Marcheville and the La Gouéthiére sites, separatetythe surface sample set and the
subsurface datasets and for the three stabilitg.té®r both the Marcheville and the La
Gouéthiere sites, surface MWD was significantly ategly correlated with the antecedent
precipitation index for the fast wetting test, tslew wetting test and the mean of the three

tests. Subsurface MWD did not significantly corteleith the antecedent precipitation index
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for either site or plot. MWD measured by the stigritest did not significantly correlate with

the antecedent precipitation index for either sipdst, or either surface or subsurface.

Table 6: coefficient correlation between aggregsti@bility and the antecedent precipitation
index (API) for Marcheville and La Gouéthiere sgiipslope and down slope plots), for

surface and subsurface and for the three aggregjateility tests.

Marcheville La Gouéthiere

Upslope Down slope Upslope Down slope

Surface  Subsurface Surface  Subsurface Surface  Subsurface Surface Subsurface
Fast wetting -0.63* -0.19 (NS) -0.76* -0.37(NS) -0.51* 0.19 (NS) -0.61* -0.24(NS)
Slow wetting  -0.65* -0.25 (NS) -0.64* -0.15(NS) -0.49* 0.33 (NS) -0.31(NS) 0.04(NS)
Stirring -0.27 (NS) 0.17 (NS) -0.44(NS)-0.33(NS) -0.24 (NS)-0.08 (NS) -0.44(NS) -0.15(NS)
Mean of the -0.52* -0.18 (NS) -0.68* -0.34(NS) -0.53* 0.22 (NS) -0.58* -0.12(NS)
3 tests

Upslope dataset: N= 20;=5%; r=0.434
Down slope dataset: N= 11=5%; r=0.576

*Significant at the 5% level

4. Discussion

4.1. Aggregate stability varied at short time step

The present study demonstrated that the aggretgiiity of a given soil varied greatly
even at short time steps (of a few days). The teatpa@riability of the aggregate stability
was larger than the spatial variability of the agmte stability, as measured for a given field
site. Indeed, for the duration of the monitoringgeegate stabilities varied between 20% and
30%, depending upon treatment, while the spatiablidity was only 10%. In some cases,
variations in aggregate stability at short timepstenduced changes of at least two stability
classes (Le Bissonnais, 1996). These large changeggregate stability have been observed
for both surface and subsurface materials and plotis located at each site. For example, in

the Marcheville site upslope plot, the aggregasbibty of the soil surface, as measured by
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the slow wetting test, dropped from 0.81 mm to =g half of its value seven days later
(0.34), and it then rebounded to 0.78 mm only twagsdlater. This result corresponds to a
variation from a “medium stable” soil to a “verysiable” soil and then back to a “medium
stable” soil, according to the Le Bissonnais stgbdlasses (1996).

Temporal variations in aggregate stability haveady been observed at monthly time
steps (Blackman, 1992; Bajracharya et al., 1998ya®dji & Eberbach, 1998; Dimoyiannis,
2009). Such studies have shown that the temporadbibty of the aggregate stability, as
measured at monthly time steps over a year, vimedaeen 20% and 30%, depending upon
the soil type. The present study showed similarabdity in aggregate stability (between
20% and 30%, depending upon the treatment), meahsurshort time steps (of a few days)

over a 5 month period.

4.2.Influences of the different treatments on aggregatstability temporal variability

4.2.1. Difference between surface and subsurface samplggragate stability

For the same field plot, the aggregate stabilityhefsoil surface can be different from
the aggregate stability of the soil subsurfacelifferences are observed at a given time, they
do not always remain the same. Moreover, the esliftered depending upon the study site
and the aggregate stability test used. At the Maridle site, the aggregate stability average
over the whole sampling dates of the field monitgrdid not differ significantly between the
surface and the subsurface sample sets. At the dig&tBiere site, the aggregate stability
average over the whole sampling range differedifsogmtly between surface and subsurface
aggregate stability. These results suggest thatdgiggegate stability of the surface and the
subsurface varied within the same range at the hailte site but within different ranges at
the La Gouéthiére site. Generally, analyses ofe¢laionship between the aggregate stability

of the surface and of the subsurface did not shigmifeant correlations. These results
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suggest that, for the two sites, aggregate stasildf the surface and of the subsurface did not
follow the same trends in variability. Such resetplain how, at a given time, the aggregate
stabilities of the surface can be very differerdrthhe aggregate stabilities of the subsurface.
Moreover, these differences changed temporallyfaBematerial can be either more stable or
less stable than the subsurface material, depenghiog the date.

Differences in aggregate stability between theasigrfand the subsurface have already
been observed in previous studies (Poesen, 198hn K& Bryan, 2004; Darboux & Le
Bissonnais, 2007; Algayer et al., under review)ctsstudies have presented contradictory
results. The aggregate stability of crusted mdterés found to be larger than the aggregate
stability of its underlying material (Poesen, 1981ihn & Bryan, 2004; Algayer et al., under
review). However, through simulated rainfall expeents, Darboux and Le Bissonnais (2007)
showed that the aggregate stability of structurabtcwas similar to the aggregate stability
from its original uncrusted material. The presdntlg showed that this difference can vary
greatly with time and even at short time steps. Jimdace of a crusted soil can present with
higher, similar or even smaller aggregate stabditihan its underlying material, depending
upon the date. Further research must be performebdetter understand the factors and
processes controlling differences in aggregateilglabetween the surface and subsurface

materials in crusted soils.

4.2.2. Difference between aggregate stability of two pltasated on the same crop

field

For each field site (Marcheville and La Gouétiesgdnpling was conducted in two 50
m2 plots located at different points in the fielgpglope and downslope). Soil properties and
crop management were the same for the two ploesaah field. Considering the aggregate
stability average over the whole sample, no sigaift differences were found between each

of the two plots located in the same field. Anealy®f the relationships between aggregate
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stability showed significant correlations for thede stability tests. These relationships were
observed for the two sites and for both surfacesartdurface materials. These results suggest
that, for two plots located in the same field, aggte stabilities vary in the same range and

follow nearly the same trends in variation.

4.2.3. Differences between the aggregate stability of tfweld sites located in

similar soil types

The two studied field sites (Marcheville and La @thiere) presented very similar soil
types (silt loam Luvisols). The Marcheville soil sva typical Luvisol, while the La
Gouéthiere soil was a degraded Luvisol. The Marntleegoil A horizon presented with
slightly higher clay content and organic mattenteat than the La Gouéthiére soil, although
both soils had the same pH (6.7) and very closeMgg,Ka and Na content. Both sites were
located at very short distances (5 km) from eadterptand they were exposed to similar
climatic conditions in terms of rainfall amountsdatemperatures. However, both sites
presented with differences in slope orientationdjictv could induce differences in
microclimate or hydric history. Considering cultugaractices, the Marcheville site was
located in a wheat crop field and the La Gouéthste was located in a pea crop field;
however, for both sites, the soil was well draimed the sampling plots were kept bare for
the duration of monitoring.

Significant differences were found in the averaggragate stability of the whole
sampling range between the Marcheville and the baéBiere sites for the surface material,
but no significant differences were found betweles tivo sites for the subsurface material.
Significant correlations were found between aggegdabilities from the Marcheville and
the La Gouéthiére sites for both the surface amdstibsurface materials. These results mean
that, in general, the aggregate stability of thié swrface varied between the two sites within

contrasting ranges and followed similar trendseimporal variation. Aggregate stabilities of
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the subsurface varied within the same range andweltl the same trends in temporal
variation.

It is widely recognized that temporal variation aggregate stability is mainly
controlled by climate and biological activity (Ankéga, 1999). The fact that both sites were
exposed to the same climatic conditions explainy at)gregate stabilities from both sites
followed the same temporal trend. However, varigbih the aggregate stabilities of the
surface remained difficult to explain in the prasease. Indeed, because the soil properties
from both sites were so close and because theusadvas similar, similar aggregate stability
ranges are expected. However, this was not the icaser present study. More detailed

research should be performed to explain differenteggregate stability between both sites.

4.3.Relationship between aggregate stability variatiomnd precipitation

For both sites, the aggregate stability of the soiface was negatively correlated with
the antecedent precipitation index. Such negatifleiences of rain on surface aggregate
stability have already been observed in previoudies (e. g. Blackman, 1992; Shainberg et
al. 2003; Dymoyiannis, 2009). Through monthly figldbnitoring, Blackman (1992) and
Dimoyiannis (2009) showed negative correlationsveen the aggregate stability and the
total monthly rainfall. The present study showedsttthis relationship also influenced the
variability of the surface aggregate stability owdrort time steps (of a few days). The
negative effects of the rain on the aggregate lgtabf the soil surface were clearly observed
during the short sampling periods. Surface aggeegahbility, measured from samples
collected immediately after the rainfall event,ded to be inferior to those measured before
the rainfall event. Further, any additional raimded to increase the surface aggregate
stability subsequent to the last rainfall. Thesgnigicant relationships were not measured
between the antecedent precipitation index andatjgeegate stability of the soil subsurface.

The lack of a significant relationship suggestat the negative effect of rainfall on aggregate
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stability does not extend to the sub-surface. Idddbe surface aggregates are directly
submitted to raindrop impact, and they may protée underlying material from the
influences of the rain.

The influences of rainfall on aggregate stabiliyn de linked to several processes. First,
the kinetic energy from water drops impacting oa $ioil surface induces a disruptive effect
for the inter-particle bonds within the aggregaiBsis, in turn, decreases aggregate stability
(Shainberg et al. 2003; Lehrsch & Kincaid, 2006)orbbver, the increase in soil water
content induced by the rain affects the aggredaisilgy by slaking (differential swelling of
the clay and clay dispersion; Perfect et al. 1999;Bissonnais, 1996; Zaher et al. 2005).
Previous studies have shown that aggregate syalsilihegatively correlated with soil water
content (Perfect et al.,, 1990; Caron et al., 19®Ban & Mullins, 1994; Shainberg et al.
2003). On the other hand, soil drying after a manent is recognized to increase aggregate
stability (Kemper & Rosenau, 1984; Kemper et al87,9Dexter et al. 1988). Finally, oil
moisture variations induced by rain can affect dgadal activity and indirectly influence the
aggregate stability (Perfect et al. 1990; Coserginal. 2006).

Considering the results of the present study, thiecadent precipitation index is a
dominant factor in soil surface aggregate stabildyiation over short time steps. Although
factors predicting aggregate stability variatiomdainked to rainfall) have already been
identified, it is still difficult to predict aggrede stability variation accurately. The
relationships between aggregate stability, biolalgactivity and soil water content dynamics
have to be studied further to better predict terapeariations in aggregate stability. Indeed,
recent studies have shown that the influence ofrahial activity on aggregate stability
depends upon the structure of the microbial pomrat(Leguillou et al., 2012).
Interrelationships between variables linked to dgatal activity and climatic variables seem

to be the key to aggregate stability prediction.
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4.4.Consequences for erodibility assessment and erosiarodeling

Aggregate stability is recognized as a proxy fal emdibility (Bajracharya et al., 1998;
Barthes & Roose, 2002; Gumiere et al., 2009). Highgregate stability corresponds to low
erodibility. Currently, erosion models rarely preidivater erosion accurately (Jettenal,
2003; Boardman, 2006). Biases in erodibility estiors may partially explain these
difficulties. The results of the present study paohsome possible sources of these biases in
erodibility assessments and predictions.

When assessed by aggregate stability, soil erdagfilél usually measured in samples
collected from the plough layer (e. g. Bulloekal, 1988; Bajracharya et al., 1998; Barthés &
Roose, 2002). The present study demonstrates tbdibgity from the soil surface can be
very different from the erodibility of its undertyg material. As erosion processes occur first
at the soil surface, erodibility has to be assedsech samples from the soil surface.
Measurements of erodibility in samples collectethim plough layer may be a large source of
bias in erodibility assessments at any given time.

Our results also demonstrated that intra-field atality in erodibility was very low for
the two studied fields, meaning that the assesswfetite erodibility of a crop field can be
performed on a single plot and extended to the afii@ld. This result is only valid for
uniform crop fields with similar soil propertiesydit must be tested for different soil types.

Erosion models currently calculate erodibility asfumction of soil properties,
assuming that one soil type corresponds to oneilelibd value (Jettenet al, 2003;
Boardman, 2006; Gumiert al, 2009). This is the case for the widely used RB$hodel
(Renard et al., 1997) and the WEPP model (Albdrtd.e1995). As the soil properties were
very similar for our two sites and the land usesengmilar (bare soils), we might have
expected homogeneity of aggregate stability. Thés wot the case for surface aggregate

stability, as the Marcheville and the La Gouéthigites presented with contrasting ranges of
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surface aggregate stability, and thus contrastamges in erodibility. In a previous study,
Algayer et al. (under review) showed that the dytity of 7 crusted soils with similar
properties (particle size, organic matter, CEC pHJl could be very different. These results
indicate that erosion models with fine temporaloheson should take into account the
variability of erodibility within a given soil. Theomputation of a single erodibility value for
a single soil type as a function of its soil pra@s has important limitations. Such a
simplification of the erodibility assessment coelxplain, in part, the present difficulties in
accurately modeling erosion (Jettetral, 2003; Boardman, 2006).

Moreover, current parameterizations of erosion rnwtgically set a single erodibility
value for a given soil over time. This is the cafes, example, in the widely used WEPP
model (Alberts et al., 1995). In the best case, gheameterization of the model sets an
average erodibility value for a season. Howeves, ghesent study showed that the temporal
variability of the aggregate stability over shame steps was about the same as the temporal
variability of the aggregate stability measurednainthly or seasonal time steps. For lack of a
better solution, the erodibility values for a givasil should be computed as a range of values
corresponding to its temporal variation in ampléudne soil type corresponds to one range
of erodibility values.

Based upon our current knowledge, and considehrgdtter points of our discussion,
soil erodibility should be measured at a very teghtial and temporal resolution, which could
be impractical. Thus, the current challenge is ¢ougately predict variations in aggregate
stability over short time steps. The present stpodinted to rainfall as a factor in aggregate
stability variation over short time steps. Suclatiehships should be studied in depth in the

future.
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5. Conclusion

Aggregate stability varied greatly over short tisteps. These results were observed
regardless of the studied treatment. Such varigtionaggregate stability correspond to
contrasting erodibility values. Parameterizatiorisembsion models for a given soil type
should consider these short time step variationsrdplacing single erodibility values
(computed as a time constant), with ranges correipg to the temporal variations in
amplitude of the soil erodibility. Temporal var@ts in aggregate stability are differentially
influenced by the studied treatments. The aggregtbility of the two sites, located in
similar soil types, followed the same trends iniatawn but had contrasting ranges in value.
The aggregate stability of two plots located oramea field site varied in the same range and
followed the same trends in variation. The influeé the soil surface and the subsurface on
the aggregate stability was less clear and depemgenal the sampling site. Finally, rainfall, as
assessed by the API, was negatively correlated swilhsurface aggregate stability regardless
of treatment. API can be considered to be a faotaggregate stability variations over short

time steps. These relationships need to be stinligepth by future researchers.
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Chapitre 4 .

Evaluation des facteurs explicatifs
de la variation de la stabilité structurale
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Abstract

Predicting temporal variation in soil erodibility & current challenge in improving model
predictions of erosion. Soil interrill erodibilitgan be assessed using measurements of
aggregate stability. However, even when the factwstrolling seasonal variations in
aggregate stability have been identified, it rersaiifficult to accurately predict aggregate
stability variations in the field. These difficlds may reflect an inadequacy between the
temporal resolution of the field monitorings (e &.monthly time step) and the hypothesized
explanatory variables for aggregate stability; dretpredictions of aggregate stability
variations in the field require short time step maning. Field monitoring was conducted in
bare soil with objectives of 1) identifying factoo$ aggregate stability that varied over the
short term and 2) predicting these variations usiagiables associated with biological
activity and climate. Soil water content at thediwf sampling and soil hydric history were
found to be dominant factors influencing short tistep aggregate stability variations for the
soil surface. Variables associated with biolog@metivity did not explain aggregate stability
variations. These results highlight the dominariluence of abiotic factors such as water
content dynamics on short time step aggregatelisyaariations in the field when biological
activity is not stimulated with amendments. A regien model that included hydric history
indices predicted up to 59% of surface aggregatbilgy. Because aggregate stability is a
proxy for soil interrill erodibility, prediction ofaggregate stability could improve the
parameterization of erodibility in soil erosion nedtgl Further research on the processes
involved in aggregate stability variations assadatvith hydric history would also improve

erodibility predictions.
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1. Introduction

Soil erodibility corresponds to soil sensitivity éoosion and is therefore a key parameter
for erosion modeling and prediction. Soil erodiiis known to vary seasonally (Coattal,
1988; Bajracharyaet al, 1998; Salvador Sanchist al, 2008) and at a short time step
(Algayer et al, to be submitted). Even when factors of erodpiMariation have been
identified, it remains difficult to accurately piietlvariations in erodibility (Salvador Sanchis
et al, 2008). Without better information, existing emsimodels treat soil erodibility for a
given soil as a constant in space and time, leatirigas in erosion predictions (Jetinal,
2003; Algayeret al, under review). Thus, predicting erodibility vdrs is a current

challenge in improving model predictions of erosion

Aggregate stability describes the ability of an regate to retain its structure when
exposed to water. In the context of water erosaggregate stability is recognized as a proxy
for soil water interrill erodibility: the higher ¢éhaggregate stability, the lower the soil
erodibility (Le Bissonnais, 1996; Barthes & Roo2@02). Many studies have shown that the
aggregate stability in a given soil changes witheti(e. g. Bulloclet al. 1988; Bajracharyat
al. 1998; Cosentinet al. 2006; Dimoyiannis, 2009, Algayet al, to be submitted). Seasonal
variations have been identified through field moniig on a monthly time step (Bulloak
al. 1988; Bajracharya&t al. 1998; Dimoyiannis, 2009). Short-term variabilifyofn several
days to several weeks) in aggregate stability astbfs thereof have been identified in field
monitoring (Caroret al, 1992; Algayeet al, to be submitted) and laboratory experiments (e.

g. Kempetet al. 1987; Cosentinet al. 2006).

The factors that influence aggregate stability atésns are linked to biological activity
and to climate. It is well established that micedlactivity and organic matter content have a
positive effect on aggregate stability (e.g., Tikda Oades, 1982; Chenet al. 2000).

Organic matter additions stimulate microbial a¢yivind thus indirectly increase aggregate
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stability (Tisdall & Oades, 1982, Le Guilloat al, 2012). Microbial activity stabilizes
aggregates through several processes, such asridlagbeoduction of extracellular
polysaccharides that bind mineral particles togetfigsdall & Oades, 1982) and the
production of hydrophobic substances that decréasewetting rate (Piccolo & Mbagwu
1999; Cosentin@t al 2006). The influence of climate on aggregateibtalis much more
complex. Soil temperature affects aggregate staldirectly through the freezing process
(Bullock et al. 1988) and indirectly through seasonal stimulatanmicrobial activity
(Suwardji & Eberbach, 1998). Rain affects aggrega#bility of the soil surface through
several processes, including the kinetic energsawidrop impact and slaking (Shainbeig
al., 2003; Lehrsch & Kincaid 2006). Soil water contahthe time of sampling was found to
correlate negatively with aggregate stability (Betet al. 1990; Caroret al, 1992). Soil
hydric history affects aggregate stability throughysico-chemical processes (Utomo &
Dexter, 1982; Kemper & Rosenau, 1984) and throughnfluence on microbial activity
(Denefet al. 2001). Even when the factors influencing aggregtbility variation have been
identified, it is difficult to accurately predictggregate stability variations. Algayet al.
(under review) showed that standard soil properties not allow for the prediction of
aggregate stability and promoted monitoring of dlilm variables and biological activity to
improve predictions.

Moreover, factors controlling aggregate stabilitgvé been identified almost entirely
through laboratory experiments. Linking these ematary variables to aggregate stability
variation in the field remains a challenge. The$icdlties could be explained by inadequate
temporal resolution of field monitoring (e.g., omanthly time step). Indeed, one sample per
month is insufficient to record the full range hetdynamics of those variables considered to

control aggregate stability (e.g., soil water caht@nd microbial biomass). Monitoring on a
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shorter time step (a few days) is required to npoeeisely evaluate the relationships between

aggregate stability and its controlling factors.

In a previous study, we found that aggregate stahiaried greatly for both surface and
subsurface material, even on a short time step (fays) (Algayeret al, to be submitted).
This study also revealed a close relationship betwminfall and aggregate stability at the
surface (Algayeret al, to be submitted): aggregate stability tended dolide after a rain
event. The objectives of the present study werefdhewing: 1) to identify those variables
linked to biological activity and climate that cosltaggregate stability variations at a short
time step; and 2) to predict short time step vt in aggregate stability in order to improve

the accuracy of model predictions of erosion.

A field monitoring on a short time step (few days)s conducted on two Luvisols located
in the southern portion of the Parisian basin (EeanAggregate stability, soil properties and
climatic variables were measured, and hydric hysteas identified as the dominant factor
controlling short time step aggregate stability iatawn. A multiple regression model
combining hydric history indices predicted approately 60% of variation in aggregate

stability.

2. Material and method

2.1. Sampling sites

Field monitoring was performed on two sites, Maxche (48°21'512"N; 1°16'0.55"E)
and La Gouéthiere (48°22'489”N; 1°12'100”E), loedt in the southern portion of the
Parisian Basin, 15 kilometers southwest of the @it¢hartres. The field sites were located on
two cultivated Luvisols and were geographicallyywaear one another (5 kilometers). Both
soils were silt loam soils (Soil Survey Divisiona8t 1993). The soil surface (A horizon)

properties of each site are presented in Tableh&. Marcheville site was located on a typic
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Luvisol with a gentle slope (7%) oriented to thethpand the La Gouthiére site was located
on a degraded Luvisol with a gentle slope (5%)ted to the southwest. Sampling was
performed in the A horizon of the soils. The Mandhe A horizon was 16% clay and 2.2%

organic matter, while the La Gouéthiere A horizoaswl1% clay and 1.4% organic matter

(table 1). Other characteristics of the two soiksewery similar (table 1).

Table 1: Soil properties for the two sampling sites

Culture Clay Silt Sand Organic CEC pH Ca Mg Ka Na

(actual/  (g/kg) (g/kg) (g/kg) matter (cmol/kg) (a/kg) (g/kg) (a/kg) (g/kg)
antecedent) (g/kQ)

Marcheville  Wheat/Maize 164 798 38 21.6 9.1 6.7 8.8 0.5 0.6 0.03
La Gouéthiere Pea/Wheat 113 848 39 13.7 6.7 6.7 6.6 0.4 0.2 0.04

2.2. Monitoring and sampling setup

Within the agricultural field on each site, a 50 piét was defined. To minimize the
influence of vegetation on changes in soil propsrtplots were kept bare during the 6-month
monitoring period using herbicides. Monitoring begast after seedbed preparation, on
March 9 and 16, 2011, for the Marcheville and Lau&biére sites, respectively, and ended
on August 18, 2011. After May 5, the soil surfacédoth sites presented a structural crust,
which, on the Marcheville site, developed into disentary crust after August 2 (Bresson &
Boiffin, 1990).

Samples were collected at short intervals, evdoy2days during the 2 weeks subsequent
to each of three significant rain events. Field glamy was conducted 7 times between May 3
and May 18, 5 times between June 7 and June 16 éintes between August 8 and August
18. On each sampling date, samples were collected & one-rh subplot within each plot.
Each subplot was sampled only once.

Paired samples of surface and subsurface mateeisd wollected separately from each

subplot. For the surface samples, material wagc@d from the top 5 millimeters. When the
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soil surface was crusted, large pieces of the enaderial were collected using a sharp knife
to cut through the material without affecting itsusture. The subsurface material was

defined as the material between 1 cm and 5 cm b#lewsoil surface.

2.3. Measurements

2.3.1. Aggregate stability

Aggregate stability was measured using the Le Bisais method (Le Bissonnais
1996; ISO/DIS 10930, 2012). Two tests, the fastimgtand slow-wetting tests, were
performed (Le Bissonnais, 1996). These tests wesegded to reproduce the slaking process
and differential swelling of the clay which are aived in interrill erosion. 5 g sub-samples
were dried at 40°C for 24 h prior to each test, aadh test was replicated three times.
Following each test, the resulting fragments weegesl in ethanol, and results are presented

using the mean weighted diameter of the fragmeM¥W'D) (Le Bissonnais, 1996).

2.3.2. Variables linked to biological activity

Variables associated with biological activity weneasured on the samples collected
from the soil surface and subsurface including oiganatter content, microbial biomass and
subcritical water repellency. Organic matter cohtgas measured using the sulfochromique
oxidation method (NF ISO 14235), microbial biomasgg the fumigation method (NF 1SO
14240-2, 1997), and subcritical water repellencyngisthe intrinsic sorptivity method
(Tillman et al. 1989). A water repellency index (R) was determirfiedn the sorptivity
measurements of two wetting liquids with differesalid-liquid contact angles: water and
ethanol (Tillmanet al. 1989). R was evaluated with sorptivity measureségken at -4 cm
pressure head for both liquids, and measurements p&formed using the experimental
design described by Hallett & Young (1999). Meamgnts were performed on 1-cm-

diameter aggregates collected from the soil surtadg. When the soil surface was crusted,

125



measurements were made on 1 cm? crust fragmenteedop of the fragment. Samples were
dried at 40°C during the 48 h prior to measureméiiise R value presented for each sampling
date corresponds to the mean of 10 replicates. Andex equal to 1.0 corresponds to a
completely non-repellent soil, an R index betweghahd 1.95 corresponds to a non-repellent
soil and an R index higher than 1.95 corresponds sabcritical water repellent soil. For R

indexes above 1.95, the greater the R index, thatgrthe water repellency.

2.3.3. Variables associated with climate

The measured variables associated with climateudigclair relative humidity and
temperature, soil water content and temperatureraimdheight. Gravimetric water content
was measured on the samples collected from theurdnd subsurface. Volumetric soll
water content was measured hourly during TDR monigo(Decagon Devices, soil moisture
sensor 5TE) at both depths (1 cm and 5 cm). Thibgmwas also used to measure soil
temperature. Volumetric water content and soil terajure were measured at two different
points in each plot. Air relative humidity and teengture were measured hourly (Vaisala,
HMP45C). Rain height was measured hourly usinguaipimeter (Campbell Scientific, ARG
100) (one for each site). The antecedent precipitandex (API) was calculated for 7 days

prior to aggregate stability measurement as:

5.10-i,
i 10

AP = P

where i is the'f day before sampling and  millimeters) is the total precipitation heigbr
the {" day.

To characterize the hydric history of the solil, tindices were calculated from the water
content data: the mean of hourly water contentealior a given period prior to sampling
(WGQG) and the difference in water content between thgirming and end of that period

(AWG). Both indices were calculated for periods of wagyduration prior to sampling.
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Simple correlation coefficients (Pearson coeffits¢nwere calculated between aggregate
stability values (MWD), and the two hydric histangdices calculated for durations between 4

and 200 hours before sampling.

2.4. Statistical analysis

Statistical analyses were completed using R soéwarsion 2.9.2 (R Development Core
Team, 2011). Linear correlation analyses (Pearsaosfficient) were used to identify
relationships between aggregate stability variadod the measured variables. This analysis
was completed separately for each site (Marchesillg La Gouéthiere) and for each surface
and subsurface dataset. Only those correlatiorficimsits found to be significant at the 5%
level were considered. To predict aggregate stgbiariations, simple and multiple
regression analyses were completed for variablas were significantly correlated with

aggregate stability.

3. Results

3.1. Aggregate stability

3.1.1. Marcheville site

On the Marcheville site, for the fast wetting teStWD of the soil surface varied
between 0.17 mm (June 8) and 0.47 mm (May 30), avithean of 0.32 mm (Figure 1A). For
the slow wetting test, MWD of the soil surface edribetween 0.34 mm (June 8) and 0.99
mm (April 28), with a mean of 0.68 mm (Figure 1®ariation coefficient of the surface
MWD reached 27% for the fast wetting test, and 28%the slow wetting test. On the
subsurface for the fast wetting test, MWD variedwsen 0.20 mm (July 4) and 0.36 mm
(May 30) with a mean of 0.26 mm (Figure 1A). Foe slow wetting test, subsurface MWD

varied between 0.39 mm (May 5) and 1.08 mm (Aud@3t with a mean of 0.59 mm (figure
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1C). The variation coefficient of the surface MW&ached 17% for the fast wetting test, and

31% for the slow wetting test.

3.1.2. La Gouéthiere site

On the La Gouéthiére site, for the fast wetting, t88VD of the soil surface varied
between 0.28 mm (June 8) and 0.61 mm (July 4), withean of 0.41 mm (Figure 1B). For
the slow wetting test, MWD of the soil surface edribetween 0.65 mm (May 5) and 1.43

mm (July 4), with a mean of 1.01 mm (Figure 1D)eNariation coefficient of the surface

Marcheville La Gouéthiere
1,6 - 16
A) Fast wetting test B) Fast wetting test
1,4 1,4 1
1,2 4 1,2 -
E 1,0 1,0
S
o 081 0,8 -
§ 0,6 1 06 1
04 0.4
0,2 1 0.2 1
0,0 1— ‘ ‘ ‘ ‘ ‘ ‘ ‘ 0,0
1,6 16
C) Slow wetting test D) Slow wetting test
1,4 1 14 -
1,2 1 1,2 -
€ 10 1,0 1
E
5 081 08 1
% 0,6 | 0,6 4
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0,2 1 0.2 1
0,0 0,0

1/05 1/06 1/07 1/08 1/05 1/06 1/07 1/08

Figure 1: Temporal variation in aggregate stabilityeasured by the MWD after fast wetting
test (A and B) and slow wetting test (C and D) tlee Marcheville (A and C) and La
Gouéthiére sites (B and D).

Each MWD value corresponds to the mean of threkcadps; bars are standard errors.
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MWD reached 20% for both the fast and slow wettasjs. On the subsurface, for the fast
wetting test, MWD varied between 0.23 mm (Augusa2dl 0.38 mm (April 28) with a mean
of 0.30 mm (Figure 1B). For the slow wetting testbsurface MWD varied between 0.44 mm
(May 9) and 1.07 mm (August 8), with a mean of @7 (Figure 1D). The variation
coefficient of the surface MWD reached 12% for fifist wetting test and 28 % for the slow

wetting test.

3.2. Explanatory variables

3.2.1. Variables linked to biological activity

Organic matter content:

On the Marcheville site, the organic matter contehthe soil surface varied between
1.42% (August 12) and 1.79% (May 9), with a meanl.66% and a variation coefficient of
6% (Figure 2A). The organic matter content of thbssirface varied between 1.47% (August
18) and 1.82% (May 9), with a mean of 1.7% and raatian coefficient of 7% (Figure 2A).
On the La Gouéthiere site, the organic matter curdéthe soil surface varied between 1.3%
(June 16) and 2.18% (June 8), with a mean of 1.68%d, a variation coefficient of 11%
(Figure 2B). The organic matter content of the sufage varied between 1.44% (May 13)

and 1.92% (June 14), with a mean of 1.7% and atani coefficient of 9% (Figure 2B).

Microbial biomass:

On the Marcheville site, the microbial biomass loé s0il surface varied between 72.1
mg/kg (June 7) and 234.2 mg/kg (August 16), wittn@an of 147.5 mg/kg and a variation
coefficient of 26% (Figure 2C). The microbial biossaof the subsurface varied between 37.4
mg/kg (May 11) and 256.5 mg/kg (June 8), with a me& 117.3 mg/kg and a variation
coefficient of 46% (Figure 2C). On the La Gouéthigite, the microbial biomass of the soil

surface varied between 75.4 mg/kg (April 28) and.38 mg/kg (June 4), with a mean of
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Figure 2: Temporal variation in organic matter dent (A, B), microbial biomass (C, D) and

water repellency (E, F) for the Marcheville (A, E),and La Gouéthiere sites (B, D, F)

A, B, C, D: each point with error bar correspondsthe mean of three replicates; bars are
standard errors.

E, F: each point corresponds to the mean of 10icapgs
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149.7 mg/kg and a variation coefficient of 40% (K& 2D). The microbial biomass of the
subsurface varied between 62.2 mg/kg (May 13) &xd22mg/kg (March 30), with a mean of

140.4 mg/kg and a variation coefficient of 43% (Keg2D).

Water repellency:

For the Marcheville site, the R index of the saiiface varied between 1.21 (May 5) and
7.36 (August 10) with a mean of 3.33 and a standaxdation of 1.66. For the La Gouéthiere
site, the R index varied between 2.5 (August 8) Hh® (August 2) with a mean of 5.7 and a
standard deviation of 2.6. These results indichtg the studied soils exhibited subcritical

hydrophobicity (Tillmanret al, 1999).

3.2.2. Variables linked to climate

Atmospheric variables:

During monitoring on the Marcheville site, the higuair temperature varied between
1.6°C and 36°C with a mean of 16.1°C and a standawktion of 5.3°C (Figure 3A). The
cumulative rain height reached 219 mm, and the nadawater content was 76.8% with a
standard deviation of 20.5% (figure 3C). For the Gauéthiére site, the hourly air
temperature varied between 1.6°C and 41.0°C wittean of 15.7°C and a standard deviation
of 5.1°C (Figure 3B). The cumulative rain heighaaked 181 mm, and the mean air water
content was 70.7% with a standard deviation of dd(Bgure 3D).

Soil variables:

For the Marcheuville site, the temperature of thié sarface (-1 cm) varied between 4.8°C
and 40.2°C with a mean of 19.1°C and a standardatien of 6.2°C (Figure 4A). The
temperature of the soil subsurface (-5 cm) varietivben 9.7°C and 30.4°C, with a mean of
18.9°C and a standard deviation of 3.5°C (Figuré. 4e soil water content of the soil

surface varied between 22.5% (July 21) and 6.1%e3) with a mean of 11.7% and a
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variation coefficient of 28% (Figure 4E). For thebsurface, the water content was very
stable, with a mean of 19.6% and a variation coeeffit of 4.1% (Figure 4E). For the La

Gouéthiere site, the soil surface temperature gdvaween 4.3°C and 38.3°C with a mean of
18.9°C and a standard deviation of 3.2°C (Figurg 4Be soil subsurface temperature varied
between 9.7°C and 29.5°C with a mean of 18.9°Casthndard deviation of 3.2°C (Figure

4D). The soil water content of the soil surfacde@between 27.5% (July 21) and 1.4% (June
4) with a mean of 8.2% and a variation coefficiehb8% (Figure 4E). The mean subsurface

water content was 21% with a variation coefficieh#.4% (Figure 4E).

3.3. Relationships between aggregate stability and erplary variables

3.3.1. Relationships between aggregate stability and lgiclal variables

In the Marcheville site, for both surface and sufzme datasets, MWD was not
significantly correlated with microbial biomassganic matter or water repellency at the 5%
level, regardless of the aggregate stability testitable 2). In the La Gouéthiére site, for the
subsurface dataset, MWD was positively and sigaifity correlated with microbial biomass
for both stability tests, and with organic mattemtent for the fast wetting test. For the
surface dataset, none of the variables linkeddtogical activity were significantly correlated

with MWD at the 5% significance level (table 2).

3.3.2. Relationships between aggregate stability and diicnaariables

For both sites, regardless of the aggregate dtalekt used, surface and subsurface MWD
did not correlate significantly with air temperatusoil temperature or air humidity (table 3).
Significant correlations were found between aggiegability and soil water content at the
time of sampling (Wg) (table 3). For the Marcheville site, for the ssilrfface, MWD was
significantly and negatively correlated with soibter content at the time of sampling for

every stability test. Subsurface MWD of was sigrafitly and negatively correlated with soill
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water content for the slow wetting test (r=-0.54d} tvas not significantly correlated with soll
water content for the fast wetting test (tablelB)the La Gouéthiere site, for the fast wetting
test, surface MWD correlated significantly withlseater content (r=-0.77). However, for the

slow wetting test, MWD was not significantly coatdd with soil water content at the 5%

level.
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Figure 3: Temporal variation in daily air tempera(A, B), humidity and rain (C, D) for the

Marcheville (A, C) and La Gouéthiére sites (B, C).
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Table 2: Correlations (Pearson’s coefficient) bedweaggregate stability and variables

linked to biological activity: organic matter comtie microbial biomass and water repellency.

Surface Subsurface
Organic  Microbial Water Organic  Microbial
matter biomass repellency  matter biomass

Marcheville soil
MWD fast wetting 0.33 (NS) 0.25(NS) 0.12(NS) 0.34(NS) -0.07 (NS)
MWD slow wetting 0.14 (NS) 0.32(NS) 0.24 (NS) -0.29 (NS) -0.06 (NS)
La Gouéthiere soil
MWD fast wetting -0.04 (NS) 0.20 (NS) -0.27 (NS) 0.55* 0.47*
MWD slow wetting -0.23 (NS) 0.30(NS) 0.10 (NS) -0.02 (NS) 0.51~

For the Marcheville dataset: N=19; DF=14=5%: r=0.456
For the La Gouéthiére dataset: N=20; DF=18=5%:; r=0.444
* Significant at the 5% level

NS=Not significant at the 5% level

For the subsurface, no significant correlationseMeund between MWD and variables
linked to hydric history (APIl, WCandAWC,), regardless of the aggregate stability test used.
For the surface, MWD correlated significantly anegatively with all variables linked to
hydric history except WC which was not significantly correlated with MWDrfthe slow
wetting test on the La Gouéthiere site (table 4)e highest correlation coefficients between
MWD and WG were observed for the mean water content calalléde a duration of
approximately 0.5 day prior to sampling (W& (figure 5). For the Marcheville site,
correlation coefficients of -0.76 and -0.71 weresetved for the fast and slow wetting tests,
respectively (table 4). For the La Gouéthiere dite, correlation coefficient reached -0.71
with respect to MWD for the fast wetting test (&ll). On both sites and for both stability
tests, MWD for the surface was significantly andyatesely correlated with AWC;; the
highest correlation coefficient between MWD ald/C; was found for the difference in soil
water content approximately four days before samgpéind at the time of sampling\WC,)

(figure 5). For the Marcheville site, correlatiooetficients of -0.54 and -0.70 were observed
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for the fast and slow wetting tests, respectivellgjle for the La Gouéthiére site, correlation

coefficients for the fast and slow wetting testsew®.51 and -0.50 (table 4).

Table 3: Correlations (Pearson’s coefficient) bedweaggregate stability and variables

linked to climate: soil water content (Soil WC)r aiater content (Air WC) and soil and air

temperature.
Surface Subsurface
AirT®  AirWC Soil T° SoilWG AirT°  ArWC Soil T°  Soill WG

Marcheville

MWD fast wetting -0.01(NS) -0.1(NS) 0.31(NS)  -0.73*  -0.04(NS) 0.11(NS) 0.10(NS)  0.14(NS)
MWD slow wetting -0.12(NS) -0.15(NS) 0.25(NS)  -0.69*  0.25(NS) 0.37(NS) -0.11(NS) -0.57*
La Gouéthiere

MWD fast wetting 0.20(NS) -0.30(NS) 0.35(NS)  -0.77*  -0.30(NS) 0.10(NS) -0.21(NS)  0.31(NS)
MWD slow wetting 0.38(NS) 0.08(NS) 0.40(NS) -0.15(NS) 0.19(NS) 0.08(NS) 0.31(NS)  0.03(NS)

For the Marcheville dataset: N=19: DF=14=5%: r=0.456
For the La Gouéthiére dataset: N=20; DF=18=5%:; r=0.444
* Significant at the 5% level

NS=Not significant at the 5% level

Table 4: Correlations (Pearson’s coefficient) bedweVIWD hydric history indices: Wiand

AWGC,
Surface Subsurface
API WG, AWGCge API WG, AWGCge

Marcheville

MWD fast wetting -0.63* -0.76* -0.54* -0.18(NS) 0.13(NS) 0.25(NS)
MWD slow wetting -0.65* -0.72* -0.7*  -0.25(NS) -0.37(NS) -0.04(NS)
La Gouéthiere

MWD fast wetting -0.65* -0.77* -0.51* 0.39(NS) 0.31(NS) 0.36(NS)
MWD slow wetting -0.51* -0.25(NS)  -0.5* 0.35(NS) 0.03(NS) 0.04(NS)

For the Marcheville dataset: N=19; DF=14=5%; r=0.456
For the La Gouéthiére dataset: N=20; DF=18+5%; r=0.444
* significant at the 5% level

NS=Not significant at the 5% level
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3.4. Prediction of aggregate stability variations

Regression analyses were performed using the Vesiatbund to be significantly
correlated with MWD: WG, WC,,, APl and AWC, for the surface dataset and WC
microbial biomass (BIOMI) and organic matter cont@M) for the subsurface dataset.

Initially, simple regression analysis was conducte@arately for each site (table 5). For
the subsurface dataset, none of the simple regressbdels tested were significant at the 5%
level, regardless of site and the aggregate stahédst considered. For the surface dataset
from the Marcheville site for the fast wetting tetfte best simple regression model included
WC,/, and accounted for 54% of MWD variation. Modelsttimecluded WG and APl were
also significant at the 5% level. For the slow wetttest, models that included WGNGCy»,
APl andAWC, were significant at the 5% level (table 5). For tleeGouéthiére site, the best
simple regression model included \W&nd predicted 57% of the MWD variation for thetfas
wetting test. Models including Wi and API were also significant at the 5% level. Bor
slow wetting test, none of the simple regressiomlam evaluated were significant at the 5%
level. Simple regression models that included OM BHOMI did not significantly explain
aggregate stability variation for any combinatidrsibe and aggregate stability test.

For each site and for the surface and subsurfate skis, the variables found to be
significant during simple regression analysis weosenbined in multiple regression models.
Because Wg; WGy, and API were significantly correlated, and tho$ imdependent, these
variables were not combined in multiple regressimodels. Among all tested combinations
and for both sites, the only valid multiple regreesmodels were found for the surface
dataset for the Marcheville site. For the slow wetttest, WG, and AWC, together
accounted for 59% of the MWD variation, while thenbination of WG and AWC,

accounted for 57% of the MWD variation.
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Table 5: Simple regression models for MWD variation

WC, WC API AWC, OM BIOMI
Datasets Df R2 level R2 level R2 level R2 level Rz level R?level
Surface Marcheville Fw 17 051 *= 054 * 037 * 0.25 0.01 NS 0.06 NS
SW 17 044 = 050 ** 0.39 * 0.47 ** 005 NS 0 NS
La Gouéthiere Fw 18 057 * 055 ** 0.39 * 0.22 0 NS 0.03 NS
SW 18 0 NS 0.07 NS 0.22 . 0.21 . 0.04 NS 0.09 NS
Subsurface Marcheville Fw 17 0 NS 0 NS 0 NS 0.01 NS 0 NS 0.06 NS
Sw 17 0.23 . 0.29 . 0.07 NS 0 NS 0 NS 0.03 NS
La Gouéthiere FW 18 0.05 NS 0.05 NS 0.11 NS 0.16 . 0 NS 0.26
SwW 18 0 NS 0.09 NS 0.07 NS 0 NS 0.23 0 NS

Df= degrees of freedom;

R2= adjusted r2

FW: Fast wetting test. SW: Slow wetting test.

** Model significant at the 1 % level

* Model significant at the 5% level

. Model significant at the 10 % level

NS Model not significant at the 10 % level

4. Discussion

Field monitoring permitted identification of expktory variables of short time step

aggregate stability variation. The relevance ofheaseasured variable as an explanatory

factor in aggregate stability variation is discugsas are the relevance of the predictive

models and implications for erodibility prediction.

4.1. Factors linked to biological activity

It is widely recognized in the scientific literaguthat biological activity is positively

correlated with aggregate stability (e.g., TisdaD&des 1982; Chenu et al. 2000; Six et al.

2004). Organic matter addition, by stimulating rolmal activity, is recognized to have a

positive effect on aggregate stability (Tisdal &dea 1982; Cosentino et al. 2006). In an

incubation experiment, Cosentino et al. (2006) tbtimat organic matter addition stimulated

microbial activity and stabilized aggregates byréasing both their cohesion and water

repellency. Other studies have shown that the dirdaf extracellular polysaccharides by

bacteria and fungi bond mineral particles togeth®easing inter-particle cohesion within
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the aggregate (Tisdall & Oades, 1982, Chenu & Gu#€91). In addition, organic
hydrophobic aggregate coatings decrease the ratettihg and limit the destructive impact
of slaking on aggregate stability (Piccolo & Mbagw999, Goebel et al. 2012).

Such studies of the influence of biological activin aggregate stability have generally
been based on either the external stimulation otogical activity by organic amendments,
where amended soils were compared to non-amendéd (eq., Cosentino et al., 2006;
Abiven et al., 2007; Leguillou et al., 2012) or #emparison of soils with greatly contrasting
organic matter content or management practices @ackman 1992; Suwardji & Eberbach,
1998). In the present study, soils were kept barall monitoring, and no amendments were
incorporated. Biological activity was measured bgessing organic matter content, microbial
biomass and subcritical water repellency on eaompsag date. For the surface dataset, no
significant relationships between these variable$ @aggregate stability were found. In light
of these results, it appears that the variabldeetinto biological activity were not dominant
explanatory factors in aggregate stability variatan the soil surface. Similar results have
also been observed for monthly and seasonal vammtof aggregate stability (Chan et al.,
1994; Dimoyiannis, 2009), and the present studyficoe this conclusion for a short time
step. For the subsurface dataset, significant ipesitorrelations were identified between
microbial biomass and aggregate stability for & fvetting test and between organic matter
content and aggregate stability for the slow wegttiest. However, simple regression models
that included microbial biomass and organic mattartent could not explain a significant
proportion of aggregate stability variation. Thdsmlings lead us to conclude that without
stimulation of biological activity through amendntgnbiological factors do not adequately

explain aggregate stability variation.
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4.2.Factors linked to climate

Soil and air temperature

Several researchers have found a positive influesfcair and soil temperatures on
aggregate stability (Bullockt al. 1988; Blackman 1992; Dimoyiannis 2009). Soil amd a
temperatures affect aggregate stability directiptigh the freezing process (Bulloek al.
1988), and indirectly through seasonal stimulatioih microbial activity (Suwardji &
Eberbach, 1998). In the present study, as recaetageratures were positive throughout the
duration of monitoring, no frost occurred. Air arsbil temperatures did not correlate
significantly with aggregate stability for any silél test or soil depth. For the pedo-climatic
conditions evaluated in this study, as would beeetgxd, air and soil temperatures were not
explanatory factors of aggregate stability variatior a short time step.

Air humidity

Air humidity affects aggregate stability indirecttiirough its influence on soil water
content dynamics: low air humidity increases sojlimg which promotes aggregate stability,
such as through inter-particle cohesion within dggregate (Kempesat al, 2007). Combeau
(1965) observed a negative relationship betweemeggte stability variation at the monthly
time step and air humidity. In the present study hamidity was not a dominant factor in
aggregate stability variation at a short time step.

Precipitation and soil water content

Temporal patterns in precipitation are consideredrgortant factor in aggregate stability
variation (Shainber@t al. 2003; Dimoyiannis 2009). Precipitation has a niegagffect on
aggregate stability through raindrop impact, whadfects the structure of surface aggregates
(Shainberget al. 2003; Lehrsch & Kincaid, 2006), and by increasthg soil water content.
Soil water content is recognized as a key factoaggregate stability variation (Utomo &

Dexter, 1982; Perfeatt al. 1990; Caroret al. 1992; Shainbergt al. 2003). Perfecet al.
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(1990) found that aggregate stability measured aisimfield samples decreased with
increasing water content at the time of samplintge $ame relationship was observed for air
dried samples (Caroet al. 1992; Charet al, 1994). Secondly, aggregate stability was found
to be affected by hydric history (Caren al, 1992). Soil wetting is recognized to decrease
aggregate stability through several processes ssclslaking (Zaheret al. 2005), the
differential swelling of clays and clay dispersifire Bissonnais, 1996). However, drying is
recognized as a process of aggregate stabilityeaser (Kempeet al. 1987; Dexteret al.
1988). Two suggested processes by which drying menease aggregate stability are the
rearrangement of the mineral particles within tlygragates induced by retreating water
menisci (Kemper and Rosenau, 1984; Degteal, 1988) and the deposition of colloids and
precipitation of slightly soluble minerals aroure tcontact points between particles (Kemper
et al. 1987). The balance between the counteracting pseseinduced by wetting and drying
determines the level of aggregate stability atv@mgimoment (Denedt al. 2001).

The antecedent precipitation index (API) charazesrithe cumulative amount of water
added to the soil by precipitation during the pdeg six days. In a previous study conducted
on the same soils, Algayet al. (to be submitted) showed that API was negativelyetated
with aggregate stability variation on a short tistep.

In the present study, soil water content was meastooth indirectly with APl and
directly with hourly measurements taken throughtlueé monitoring period. The high
temporal resolution of this monitoring permittea tassessment of both water content at the
time of sampling (Wg) and the hydric history of the samples. Two indio¢ hydric history
were calculated: WGndAWC:. The mean water content (W@rovided information on the
hydric status of the soil prior to sampling, whtlee difference in water contena\WCy)
described the trend in water content over a giveod. A negative\WC; indicates that soill

was drying, while a positivAWC; indicates that soil water content was increasing.
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The results of the present study reveal a high teedvariability in surface water content
and a low temporal variability of the subsurfacaevaontent for both sites. For the surface
dataset, APl and WfQwere significantly and negatively correlated wa@gregate stability:
the higher the water content at the time of sangpline lower the aggregate stability. Simple
regression models that included the API explain& ®f aggregate stability variation for the
Marcheville site and 39% of the aggregate stabildyiation for the La Gouéthiere site (fast
wetting test). Simple regression models with yVM&xplained 51% of aggregate stability
variation for the Marcheville site and 57% of aggaee stability variation for the La
Gouéthiere site (fast wetting test). Previous @tsidiave found negative correlations between
water content and aggregate stability variatiothatmonthly time step. Blackman (1992) and
Dymoyiannis (2009) found negative correlations hlestv aggregate stability and total
monthly rainfall. Other studies have found a negatorrelation between soil water content
at the time of sampling and aggregate stability.(d?erfecet al, 1990; Caroret al, 1992).
The present study found similar relationships fahart time step (a few days) for surface
aggregate stability only. API and W@vere dominant factors of surface aggregate stgbili
variation at a short time step. For the subsuridataset, APl and WGvere generally not
significantly correlated with aggregate stabiliffhis result can be explained by almost
constant water content of the subsurface soil intregt with highly variable aggregate
stability. Moreover, the surface aggregates diyeeiposed to raindrop impact protected the
underlying material from this negative influencesmil structure.

WC; and AWC; were calculated for monitoring periods of varyimgration, and
correlation analyses between aggregate stability esach of the calculated indices of water
content were conducted. For W@&he maximum correlation coefficient correspondeca
duration of approximately % day prior to samplingy@,). For AWC;, the maximum

coefficient corresponded to a duration of approxetyad days AWC,). This pattern was
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observed in both the Marcheville and La Gouéth#uely sites and for both the fast and slow
wetting tests. Very similar soil properties and gi@aphical proximity, and climatic conditions
that remained very similar throughout the monitgriperiod explain the similarity in the
results between study sites. Other soil types dimdatic conditions would likely lead to
different WG andAWC; values.

WC;, was negatively correlated with aggregate stabiidy the soil surface. For the
Marcheville site, simple regression models thatuded WG/, explained 51% and 54% of
the aggregate stability variations for the fast atalv wetting tests, respectively. The same
model explained 55% of the aggregate stability ataon for the La Gouéthiere site (fast
wetting test). WG, was therefore a dominant explanatory factor inregate stability
variation at a short time step. For the surfacasktAWC, was negatively correlated with
aggregate stability for both sites and for bothraggte stability tests. This indicates that
aggregate stability increased when soil was inditygng phase and decreased when soil was
in the wetting phase. This result is consistenhwiite results of previous laboratory studies
(Kemper and Rosenau, 1984; Kemg¢ral, 1987; Dexteret al, 1988). The present study
determined that this relationship also holds ine&dfsetting and thaAWC; was a dominant
explanatory factor in soil surface aggregate stghiariation at a short time step. For the soil
subsurface, none of the evaluated correlations gigreficant.

In summary, API, WG WC,,, and AWC, were the dominant explanatory variables for
soil surface aggregate stability variation at arstime step. Each of these indices is linked to
soil water content variation and involves physit@mical processes of aggregate stability
variation. The lack of significant relationshipstween aggregate stability and variables
associated with biological activity (organic matwwntent, microbial biomass and water

repellency) may illustrate the dominance of abigtiocesses in short term aggregate stability
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variation when biological activity is not stimuldtevith amendments. Subsurface aggregate

stability variation could not be explained by theasured variables.

4.3. Prediction of aggregate stability and consequené@serosion predictions

Erodibility is a dynamic soil property and is catesied a key parameter in erosion
modeling. Because temporal variations in soil ety remain difficult to predict, most
erosion models consider soil erodibility for a giveoil to be constant in space and time,
leading to bias in erosion predictions (Jetetral, 2003; Boardman, 2006; Algayet al,
under review). Thus, predicting erodibility var@is is a current challenge in improving
erosion prediction. Soil interrill erodibility came assessed using aggregate stability
measurements (Le Bissonnais, 1996; Barthes & RQOE).

The present study attempted to predict aggregatslisy variations at a short time step
using the identified explanatory factors W®VC,,,, APl andAWC, to improve erodibility
prediction. These factors showed different preasifor aggregate stability predictions and
their measurement in the field necessitated varfmastical needs. The calculation of API
only requires rain data, which can be easily mesbor calculated by models. However, the
best model using API for aggregate stability vaoiad only explained 39% of variation. The
measurement of W¢lrequired field sample collection. Models that udgd WG predicted
up to 57% of aggregate stability variations, while best model containing Wgexplained
59% of aggregate stability variation. However, tba&culation of WGy, required high
temporal resolution monitoring of the soil water nent that necessitated heavy
instrumentation of the soil with expensive equipmétven if measuring this variable was
more convenient, the use of API for aggregate ktalprediction was not efficient due to
inaccuracy in the predictions. While models thatuded WG, were the most predictive, the

use of WG in place of WG, would permit more convenient measurements, witbsa bf
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only 2 or 3% of aggregate stability prediction. &sesult, among all factors measured in the
present study, the use of Wi€ recommended for aggregate stability prediction.

Based on the results of the present study, sotlibyustory was found to be the dominant
factor controlling soil surface aggregate stabilgriations at a short time step. The best
model predicted 59% of the variation in aggregdstbibty, a proxy for soil erodibility.
Hydric history affects aggregate stability througgveral processes, and further research into

these processes is needed to improve soil eraglipiledictions.

5. Conclusion

In the studied conditions, short time step variaiof aggregate stability were primarily
controlled by water content dynamics. Water congdrihe time of sampling, hydric history
indices WG, and AWGC,) and the antecedent precipitation index were thridant factors
influencing surface aggregate stability variatioviariables associated with biological activity
did not adequately explain aggregate stability ateons. These results underscore the
dominant effect of abiotic factors such as watentent dynamics on aggregate stability
variations at a short time step in the field in #isence of biological activity stimulation. A
regression model that included hydric history iegicpredicted up to 59% of surface
aggregate stability. Because aggregate stability pgoxy for soil interrill erodibility, better
prediction of this variable could improve the paedemization of erodibility in soil erosion
models. Further research on the processes invaitvadgregate stability variations associated

with hydric history would also be useful in impragipredictions of erodibility.
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Synthese et conclusion

Les objectifs de cette étude de terrain étaienindsurer les variations de la stabilité
structurale a pas de temps court sur le terraididentifier les facteurs contrélant ces

variations a travers des variables liés au clinhatlactivité biologique.

1) La stabilité structurale varie fortement a pas @ temps court

Les résultats présentés dans le chapitre 3 mortl@nément que la stabilité structurale varie
fortement & pas de temps court pour la surface aluc@mme pour la sub-surface. Les
variations observées a pas de temps court sord d&€ine amplitude que celles observées a
pas de temps mensuel (variations de 20% a 30% detomodalités). Ces variations de
stabilité structurale correspondent a des érothbilirés contrastées.

Les variations temporelles de la stabilité struatuetaient différemment influencées
par les modalités spatiales de I'étude. Pour |lesx dées localisés a une distance de quelques
kilomeétres et présentant des types de sol simialeestabilité structurale a suivi les mémes
tendances de variations mais a varier dans des ganmontrastées. Pour deux placettes
localisées a quelques dizaines de metres d’écadeaude la méme parcelle, la stabilité
structurale a présenté les mémes tendances etnee mp@mme de variation. Sur une placette
donnée, la surface et la sub-surface ont préseasgésiabilités structurales tres contrastées :
ces différences n’étaient pas toujours dans le méems, les deux matériaux suivant des
dynamiques différentes. Ce dernier résultat soaligomme pour I'étude présentée dans le
chapitre 1, que la stabilité structurale utiliséenme proxy de I'érodibilité doit étre mesurée
sur le matériau de surface car c’est celui qudgsttement soumis aux processus €érosifs.

Actuellement, les modéles d’érosion ne prennent @ascompte cette variation

temporelle de I'érodibilité. Dans les meilleurs casparamétrisation des modéles intégre une
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moyenne saisonniére de I'érodibilité (par exemp&JSLE, WEPP). Si ces importantes
variations temporelles de I'érodibilité du sol dei¢ étre considérées par les modéles
d’érosion, compte-tenu de nos connaissances agsu@lbus suggéerons d’utiliser une gamme
de variabilité de I'érodibilité pour un sol donn@ela intégrerait a la fois les variabilités

temporelle et spatiale et permettrait d’obtenir pislictions de meilleure qualité.

2) Les variations de la stabilité structurale de lsub-surface n’ont pas pu étre expliquées
Si la sub-surface du sol présentait de fortes trana de stabilité structurale, aucune
des variables étudiées n'a permis d’expliquer @sations. Les facteurs de variation de la

stabilité structurale de ce matériau restent olss@imécessitent donc des études spécifiques.

3) Pour la surface, les facteurs contrblant les vations de la stabilité structurale sont
liés a la teneur en eau et a I'histoire hydrique dsol.

Les résultats présentés dans le chapitre 4 monguext pour les conditions étudiées
(sol nu, pas de stimulation de I'activité microbienpar des apports), les variations de la
stabilité structurale de la surface du sol a pastataps court étaient essentiellement
influencées par la dynamique de la teneur en eawallulLa teneur en eau du sol au
prélevement, l'histoire hydrique et I'histoire desécipitations sont apparus comme les
facteurs dominants les variations de stabilitécstmale en surface. Un modele de régression
incluant des indices de I'histoire hydrique du solpermis de prédire jusqu'a 60% des
variations de la stabilité structurale. En revandbse variables liées a l'activité biologique
n'ont pas permis d'expliquer les variations de #itéh ni d’améliorer les prédictions des
modeéles testés. Ce résultat souligne le carac@manaint des facteurs abiotiques dans les
variations de stabilité structurale a pas de teomust lorsque I'activité biologique n’est pas

stimulée. Ces facteurs sont impliqués dans diftér@nocessus physico-chimiques liés aux
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cycles d’humidité. Ces processus, présentés darchdeitre 2, nécessitent d’étre mieux
connus afin de mieux prédire la stabilité strudturda troisieme partie de ce manuscrit
présente les résultats de deux expérimentatioabadeatoire dans I'objectif d’améliorer les

connaissances des processus physico-chimiquesidgorade la stabilité structurale.
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Troisieme partie

Caractérisation du réarrangement particulaire
comme processus physico-chimigue de variation
de la stabilité structurale lié aux cycles

d’humidité.
Etudes expérimentales

153



154



Introduction

La stabilité structurale est un proxy de I'érodtkildu sol. Cette propriété intrinseque
reste difficile a prédire. Dans la partie précédenbus avons vu que la stabilité structurale du
sol variait & pas de temps court en lien avec detdrs liés a la dynamique de la teneur en
eau du sol.

En plein champ, le sol est soumis constamment &ydes d’humidité sous l'action
des facteurs climatiques. Les cycles d’humidité& seconnus pour exercer une forte influence
sur la stabilité structurale par le biais de prsassphysico-chimiques et biologiques (e.g.
Utomo & Dexter, 1982 ; Denef et al., 2001 ; Brovkn& Lal, 2005 ; Cosentino et al., 2006).
Si les relations entre cycles d’humidité, actiatélogique et stabilité structurale ont bénéficié
de lintérét d’études récentes (e.g. Denef et 2001 ; Cosentino et al., 2006), certains
processus physico-chimiques influencant la st&b#iructurale lors des cycles d’humidité
reste encore méconnus. Les processus abiotiguesridéion de la stabilité structurale ont été
inventoriés a travers la synthese bibliographiqusgntée dans le chapitre 2. Certains ont été
largement étudiés, observés par des expérimergatioproductibles et leur conditions
d'occurrence sont connus. C'est le cas par exendglel’éclatement ou encore de la
dispersion/floculation des argiles. Cependant, tlésuprocessus, bien que reposant sur des
bases théoriques, n'ont jamais été concretememnods et directement reliés aux variations
de la stabilité structurale. C’est le cas notamnuentéarrangement particulaire intra-agrégat
théorisé par Kemper et Rosenau (1984 ; 1986) etdDext al. (1988). Selon ces auteurs, les
cycles d’humidité engendrent des modifications aestructure interne des agrégat, ce qui
modifie sa stabilité structurale.

Plus précisément, et toujours selon ces autetmsmiéctation d’'un agrégat cause a la

fois la diminution du nombre de contact inter-park et la détérioration des liens entre ces
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particules conduisant & une diminution généraléadstabilité structurale. Lorsqu’un agrégat
séche, la phase liquide se concentre dans les quésisa I'interface entre les particules
générant une tension qui conduit a rapprocheraecples concernées, pouvant amener a un
contact. Ce contact peut induire des forces dédrniaui augmentent la cohésion générale de
'agrégat. De plus, tandis que les ménisques sactént a I'interface entre les particules lors
du séchage, I'eau qui les compose voit sa condantran particules d'argile et composés
solubles augmenter. Ces particules et composésepew@ors floculer ou cristalliser pour
former de nouveaux liens entre les particules. @esessus conduisent a une augmentation
de la stabilité structurale lors du séchage. Biem lopsé sur des théories référant notamment a
la physique des milieux granulaires humides, cegssus et son lien avec la variation de la
stabilité structurale restent des conjectures ehtnjamais été directement observés. Cela
n'empéche pas ce processus d'étre largement cité dalittérature et incriminé dans les
variations de stabilité structurale en liens avex ¢ycles d’humidité (e.g. Zhang & Horn,
2001; Denef et al., 2001; Six et al., 2004).

L'objectif de cette troisieme partie de la thés¢ @s vérifier la survenue de ce
processus a travers deux études expérimentales.éees ont été réalisées sur des
échantillons de sol collectés sur I'un des siteéss@nté dans la deuxieme partie. La stabilité
structurale de ce sol s’était avérée sensibleistine hydrique du sol.

Le chapitre 5 présente les résultats d'une expétiatien dont les objectifs étaient
d’évaluer les processus physico-chimiques actifs e cycles d’humidité appliqués a un
massif d’'agrégats, de quantifier les variationsddéormation globale et de pression interne
entre les particules a l'aide de micro-capteursalatrainte afin de vérifier I'occurrence du
réarrangement particulaire théorisé par Kemper @teRau (1984 ; 1986). Cette étude a
montré que la pression interne diminuait lors daectation et augmentait lors de la

dessiccation. Les déformations globales de [I'ééhamt montraient des variations
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concordantes. Avec le nombre de cycles d’humidiéémassif d’agrégats tendait a se
contracter et la pression interne tendait a augengoé qui atteste d’'un réarrangement de la
structure de I'échantillon a I'échelle millimétriguEn revanche, ces variations n'ont pas pu
étre reliées a la stabilité structurale qui eseguasi-constante pendant I'expérimentation.
Le chapitre 6 présente les résultats d'une expétiatien dont I'objectif était de caractériser
un réarrangement particulaire a une échelle infithnmétrique par des mesures de micro-
tomographie X. Des agrégats provenant du mémedgms®l et ayant une stabilité structurale
initiale similaire ont été soumis a différents tgpde cycle d’humidité. Ces différents
traitements ont permis d'obtenir des stabilitésicttirales contrastées. La structure interne
d’agrégats ayant subis ces traitements a été éaisgmt par micro-tomographie X. Dans un
premier temps, les mesures devaient étre réaliz@esn micro-tomographe de laboratoire.
Les problémes techniques liés a une résolutioraipi@e de I'appareil, puis a des défaillances
de l'appareil lui-méme, ont nécessité l'utilisatiom autre tomographe. Finalement, des
mesures de micro-tomographie synchrotron ont pe &alisées a Shanghai en décembre
2011. Néanmoins, la qualité des images était velatent décevante, et questionnait leur
utilité pour une analyse quantitative. Cependardce a I'appui de Laurent Michot (LEM
CNRS, Nancy) et de Pierre Levitz (PECSA, UPMC, $arbus avons pu réaliser des mesures
guantitatives sur une partie de nos images, etlefimant aller jusqu’au bout de notre
démarche. Si les traitements appliqués ont engatefréhangements dans la structure interne

des agrégats, ces changements n’ont pas pu claitétne reliés a la stabilité structurale.
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Chapitre 5 :

Effets des cycles humectation-dessiccation sur la
contrainte interne, le rearrangement particulaire &
la stabilité structurale

159



160



Wetting-and-drying cycles effects on internal stres, particle

rearrangement and soil aggregate stability

Baptiste ALGAYERet al.

In preparation.
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1. Introduction
Soil structure refers to the size, the shape aadtrangement of solids and voids within

the soil matrix (Lal, 1991). It is a key factor Boil functioning, its ability to support
agriculture and to moderate environment qualityo(@rick & Lal, 2005). Aggregate stability
is the ability of an aggregate to retain its stmuetwhen exposed to exogenous stress such as
wetting. The stability of aggregates affects thevement and storage of water, soil carbon
sequestration and biological activity (Six et a&000), as well as plant growth and
developments by influencing plant emergence and peaetration (Gallardo-Carrera et al.,
2007). Finally, it also affects soil sensitivity &wosion and crusting (Le Bissonnais, 1996;
Bajracharya et al., 1998; Barthés & Roose, 2002).

In the field, soil is submitted to wetting and dhgicycles induced by rainfall occurrence.
Wetting and drying cycles are recognized to affast aggregate stability through physical,
chemical and biological processes (e.g. Utomo &tBxex1982; Amézketa, 1999; Denef et al.,
2001; Brownick & Lal, 2005; Cosentino et al., 2008}hile the interactions between wetting
and drying cycles and biological activity and tha&ifluence on aggregate stability have
benefit from recent studies (e.g. Denef et al.,12000sentino et al., 2006), the physico-
chemical processes affecting aggregate stabilitindwetting and drying cycles still remain
unclear (Algayer et al., in preparation).

Previous studies suggested several physico-chempioalesses of aggregate stability
variation related to wetting and drying. Aggregstibility can be affected by the flocculation
and dispersion of clay (e.g. Emerson, 1977; Dex&tr al, 1988) and by the
crystallization/dissolution of soluble componerggy( Kemper & Rosenau, 1986; Hohlthusen
et al, 2010) which create bonds between coarser pestidt was also suggested that
aggregate stability could be affected by the plertiearrangement occurring during wetting

and drying cycles (Kemper & Rosenau, 1984; 198&t&ect al., 1988).
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Particle rearrangement refers to processes widetliexs! in physic of the granular media
and related to the interaction between solid aqdid phases (e.g. Fisher & Israelachvili,
1981; Coussy, 1991; Alberts et al., 1997; Hornbaekel., 1997; Bocquet et al., 2002; Sheel
et al., 2008). In a humid granular media, intertipbe cohesion is related to the presence of
water bridges (or menisci) at the interface betwsaid particles. Inter-particle cohesion is
more influenced by the inter-particle menisci marolgy than by the total water content in
the porous space (Sheel et al., 2008). Accordinbed_aplace law, a concave menisci shape
is related to a pressure lower within the water is@rnthan within the atmosphere. This
differential pressure results in attractive forbeswveen particles bonded by the water menisci
(Fisher & Israelachvili, 1981; Coussy, 1991; Allsest al., 1997). The more concave the inter-
particle menisci shape, the greater the inter-gartttractive force. Such force can induce the
local displacement of the involved particles, legdio a more compact structure at larger
scale (Coussy, 1991). Hence, the intensity of @itra forces is indirectly linked to the
dynamic of water within the material. When a granuhedia is totally dry, there are no water
bridges between the particles and thus, there isteo-particle attractive force. At low water
content, solid particles are bonded by water bsdged the inter-particle attractive forces are
related to the menisci numbers and morphology. Wiglter content increase, water bridges
coalesce into larger clusters inducing a decreégbeointer-particle attractive forces. With
water content decrease, the water menisci retr@atbe interface between particles into
concave morphology, inducing an increase of theetive forces. Such attractive forces can
lead to the particle rearrangement into a more @mtagl structure with a greater number of
inter-particle contacts. (Coussy, 1991; Hornbaekeal., 1997; Bocquet et al., 2002; Sheel et
al., 2008).

Kemper & Rosenau (1984; 1986) and Dexter et al88lUsed such theory to explain

aggregate stability variations during wetting amgirig cycles. They hypothesized that during
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drying, particles within the aggregate rearranged imore compact structure in such a way
that aggregate stability increases. On the othed haetting would cause the decrease of the
inter-particle cohesion and the weakening of thedsdbetween coarser particles leading to a
decrease in aggregate stability. According to omovedge, even if this hypothesis was
based on solid theoretical background, the intepasticle rearrangement during soil wetting
and drying, and their influences on aggregate kahiave never been observed yet. Further
studies are required to verify its occurrence dntlis the case, quantify the involved forces
and assess its influence on aggregate stabilitgti@m.

The aims of the work presented here are to 1) kclibe occurrence of particle
rearrangement in relation with wetting and dryingles by quantify the variation of soil
internal stress 2) to assess the relationships dsgtwsoil internal stress variation and

aggregate stability.

2. Material and method

2.1. Soil aggregate cylinder preparation

The soil used in this study was a silt loam Luvisollected from the Marcheville
experimental site located in the south of the Rari8asin, 15 kilometres in the south-west
from the city of Chartres. Soil presented 16% cld@% silt, 3% sand and 1.2% organic
carbon. The clay phase was mainly composed oé,ilbhlorite and very few swelling clay
minerals. Soil was air dried at room temperaturd amved at 0.5 millimetres. Only the
fraction < 0.5 mm was used.

Cylindrical aggregate blocks of 9.5 cm diameter dr@lcm height were built from this
material. The air dried soil aggregates were c#lyepacked into a rigid PVC cylinder until
reaching a bulk density close to 1.3 g/cm3. Durthg cylinder construction, 3 pressure
sensors were placed at different positions at Zherght within the aggregate cylinder. The

dry cylinder was wetted with deionized water usiagvaporizer until reaching a 20%
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gravimetric water content. Two micro-tensiometeesavinserted into the cylinder at a 2 cm
height and 2.5 cm from the cylinder side. The cti@rsstics of the sensors will be mentioned
later. The rigid PVC cylinder was carefully pulledt, resulting in a non-constrained and
instrumented cylindrical soil sample.

3 cylinders were built, one instrumented (3 presssgnsors and 2 micro-tensiometers)
and two non-instrumented to allow for sampling dgrthe experimentation. The cylinders
were placed on a hydrophilic to allow capillary tireg during the wetting phases. An initial

wetting was applied near the saturation of thedlwdinders.

2.2.Wetting-drying cycle parameters

The three cylinders were submitted to four suceessietting and drying cycles. Water
tension of the instrumented cylinder was continlyouseasured in order to control the
amplitude of drying phases. The experiment was dore climatic room at a constant air
temperature of 20°C and relative air humidity o%@0

The drying phase durations were about 5 days. Quhe drying phases, samples were
let to dry in the climatic controlled conditionstiimeaching a water tension of 5700 mm.
When tensiometers reached the minimum value of 5A@0metres, 90g of deionised and
degassed water was applied at the base of the sa@ylinders were capillary wetted up to
near saturation. The wetting phase durations weoetad hours. After each drying phase, half
a non-instrumented cylinder was collected to meaaggregate stability. After this sampling,
only half of the water amount was applied to theaming half cylinder (45g of water)
during the following wetting phase.

An initial first drying phase was applied at theglmming of the experiment. Then, four
successive wetting and drying cycles where apphed.the drying phase of the fourth cycle
cylinders were dried in constant air condition dgriabout 19 days. The whole duration of

one experiment was about 41 days. It was replictes times.
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2.3. Measurements

2.3.1. Sensors

All the measurements by sensors were done at atentmae step using a Campbell
central. Water tension was measured using 2 marsidmetres. Tensiometres were placed at
opposite positions within the instrumented cylin@éra 2 cm height and 2.5 cm from the
cylinder side.

The cylinder vertical strain was measured usingrlagnsor (Micro epsilon optoNCDT
1302) with a 10 um resolution, positioned at 3 drave the centre of the cylinder top.

Internal stress was measured by 3 pressure miansducers (Kyowa PS-05KC) with a
50 kPa capacity. Micro sensor had a disk shapeavithmm height and a 5 mm diameter. The
2 mm?2 sensitive area was located on one face dfifie Pressure sensor was located on one
face of the soil cylinder. Pressure micro sensarewplaced within the soil cylinder at a 2 cm
height and at 2.5 cm from the cylinder side. Eactranpressure sensor was positioned to a
different orientation. Sensor 1 was oriented alangdial axis, sensor 2 was oriented along an

axial axis and sensor 3 was located along an athalraxis (figure 1).

___G‘-: 8Axial
@ @c# @@R o @(R)Z:‘?:)lradial
|
|
|

Figure 1: orientation of the pressure sensor
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2.3.2. Aggregate stability

Aggregate stability measurements were done on smmpbllected from the non-
instrumented cylinders at the end of each dryingspk. Half cylinder samples were air dried
at 40°C during 48 hours and cut into 3 to 5 mm gseasing a sharp knife (Darboux & Le
Bissonnais, 2007). Aggregate stability was measwsithg Le Bissonnais method (Le
Bissonnais 1996S0O/DIS 10930, 2012h g sub-samples were dried at 40°C for 24 h before
application of one of the three tests (fast wettisigw wetting, stirring), and each test was
replicated three times. After the tests, the rasylfragments were sieved in ethanol. The

results are presented using the mean weighted tkaiiM\WD).

3. Results

3.1.Water tension

At the beginning of the experiments, soil watersten was close to zero for the three
replicates, indicating a saturated state of thessonple (figure 2, 3, 4). As described in the
previous part, the first drying phase was usedetxin a similar state (5700 mm) before the
cycle application. Hence, measurements are onlgidered from the first wetting phase. The
tensiometres reached their limit capacity of meam@nt around 7000 mm. Hence, water
tension could not be measured for the last 13 datfse final drying phase.

The water tension measurements showed similar rpatienong the three replicates
(figure 2A, 3A, 4A, table 1). The wetting phase alon was closely similar among the
replicates, varying between 0.01 day (replicatey2le 4) and 0.1 day (replicate 1, cycle 1
and 2). The drying phase duration varied betwe@érdays (replicate 1, cycle 1) and 4.5 days
(replicate 3, cycle 1). The drying phase duraticasViound to decrease with the number of

cycle for replicates 1 and 2. This phenomenon vea®hserved for replicate three.
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Table 1: Time duration (in days) of the wetting pbsy saturation state (Sat.) and Drying
phases for each cycle and for the 3 repetitions

Cycle 1 Cycle 2 Cycle 3 Cycle 4
Wetting Sat. Drying Wetting Sat. Drying Wetting Sat. Drying Wetting Sat.

Replicate 1  0.12 038 5.74 0.12 0.744.75 0.09 050 436 0.09 0.80
Replicate 2 0.09 0.34 5,50 0.07 0.805.15 0.05 0.64 495 0.01 0.64
Replicate 3  0.05 0.09 451 0.06 0.444.95 0.07 0.64 454 0.10 0.54

3.2. Vertical strain

Vertical strain was quantified in percentage of thd#ial height of the soil cylinder
(figure 2B, 3B and 4B. Table 2 presents the extrgalaes and amplitude of strain for each
cycles of the three experimental replicates.

For the three replicates, the shape of the versittain curve followed the same pattern
during the experimentation. The cylinder heightr@ased quickly from the beginning of the
wetting phase, until reaching a maximum value atethd of the wetting phase. During drying
phases, the cylinder height firstly decreased tg@dd constantly. It was followed by a slow
decrease period until reaching the minimum valugesponding to the maximum water
tension (figure 2B, 3B and 4B). During final dryir{gycle 4), cylinder height decreased
quickly at first and then more slowly, and finatlgmained almost constant until reaching its
minimum value during the last days of the experitagon (figure 2B, 3B and 4B).

Amplitudes of the vertical strains differed betweexperimental replicates (table 2).
During drying-wetting cycles, vertical strain antptie varied between 3% and 5%,
corresponding to a height variation between 1.2 amch2 mm. For the cycle 1, the amplitude
of vertical strain was the lowest (replicate 2 &)dor the highest (replicate 1). For the
following cycles, the amplitude of strains and theximum cylinder height decreased with

the number of cycles (Table 2; Figures 3B and #Bjally, the vertical strain amplitude was
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larger for cycle 4 because sample was allowedydairger than for previous cycles (Table 2;

Figure, 2B, 3B, 4B).

Table 2: Extreme values and amplitude of the valrttrain (% of initial sample height) for

each cycle and for the three repetitions

Cycle 1 Cycle 2 Cycle 3 Cycle 4
Max Min Ampl. Max Min Ampl. Max Min Ampl. Max Min Ampl.

Replicate 1 1,13 -3,52 4,65 0,92 -3,42 4,34 -0,17 -3,78 3,61 -0,74 -549 4,75
Replicate 2 -0,54 -2,50 1,96 0,79 -3,12 3,91 0,52 -3,33 3,85 -0,02 -460 4,58
Replicate 3 -1,41 -3,31 1,90 -0,35 -3,32 2,97 -0,58 -3,46 2,88 -1,22 -430 3,08

3.3.Internal stress

For the three experimental replicates, internasstrduring wetting and drying cycles
followed closely the same pattern whatever thentai®on of the sensor. During wetting
phases, internal stress firstly dropped quicklyo(akfifteen minutes after the beginning of
wetting) until reaching a minimum value. This périwas followed by a slow increase until
reaching a value that was stable while water tenstayed close to zero. This period of
stability continued during the beginning of theldaling drying phase, and was followed by a
progressive increase in internal stress until reg@ch maximum value at the end of the drying
phase (figure 2C; 3C; 4C).

During the three first drying phases, internal streariation was irregular (figure 2C, 3C
and 4C). Indeed, even when internal stress wasaljjoincreasing, short changes in the
internal stress occurred for all the replicates a@edsor orientations. These short time
variations could occur simultaneously. This phenoomewas observed neither during the
wetting phases nor during last days of the experim@igure 2C, 3C and 4C).

Overall, during wetting-drying cycles, internalegs amplitude varied between 50 hPa
and 170 hPa. Amplitudes of the internal stressatians differed with the wetting-drying
cycles, with the orientation of the sensor and agnitre replicates (Table 3). Amplitude of

internal stress also varied among successive dwyettjing cycles. Generally, amplitude of
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internal stress increased during the three firslasy(table 3). Same results were found for

maximum and minimum values of internal stress: gahg extreme values of internal stress

increased during the first three cycles (table RYring the fourth cycle, amplitude was

generally larger than during previous cycles.

During the final drying phase, stress firstly irmsed progressively until reaching a

maximum. Then, stress decreased rapidly and finéllincreased to reach a stable value

during the last days of measurement. The threessstoientation curves varied quite

simultaneously during the final drying phase. Fpstk was reached around the thirtieth day

for the three experimental repetitions (figure 3C,and 4C).

Table 3: extreme values and amplitude of the irstkestress (kPa) for each cycle, for the

different orientations and for the three repetison

Cycle 1

Cycle 2

Cycle 3

Cycle 4

Max Min Ampl

Max

Min  Ampl

Max

Min  Ampl

Max

Min  Ampl

Replicate 1
Axial
Radial
Orthoradial

54,21
-7,33
-9,94

10,4
-45,35
-36,47

43,81 65,44 14,86
38,02 12,96 -45,67
26,53 4,93 -45,45

50,58 68,04 16,48
58,63 19,88 -44,77
50,38 -14,86 -59,63

51,56 135,75 18,08
64,65 139,27 -46,08
44,77 106,73 -77,12

117,67
185,35
183,85

Replicate 2
Axial
Radial
Orthoradial

66,08
39,46
55,31

-0,81
-7,02
-19,30

66,89 69,87 -8,50
46,48 41,86 11,55
74,61 63,56 2,88

78,37 58,13 -11,43
30,31 26,84 -3,28
60,68 59,18 -2,91

69,56 102,63 -17,52
30,12 86,06 -13,63
62,09 169,77 -2,09

120,15
99,69
171,86

Replicate 3
Axial
Radial
Orthoradial

7,42
50,97
14,88

-23,25
12,25
-40,51

30,67 -14,79 -30,88
38,72 69,87 13,81
55,39 38,11 -18,09

16,09 -29,66 -43,07
56,06 63,73 8,96
56,20 46,74 0,44

13,41 7,39 -45,76
54,77 97,75 -0,15
46,3 107,44 0,79

53,15
97,90
106,65
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3.4. Aggregate stability

Aggregate stability was measured after each cyieré 5). Generally, MWD values
were very low and for each of the measurements. Mivafbed between 0.09 mm and 0.20
mm corresponding to very low aggregate stabilityoading to Le Bissonnais’ classes (1996)
whatever the test. Even if we observed a slighteiase of MWD with the successive drying-
wetting cycles, considering the low range of vaoiat MWD stayed closely constant for the

three experimental repetitions (figure 5).

4. Discussion

4.1. Influence of wetting and drying cycles on aggregatstability

Samples submitted to wetting and drying cyclesesponded to cylinders of “re-formed”
aggregates composed of aggregates with diametenes finan 0.5 mm. Aggregate stability
measurements were performed after each drying phase re-formed aggregates with
diameters between 3 and 5 mm. Hence, during ths¢ Wiretting-drying cycle, particles
composing the initial aggregates (<0.5 mm) reardntp form larger aggregates. Internal
structure of the sample was reorganised: new bwoms created between initial aggregates.
The aggregate stability tests performed after edwling phases aimed at assessing the
strength of those created bonds. Results showed lger aggregate stability whatever the
experimental repetitions. MWD was above 0.2 mmregponding to very unstable structure
according to Le Bissonnais (1996).

Several studies showed that aggregate stabilityaffasted by wetting and drying cycles
(e. g. Utomo & Dexter, 1982; Singer et al.,, 199r&gar et al, 1995; Cosentino et al.,
2006). Such studies showed opposite results in tdraggregate stability, depending mainly

on the wetting and drying rates of the wetting ahging cycles. In the present study,
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Figure 5: variation of aggregate stability with wieg and drying cycles for A) first

experimental replicate, B) second replicate andh@d replicate
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aggregate stability did not changed with the wettamd drying cycles. Such result can be
explained by the experimental setups of the stMdgtting and drying cycles including fast
wetting rate and slow drying rates tend to decregggegate stability, while cycles including
slow wetting rates and fast drying rates tendedntwease aggregate stability (Utomo &
Dexter, 1982; Barzegar et al., 1995; Denef et20Q1). For the present study, the applied
wetting and drying cycles corresponded to low atagé of water tension. Moreover, both
wetting and drying rates were slow. Indeed, we tealimit the water tension amplitude in
order to stay in the measurement capacity of theidenetres. Hence, lack of effect of wetting
and drying on aggregate stability can be explaibgdhe low amplitude of water tension
induced by the wetting and drying cycles. After fival drying phase, aggregate stability
slightly increased. Even if this increase was véw, it was observed for the three
experimental repetitions. Such result underlineel itfluence of the drying amplitude on
aggregate stability variation: wetting and dryingcles including a strong drying would
probably have induced larger increases in aggregjatelity. Hence, the challenge is now to
reproduce the present experimental setup with taageplitude of the wetting and drying
cycles with the aim to investigate further the uethce of water tension and internal stress

variation on aggregate stability.

4.2. Quantification of the variables measured by the sesors

The three replicates showed similar results. Dumvegting and drying cycles, water
tension varied a saturated state, and 5700 mm {(d&®kPa). It is important to note that
during the three first wetting and drying cycleample never reached a full dry state. Such
dry state was reached at the end of the final drpimase. The sample height increased during
wetting phases and decreased during drying ph&sescal strain amplitude varied between

3% and 6%, corresponding to variations height betwe.2 mm and 2.4 mm. Internal stress
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decreased during wetting phases and increasedgdinyimg phases. Internal stress amplitude
varied through a range between 50 hPa and 170 hPa.

The vertical strain and internal stress measuresnenied at assessing particle
rearrangement in the sample structure at two sctheswhole sample (4 cm height) and
millimetric scale (area of the sensitive surfacéhefinternal stress sensor). Vertical strain and
internal stress followed cyclic patterns correspogdo water tension cycles. While vertical
strain and internal stress variations followed ¥heations of water tension, the relationship
between them was quite complex and could not beritbesl by a simple proportionality. In
fact the rate of water tension increase was smalldre beginning of drying and greater at the
end of drying phase while exactly the inverseue tior internal stresses and vertical strain.

Vertical strain was measured at the whole sampéeded cm height) from variation of
the sample height. The soil used for the experimrdahnot have swelling clays, and thus, the
measured global swelling and shrinkage was nottdwtay swelling and shrinking, but was
controlled by the variations of the porous volufbe internal stress micro-sensors measured
the pressure within the sample at a millimetridescAs the result of internal stress variation
did not present the same pattern than water tensination, it means that the pressure micro-
sensors did not measured the water tension. Thasations of stress corresponded to the
pressure exerted by the particles near and atdhtact with the sensor surface. The initial
pressure measured at the beginning of the expetimay correspond mainly to the sample
weight: particles composing the cylinder exertqatessure on the senor by their own weight.
But, as it stayed constant during the experimérg, garticle weight did not influence the
variations of pressure measured during wettingdagishg cycles. Internal stress variation was
related to the attractive or repulsive forces betwparticles, controlled by the inter-particle

water bridges dynamics.
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4.3.Non reversible behaviour and particle rearrangement

For each cycle, the extreme values of water tengiere controlled which explain the
perfect repetition of water tension records whatdtie cycle and replicate. Otherwise, the
maximum sample height reached at the end of théingephases and the vertical strain
amplitude tended to decrease with the number desythe sample height reached at the end
of a wetting phase was not reached again at theoktite following wetting phase. At the
same time, maximum internal stress reached atnbeo€ drying phases and internal stress
amplitude tended to increase with the number ofesyc

This non reversible behavior corresponded to aajlpacking of the cylinder and an
overall decrease of the pore space with the numibeycle. This phenomenon occurred at the
whole sample scale as showed the decrease of maxireight of the cylinder. The shrinkage
of the pore space induced by the drying phasesnsaseversible and the samples never
found their initial heights during the swelling uned by the following wetting phase. This
packing of the structure is also manifested atllscale with the progressive increase of the
internal stress. While the total porous volume eased, solid particles get into a closer
contact to each other and the overall contact aingrwith sensors increased as well as the
number of water bridges between particles leading greater internal stress. From this point

of view the stress and strain measurements wergstent to each other.

4.4.Processes induced by wetting and drying cycles

Both vertical strain and internal stress dynamimsesponded to two facets of the same
process. Upon drying, an increasing part of theewavaporated, macro pores were emptied
firstly, and the remaining water retreated in meina the interface between particles. While
capillary forces increased, water menisci retreat&t more concave shape and particles
bonded by water bridges were submitted to gredtexctive forces (Coussy, 1991; Alberts et

al., 1997; Sheel et al., 2008) generating a shgaland an increase of the internal stress. This
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may induced that the pressure of the solid pagicle the sensor surface increased during
drying phases. Upon wetting, the pores were praegrely filled by the incoming water, and
the remaining inter-particle menisci coalesced ilggado a rapid decrease in the attractive
forces between particles (Coussy, 1991; Alberil.etl997; Sheel et al., 2008). Such release
induced a decrease of the internal stress. Thegssiye hydration of the porous phase led to
the global swelling of the sample.

During the final drying phase, water tension insezh until reaching the limit of the
tensiometres measurement capacity: around 7000 admou( 70 kPa). Water tension
continued to increase during the last 13 days @fettperiment but was not measured. During
this final drying phase, sample height decreasedtimoously until equilibrating to its
minimum value (between -4% and -5% from its initigight). Internal stress increased until
reaching its maximum about 8 days after the begumrof the final drying phase. Such
phenomenon was observed almost simultaneouslyh®othree oriented sensors. This result
can be explained by the increase of tension wiihier-particle menisci as described
previously. Indeed, because the sample was alldwetty longer than for previous drying
phases, internal stress increased to higher valui$ reaching its maximum. After this peak,
the internal stress decreased quickly. Such resait be explained by the disappearance of
the remaining inter-particle menisci: the contdigveen particles were almost dry at the end
of the final drying phase, and thus, the attractmees induced by the retreating menisci
almost disappeared. Currently, the variations déermal stress following this decrease
remained unexplained.

During drying phases, the increasing attractivecder induced by the inter-particle
retreating menisci must be great enough to inveieal particle displacement. Solid matrix
rearranged in a more compact structure inducingecl@ontact between particles. This is

confirmed by the overall shrinkage of the samplerduthe drying phases. While the shape of
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the water tension and vertical strain curve showesinooth and progressive pattern during
drying phases, internal stress curve showed aréggdar pattern. This phenomenon can be
explained by local particle rearrangement. Durimgird), solid particles were submitted to
two opposite forces: the attractive force inducgdtie increase of inter-particle capillary
tension, and the resistance against this attractdunced by the friction of the irregular shapes
of the involved particles. During drying, attra@itorces between particles increased. When
such attractive forces exceeded the frictionalstasice, particles moved into a position
inducing a shorter distance (and possibly a cont&ceégularities on the internal stress curve
could be explained by such local rearrangementsadicle at and near the sensor surface.
Water tension and vertical strain measurementsraegrative methods. Water tension was
measured by micro-tensiometres with a spatial @nfie of a few cubic centimetres. Vertical
strain was measured at the global sample scalec@médsponded to the sum of all the local
particle rearrangements. Internal stress was meddy a less integrative method: the sensor
sensitive area was 2 mm?2 only, explaining why omhyernal stress curve showed
irregularities. Those irregularities were not obserat the end of the drying phase. This must
mean that particle rearrangement did not occur moye at the end of the final drying.
Indeed, as water bridges were evaporated, theclggrtwere not any more submitted to the
attractive forces induced by inter-particle capyllgension.

Hence, the results of the present study advocata fearrangement of the solid matrix of
the sample during wetting and drying cycles. Swarmrangement involved local movement of
the solid particles and are in accordance with Kemmgnd Rosenau (1984; 1986) theory.
Such phenomenon was observed at the scale of thke wample scale and at the stress sensor
scale (few square millimetres). Measurements dfiggarrearrangement at microscopic scale

are required to definitely confirm this hypothesis.
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5. Conclusion

A cylinder composed of <0.5 mm aggregates fromltala@m soil was submitted to
controlled wetting and drying cycles. Aggregatebsity measured on 3-5 mm “re-formed”
aggregates from the cylinder was low and constétetr @#ach cycle. Such result can be
explained by low applied drying rates. Larger atoplé of the wetting and drying cycles and
faster drying rate would have been required to cedaggregate stability variation. The whole
sample showed vertical strain: swelling during wettphases and shrinking during drying
phases. The amplitude of vertical strain reachdgd 3 % from the initial sample height.
Internal stress was measured within the samplerrnat stress decreased during wetting
phases and increased during drying phases wittange of 50 to 170 hPa. Such phenomenon
was probably related to the inter-particle wateddms dynamics, generating attractive or
repulsive forces between particles. Cylinder tenttedhrink with the succession of wetting
and drying cycle while internal stress tended toease, leading in a whole compaction of the
sample. This result also advocates for a rearrapgewnf the solid matrix with wetting and
drying cycles. Such rearrangement has been obsat\edillimetric scale and has now to be

confirmed by observation at smaller scales (microic)e
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Chapitre 6 :
Influence des cycles d’humectation-dessiccation sur

la stabilité structurale et la structure interne.
Approche experimentale par micro-tomographie X.

183



184



Influence of wetting-and-drying cycles on aggregatstability and
internal structure.
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1. Introduction
Aggregate stability corresponds to the ability of @ggregate to retain its structure

when exposed to a stress such as wetting. Thelistabi aggregates affects the water
movement and retention of water within the soil nxatthe soil carbon sequestration and
biological activity (Six et al., 2000) and planogrth and developments by influencing plant
emergence and root penetration (Gallardo-Carre@72 Finally, it also affects soill
sensitivity to erosion and crusting (Le Bissonnaf96; Barthes & Roose, 2002).

Aggregate stability is a dynamic property that aes)with time in relation with
biological activity and climate (Caron et al., 19®ajracharyeet al, 1998; Cosentino et al.,
2006; Dimoyiannis, 2009; Algayer et al., to be sitbed). It is well established that microbial
activity and organic matter content have a posiiffect on aggregate stability (e.g. Tisdall &
Oades, 1982; Cheret al. 2000). Climate may affect aggregate stability riyaby the water
content dynamics (e.g. Caron et al., 1992; Bajmaehat al, 1998; Algayer et al., to be
submitted). If some factors influencing aggregabifity variation have been identified,
there are still difficulties to predict aggregatalslity, especially when biological activity was
not stimulated by external amendments (Cosentirad. e2006; Dimoyiannis, 2009; Algayer

et al., to be submitted).
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Table 1: effect of soil type, wetting rate and dgyirate on aggregate stability variation
during previous wetting and drying cycles experitaefwithout stimulation of biological
activity).

WDC= wetting and drying cycles

Reference Solil type Wetting rate Drying rate Effecbn
aggregate stability
Tisdall et al., 1978 Sandy loam Capillary wetted 21°C (24h) Increase with WDC
(Sterilized) -4 kPa
Utomo & Dexter, 1982 Sandy loam Capillary wetted -100 kPa Increase after 2 WDC
(sterilized) -10kPa
Singer et al., 1992 Artificial aggregates Capillary wetted 40°C (3h) Decreased with WDC
(non sterilized) until saturation (5min)
Barzegard et al., 1995 Clay soil Capillary wetted Room T° (3d) Increased with WDC
(not amended) -10kPa then 50°C 24h
Denef et al., 2001 Silt loam Capillary wetted 25°C 2d No changes
(with fungicide) field capacity
Cosentino et al., 2006 Silt loam Capillary wetted 20°C (10h) Slight increase after 2 WDC
(not amended) to -3.1kPa (2d)

an then, -10kPa (14h)

It is well known that aggregate stability variatianaffected by wetting and drying
cycles (Amézketa, 1999; Brownick & Lal, 2005). Hoxe, there are uncertainties on the
effect of successive wetting and drying on aggregability (table 1). Some studies found
that wetting and drying cycles decreased aggregat®lity (e.g.Tisdall et al., 1978, Singer et
al., 1992) while others showed that wetting anddyycycles increased aggregate stability
(e.g. Utomo & Dexter 1982; Barzegard et al., 199Bdse opposite results may arise from
differences in the studied soil properties (textuméneralogy, aggregation) and differences in
experimental conditions such as the intensity @f wetting-drying cycles (rate of wetting,
intensity of drying, number of cycles) (table 1)ettvhg induces physico-chemical processes
recognized to decrease aggregate stability (e.g.afa Dexter, 1990; Le Bissonnais, 1996;
Zaheret al. 2005). Wetting provokes the decrease in waterdarieading to a loss of inter-
particle cohesion (Sheel et al., 2008). At the maggregate scale, soil wetting can cause air
entrapment inside capillary pores that induces egage slaking while wetting. Non uniform

or differential hydration and swelling of the cl&gction can cause micro-cracking. The soil
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wetting can also cause the dispersion of clay dreanical dissolution of soluble components
that acts as cement and form inter-particle boddee response of soil aggregate under
wetting depends closely on the wetting rate. Higmextting rate triggers the most disruptive
processes that break inter-particle bonds, leatingggregate stability decrease or even
aggregate breakdown in smaller fragments. On theroband, drying tends to increase
aggregate stability (e.g. Kemper and Rosenau, 1R8@ram and Erbach, 1998; Denef et al.,
2001). The increase in water tension induced byndrincrease the inter-particle cohesion
(Kemper and Rosenau, 1984; Kemper et al., 1987tddet al., 1988; Rajaram and Eberbach,
1998). The cited processes are the precipitatiah feotculation of cements agents (clay,

soluble components, (hydr)oxides) creating bondghat inter-particle contacts and the
changes within the aggregate micro-structure sutpaticle rearrangement (Kemper &

Rosenau, 1984; 1986; Dexter et al., 1988). Accagrdonthese authors, soil wetting would

cause both a decrease of the inter-particle coheminl a weakening of the bonds between
particles. The combination of both processes leéads decrease in aggregate stability while
wetting. During drying, the water phase recedes aapillary wedges surrounding particle to
particle contacts. The internal tension pulls aelfagarticles together leading to much closer
contact between particles (Kemper & Rosenau, 1%86ster et al., 1988). Direct contact

between particles can induce friction forces thnatease inter-particle cohesion, and provide
the formation of bonds between particles due tecilibation of clays or precipitation of

soluble components, increasing aggregate stalaged on the literature review, the internal
particle rearrangement during wetting and dryingley theorized by Kemper & Rosenau
(1984; 1986) and Dexter et al. (1988) have nevenldirectly observed yet. However, this
process is widely cited and incriminated in aggtegsability changes linked to wetting and

drying cycles (e.g. Zhang & Horn, 2001; Denef et2001; Six et al., 2004).
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Micro-tomography provides the opportunity to imagel investigate the 3D structure of
numerous materials at scales ranging from few nat@® to several millimetres. In recent
years, the development of X-ray micro-tomograplohteques has offered a great opportunity
to explore the three-dimensional inner space df agyregates non-destructively (Young et
al., 2001). It is therefore an excellent tool ftwdying soil aggregate microstructure (Peth et
al., 2010). While study on pore characteristicg.(gorosity, pore size distribution, pore
length, pore shape) benefited from micro-tomogragliniques (e. g. Peth et al., 2008; Zhou
et al., 2012; Levitz et al., in press), It alsoeoff an excellent opportunity to study the
arrangement of solid particles within the aggregdtthe micro-scale. Small angle scattering
analysis and morphological analysis can be usetidoacterize the structure and properties of
the material, while topology analysis can assesstmnectivity of the solid phase within the
sample. Hence, X-ray micro-tomography and assati@i@ls of image analysis could be used
to check the existence of the particle rearrangénasna process of aggregate stability
variation in relation with wetting and drying cysle

The objectives of the the work presented here @r®) study the stability of aggregates
submitted to different types of wetting-drying agsl] 2) check the existence of the particle
rearrangement as a process of aggregate stalaligtion using observation by X-ray micro-
tomography.

Two millimetres diameter aggregates from a silydail were submitted to wetting and
drying cycles. Aggregate stability decreased dftertreatment including a fast wetting rates
and a slow drying rate, while it increased with tteatment including a slow wetting rate and
a fast drying rate. Image analysis of micro-tompbsa measurements showed very slight
differences in the aggregate micro-structure gaestg the occurrence of the particle

rearrangement.
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2. Material and method

2.1. Material

The aggregates used in this study were collectau the surface horizon of a silt loam
Luvisol located at the Marcheville experimentalesitSouth of the Parisian Basin, 15
kilometres in the south-west from the city of Chest (48°21'512"N; 1°16’0.55"E). Soil
presented 16% clay, 80% silt, 3% sand and 1.2%nargarbon. Soil was air dried at room
temperature, clods were slightly fragmented by hamdl sieved between 1 and 2 millimetres.
Treatments

Before the application of wetting and drying cycles measurement of the initial
aggregate stability was done (T0). Two treatmeatsesponding to different types of wetting
and drying cycles were applied to aggregate samples

Treatment T- was designed to decrease the aggrsigduiéity of the sample. The wetting
phase was done using a fast wetting rate, andrthiegdphase was done using a slow drying
rate. 60 grams samples were capillary wetted arcaos table equilibrated at a -1 kPa matric
potential (pF 0.4) during 10 minutes (until satia). A 10 g subsample was collected for
gravimetric water content measurement. After sétuma the sample was moved into a
pressure cell to control the matric potential dgrthe drying phase. Hydric potential was
firstly set at -3.2 kPa (pF 1.5) for 3 hours, ahdrt set at -10 kPa (pF 2) for 15 hours. A 10 g
subsample was collected for gravimetric water aonteeasurement. Then the remaining
sample was oven dried at 40°C for 48 hours. T-uidetl only one wetting and drying cycle.
A 15 grams sample was collected for aggregate l#jalbneasurement. 15 grams sample
remaining were kept for tomography measurements.

Treatment T+ was designed to increase the aggregatelity. The wetting phase
involved a slow wetting rate and the drying phaseived a fast drying rate. A 120 g sample

was capillary wetted on a suction table equilibaladea -10 kPa matric potential (pF 2) during
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4 hours. A 10 g subsample was collected for gratrim&ater content measurement. After
wetting, the sample was oven dried at 40°C durihdn@urs. After this drying phase, a 10 g
subsample was collected to measure gravimetricrveatgtent. The wetting and drying cycle
was repeated 3 times. After each cycle, a 15 gasupke was collected for aggregate stability
measurement. The 15 g sample remaining at the éntheothird cycle were kept for
tomography measurements.

A 50 g sample was kept in the dry state (oven, #@8€Call the experiment duration and

was used as a control.

2.2. Measurements

2.2.1. Aggregate stability

Aggregate stability was measured before the fietting and drying cycle and after each
cycle using a slightly modified version of slow ey test from Le Bissonnais’'s method (Le
Bissonnais 1996S0O/DIS 10930, 2012h g sub-samples were dried at 40°C for 24 h before
the application of the test, and each test wascagpld three times. Aggregates with diameters
between 1 and 2 mm where capillary wetted on adartable at a matric potential of -0.3kPa
for 30 min. After the tests, the resulting fragngemtere sieved in ethanol. The results are

presented using the mean weighted diameter (MWD).

2.2.2. Water content

Water content was measured gravimetrically aft@heaetting and drying phases for
both treatments. 3 g were oven drying at 105°C4&ir. Each measurement was replicated 3

times.
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2.3. Micro tomography and image analysis

2.3.1. Micro-tomography measurements

At the end of each treatment, the 1-2 mm diameggregates were dried and carefully cut
into 0.8 mm diameter aggregates, using a shargbMattro tomography measurements were
performed on these individual aggregates. For daeatment (T-, T+, and TO), three
aggregates were imaged by X-ray micro-tomographggrégates were scanned with a
synchrotron-based micro computed tomography (m-@f)beam line BL13W1 of the
Shanghai Synchrotron Radiation facility (SSRF). Aegmates were placed into a plastic tube
mounted on a rotary stage. The stage rotated frote @80° and absorption radiographs of
the samples were acquired at 0.1° interval. Theadce between the sample and the detector
was 10 cm. Scanning was conducted with a maximumayXenergy of 28 keV. The
“ctconstruct” software (developed by SSRF) was ugedeconstruct the slices from the
radiographs. 2048 slices with a size of 2048 * 2p#&ls for each slice were reconstructed
for every sample. Every voxel had a volume of Qurd * 0.74 um * 0.74 um, and the voxel
associated attenuation coefficients were storedages ranging from O (lowest attenuation)

to 255 (highest attenuation).

2.3.2. Image Analysis

Small angle scattering

One direct way to analyse structural correlatioracfolid matrix is to perform a small
angle scattering (SAS) analysis. Thanks to theclagnetration depth of X-rays, a projection
image from the X-ray micro-tomography measuremetakes into account the 3D
organisation of the solid matrix (Brisard et alQ12). X-ray small angle scattering allows
determining the 3D organisation of the studied dampt is a useful tool for characterizing

material structure which did not required the segaigon of the images. It does not allow
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assessing precisely the sample microstructure ivet gjatistical information (Brisard et al.,
2012). Results were presented by the I(q) grapterevithe scattered intensity 1(q) is the
Fourier Transform of the correlation function oétélectronic density r(r), which corresponds
to the probability to find a scatterer at positroim the sample if another scatterer is located at
position0, andq is the momentum transfer or scattering vector.évigtailed information on
the small angle scattering analysis can be found8ayard et al., (2005) and Levitz (2007).
Measurements were performed from the non segmeideprojections images, on the three
samples for each treatment (TO, T-, T+). For eamimpe, 5 3D projection images were

analyzed.

Figure 1: original slides from the reconstructioAl, B1, B3) compared to segmented slides

(A2, B2, C2).

193



Segmentation

Precise image quantification involves correctlyraegting the solid and porous phases.
For the present study, the segmentation threshakl defined from the gray scale histogram
of each slide. Segmentation was applied for eddk skparately. Aberrant points and isolated
clusters were deleted by erosion. Results of tlggnsatation of three slides from samples

submitted to the three treatments are shown indidgu

Morphology

The concept of “chord-length distribution” introdietby Mering and Tchoubar (1968) is
used to characterize two-phase system such asgaoraterials on stereological principles. A
chord is defined as a segment which belongs etthéine pore or to the solid and has both
ends on the interface. Hence, chord distributicesséereological tools used to describe the
interface between pore and solid phases (Levitz Beltbubar, 1992; Rozenbaum et al.,
2007). Chords are obtained by tracing random amddgeneously distributed straight lines
(rays) through a section or a 3D structure. Ther@hength distribution function gives the
probability of having a chord length between r ardr belonging either to the pore network
(fp(r)) or to the solid matrix (fm(r)). > and <Im> are the average chord length in the pore
network and in the solid matrix. There are con®deas estimators of the mean size of the
pore and solid particles (Cousin et al., 1996; Rbaem et al., 2007). 3D global parameters
such as the relative volume of the solid matrix)(€an be estimated from the mean chord
length as:

<|m>
@5_

dm>+<m>

For each treatment (TO, T-, T+), chord distributroeasurements were performed on 3D
segmented sections of 100 voxels high, selecteah fitme 3D segmented images. At the

moment, only one sample from each treatment has &ea&lysed. Repetitions have to be done
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in order to confirm the results. Chord length dsition and relative volume of the solid

matrix (&) were calculated for each sample.

Topology

The topological properties of a network quantifilssconnectivity. The topology of the
solid matrix was assessed by building the skelgg@ph of segmented 3D images and by
calculating its connectivity index (&

Skeleton graph is defined as the set of centredl afaximal spheres included in the solid
network. It is obtain by progressively narrowinge tholid space of segmented 3D images
(Levitz et al., in press). Skeleton graph was usegluantify the number of vertexes d) and
branchesd;) between them. In order to characterize in a sty the topology of the 3D
skeleton graph, the connectivity index;J@vas calculated as follow (Levitz et al., in ppess

a, —a,
a,

CT:

The higher the connectivity index, the more coneéds$ the solid matrix.
For each treatment (TO, T-, T+), skeleton graph aondnectivity indice (¢ were

calculated on the same 3D segmented sections asdifpology characterization.

3. Results

3.1. Water content

Initial water content was 0.9 % = 0.1%. For theatment T-, after the wetting phase,
gravimetric water content reached 23.5 % + 0.2%eAL5 hours equilibration at -10 kPa,
gravimetric water content was 19.5 % + 0.2%. At ¢éimel of the drying phase, water content
was 0.7% £ 0.1%. For the treatment T+, during tret €ycle, water content varied between
12.9% + 0.7% (end of the wetting phase) and 0.8%1%o (end of the drying phase). During

the second cycle, water content varied betweenfA24.9% at the end of the wetting phase
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and 0.5% + 0.1% after the drying phase. For theltbycle, water content varied between

13.5% + 1.2% and 0.7% + 0.2%.

3.2. Aggregate stability

Aggregate stability varied significantly for botteatments while it remained constant for
the experiment duration for the control samplegiFe 2). Initial and final values of MWD
of the samples were 0.67 (x0.06) mm and 0.63 (Yr@8pectively. After the treatment T-,
MWD decreased to 0.39 mm, corresponding to a dsered 42% (figure 2). For the
treatment T+, after the first wetting and dryingcley MWD decreased slightly up to 0.60
mm. After the third cycle, the MWD increased u@®t85 mm corresponding to an increase of

27% (Table 2).

3.3. Microstructure measured by tomography

3.3.1. Small angle scattering

Figure 3 presents the 3D projection images for deedtment (Al, B1 and C1) and the
associated log-log scale plot of I(q) versus q (B2, C2). Considering the small angle
scattering curves, no differences have been obdemweong the different repetitions for a
same treatment (data not shown). Moreover, noréifiee was found between the treatments:
small angle scattering curves exhibit a similatgratfor all the treatments (figure 3A2, 3B2,

3B3).
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Figure 2: MWD (mm) variation in relation with wetg and drying cycles
Treatment + = slow wetting rate / fast drying rate

Treatment - = fast wetting rate / slow drying rate

Control = no wetting and drying cycles (continugy dtate, 40°C)

Each MWD = mean of 3 repetition, n=3

Bars = standard errors

Aggregate stability classes from Le Bissonnais §)99

Table 2: mean chord length for the pore fractiop) (and the solid matrix (Im) (um) and

relative solid volume (@S ) for the three treatnsent

Sample lp Im Ds

Treatment TO 6.03 7.35 0.55
Treatment T- 581 6.76 0.53
Treatment T+ 574 7.89 0.58
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Figure 3: X-ray micro-tomography 3D projections iges (Al, B1, C1) and corresponding to

small-angle scattering curves (A2, B2, C2) for skmefore treatment (TO) (Al, A2), after
treatment — (B1, B2) and after treatment + (C1,.C2)

Different colours means different replicates
Image size is 2048*2048 pixels with a pixel siz8.88# pm.

a.u. = arbitrary unit
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The small angle scattering curve had two slopesitalh at highq values (> 0.5um)
and at lowq values (< 0.05uf) (figure 3A2, 3B2, 3B3). Such slopes correspondhie
Porod’s law indicating a sharp interface betweendblid and the porous phases of the image
(Boyard et al., 2005). Largg values refer to the interface between the two medithe
surface of the elementary particles composing #drapse. Porod’s low at higlg values
indicates a sharp interface between elementaryclemtand the porous phase. Lowalues
refer to the surface of the clusters composed gfeagated elementary particles. Porod’s low
at low g values indicates a sharp interface between chisted the porous phase. The

intermediateg values refer to the size and morphology of eleamgmarticles.

3.3.2. Morphology

Figure 4 present the chord distribution of thedaohatrix (fm(r)) and the porous phases
(fm(p)) for the three treatments. Very close patecan be observed between the different
treatments. Chord distribution in the solid matixd porous phase presented an exponential
distribution. Table 2 presents the mean chord lefgtthe solid matrix and the porous phase
and the relative solid volumes for the three tremtts. Small differences can be observed
between the different treatments. Initially (T@s was 0.55. It decreased slightly up to 0.53
for treatment T— and increased slightly up to Of68 treatment T+ corresponding to

variations of about 5% (Table 1).

3.3.3. Topology

The connectivity index CT summarizes the informmatim the sample topology measured
on the 3D skeleton graph. CT indices were verylainietween treatment TO and treatment
T— (0.72 and 0.73, respectively). For treatmenttfie CT index decreased to 0.62 (about

15%) corresponding to a lower connectivity amorgygblid matrix (table 2).

199



1e+0

1e-1

1e-2 A

1e-3

£(r)

1e-4

1e-5

186 1« fm)vsr -
fp(ryvsr

1e-7

0.1 1 10 100 1000

f(r}

f@ed frmm—mmm e X ]

B e e et P

Te-6 9 « fmvsr[————7-—————- | p——
fp(rjvsr
1e-7 T T T

0,1 1 10 100 1000

1e+0

1e-1 A

1e-2 A

1e-3 A

f(r)

1e-4 A

1e-5 A

1e-6 1 « fm(rjvsr
fp(r)vst

le-7

0,1 1 10 100 1000
r(um)

Figure 4: chord distribution for the three treatme 0 (A), T- (B) and T+ (C).

Image size is 2048*2048*100 voxels with a voxed 8iz0.74 um.
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Figure 5 showed the 3D skeleton graphs of the aeaif 100 voxels height for each
treatment. We can observe that the three considspwples presented very dense internal
structure characterized by a high number of conmestbetween particles. Such high

connectivity is underlined by a high number of egds and branches (table 3).

A. Treatment TO B. Treatment T- C. Treatment T+

iure 5: skeleton graph for the three treatmeigA), T- (B) and T+ (C).

Image size is 2048*2048*100 voxels with a voxed 8iz0.74 um.

Table 3: number of vertexes Q ), branchs 41 ) and connectivity index (CT ) for the three

treatments.
Sample a0 a1 Cy
Treatment TO 57717 99133 0.72
Treatment T- 76819 132590 0.73

Treatment T+ 68797 117289 0.62
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4. Discussion

4.1. Aggregate stability changes

The present study aimed at testing two differentting and drying cycles treatments
on a population of aggregates (1-2mm diameter)atiment T- corresponded to a fast wetting
rate followed by a slow drying rate, and so waseexgd to decrease aggregate stability.
MWD decreased by -42% from its initial value aféesingle wetting-drying cycle. Treatment
T+ corresponded to a slow wetting rate followedabapid drying, and so it was expected to
increase aggregate stability. MWD stayed almosstzon after the fisrt cycle, and increased
by 27% after three wetting and drying cycles.

Numerous studies showed that aggregate stabilisyaffected by wetting and drying
cycles even without stimulation of microbial actyi(e.g. Tisdall et al., 1978; Utomo &
Dexter, 1982; Barzegar et al., 1995; Cosentinol.et2806). Such studies showed that the
influence of wetting and drying cycles on the agagte stability was mainly controlled by the
balance between the applied wetting and dryingsratke results of the present study confirm

this relationship.

4.2.Changes in the microstructure

The results of the present study showed similarisamgle scattering curves among the
samples submitted to a given treatment. For differ@ggregates submitted to the same
treatment, the organisation of the solid matrixhivitthe aggregates was very similar. Such
result showed that internal structure of the aredyaggregates was homogeneous. The small
angle scattering analyse was not affected by tfierent treatments: curves followed closely
the same pattern whatever the applied treatment.

According to Kemper & Rosenau (1984; 1986), theatem of aggregate stability

induced by wetting and drying cycles is controllegl the rearrangement of the aggregate
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micro-structure. The present study aimed at rejataggregate stability variations to
modifications within the aggregate micro-structureorder to verify the real occurrence of
this process. According to Kemper & Rosenau th€@B84; 1986) one may have expected
that the contrasted aggregate stability measurted @fe different treatments would have led
to differences in the small angle scattering cuvesveen the samples but this was not the
case. This result can be explained by the limitatd small angle scattering measurements.
Indeed, such method gives a statistical averagkutnmation and does not allow assessing
precisely the sample microstructure (Brisard et 2012). If changes in the microstructure
would occur, they affected specific locations oé tholid matrix. Hence, a more detailed
analysis of the solid matrix morphology and topglagyrequired.

Chord distribution in the solid matrix and in therpus phase showed very small
differences between treatment T- and treatmenfTi€atment T- showed a small decrease in
the relative solid volume, and thus a small inceeak the porous volume compare to the
initial sample (TO). Moreover, treatment T- did radtect the solid matrix topology assessed
by connectivity index. Connectivity was very simifar the measurements before and after
the treatment. Such result means that during tre@itnT-, the sample porous volume
increased slightly, but the global connectivitytbé solid matrix stayed closely the same.
Those results did not allowed to validate the phatirearrangement induced by the fast
wetting rate theorized by Kemper & Rosenau (198386). Even if aggregate stability
decreased significantly after the treatment T-hstkecrease did not correspond to observable
internal micro-structure changes. Other physicavdhal processes may be involved. These
processes could act at the macro-aggregate scale és differential swelling of the clay), or
at the interface of coarse particles (such as diapersion or dissolution of the bonds

components).
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Morphology and topology measurements showed muntrasted results between the
treatment T+ and the reference TO. Treatment Telda small increase in the relative solid
volume, and thus a small decrease of the porousmicompared to the initial sample TO.
Such result corresponds to a small shrinkage ofwthele sample. The connectivity index
decreased by 14% from its initial value after treatment T+. These two results may seem
contradictory: the whole shrinkage of the sampkséased by morphological analysis) may
result in a more packed internal structure, but thymlogical analysis showed an overall
decrease in the solid matrix connectivity. The dase in connectivity can be interpreted as a
decrease in the number of contacts between partwithin the aggregate. Hence, it seems
difficult to relate the modification in the intednanicro-structure observed within the
aggregate, to the increase in its stability induggdhe treatment T+. We can suggest that the
increase in aggregate stability was induced byd¢herangement of small particles. Indeed the
resolution of the images (about 1f)ndid not allowed to consider smaller particles.wNe
clusters composed of small elementary particleddcbave been formed during the wetting
and drying cycles of treatment T+. Such hypothessustained by the whole shrinkage of the
aggregate but has not been observed directly. Becafl the small size of the involved
particles, such hypothetical clusters may have lbeesidered as individual particles after the
image segmentation, and thus as individual verieke skeleton graph. Hence, the measured
decrease in connectivity may be biased by this thgiwal formation of new clusters: the
connectivity assessed at the coarse particle slesleeased but the connectivity at the smaller
particle size might increase. Anyway, the prese&sults only concerned one sample per
treatment and so have to be confirmed by analyiegeplicates.

The results of this study showed that aggregatbiléyadecrease linked to the
treatment T- was not due to modifications in thierinal micro-structure. The occurrence of

the particle rearrangement theorized by Kemper &dRau (1984; 1986) was not observed
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for treatment T-. Treatment T+ resulted in slighéeges of the aggregate micro-structure but
morphological and topological analyses showed ealttory results and thus, were difficult

to relate to the observed increase in aggregaddista

5. Conclusion

Aggregate stability was clearly affected by bothttimg and drying treatments.
Aggregate stability decreased after one singleecgthigh wetting and slow drying rates, and
increased after 3 cycles of slow wetting and faging rates. This confirms that aggregate
stability variations may be closely related to wetting and drying rates. Internal structure of
the aggregates was characterized by X-ray micratwaphy. Small angle scattering analysis
showed no differences in overall micro-structureéwleen the treatments. Morphology
analysis showed slight differences in the relaseid volume between the treatments, and
topology analysis showed differences in connegtivit about 15% between initial samples
and treatment T+. The present results have to beroeed with replicates analysis. The study
showed that aggregate stability decrease linketigdreatment T- was not due to detectable
changes in the internal micro-structure. Moreoesen if treatment T+ showed changes in
micro-structure, it was difficult to relate thedeaoges to the observed increase in aggregate
stability. The occurrence of a particle rearrangatm&s a process of aggregate stability
increase, theorized 30 years ago remains to barcwd. With the current experimental
setup, the images corresponding to the differesditinents also corresponded to different
aggregates. The current challenge would be to measternal micro-structure changes on a
single aggregate submitted to wetting and dryingesy Such measurements may allow to
observe variations of internal micro-structure édikko aggregate stability variations, and thus
to verify the occurrence of particle rearrangemiatorized by Kemper & Roseau (1984;

1986).
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Synthese et conclusion

L’objectif de cette troisieme partie était d’évaldes processus actifs au sein des
agrégats lors des cycles d’humectation-dessiccagibde vérifier 'occurrence du processus
de réarrangement particulaire intra agrégat thé@a Kemper & Rosenau (1984 ; 1986) et

Dexter (1988). Nous aboutissons aux conclusionsastes :

1) Linfluence des cycles d’humidité sur la stabité structurale est essentiellement

contr6lée par l'intensité de I’humectation et de ladessiccation.

Les résultats présentés dans les chapitres 5 etoltrent que [lintensité de
’humectation et de la dessiccation jouent un nilajeur dans les variations de stabilité
structurale liées aux cycles d’humidité. Les deysetde cycles d’humidité testés dans le
chapitre 6 ont montré des variations contrastéek dgabilité structurale pour des agrégats
issus d’'un méme type de sol et présentant une nséahdité structurale initiale. Un cycle
d’humidité composé d'une humectation rapide et d’'udessiccation lente a permis de
diminuer la stabilité de plus de 40%. Trois cyctBsumidité successifs, composés d’'une
humectation lente et d’'un séchage rapide ont pedwaiggmenter la stabilité structurale de
27%. Le protocole expérimental présenté dans Igitkeb utilisait des cycles composés
d’'une humectation de faible amplitude (variationtren’état saturé et -55kPa) et d’'une
humectation et d’'une dessiccation lentes (envidrh pour 'humectation et 5 jours pour la
dessiccation). De tels cycles d’humidité n’ont pasmis de faire varier la stabilité structurale.
Ce résultat confirme notre bilan des résultats ioiésepar les précédentes études (e.g. Tisdall
et al.,, 1978 ; Utomo & Dexter, 1982 ; Barzegar kf 4995 ; Cosentino et al., 2006) :
linfluence des cycles d’humidité sur la stabilgucturale est essentiellement contrélée par

l'intensité des phases d’humectation et de destsicta
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2) Les cycles d’humidité engendrent une variation @ la pression inter-particulaire qui
peut générer un déplacement des particules.

Pour des variations d’humidité entre état saturé5&kPa, la déformation verticale
globale du massif d'agrégats a varié de 3% a 5%gisaque la pression interne entre les
particules mesurée par les micro-capteurs a vaieég0 hPa a 170 hPa. De telles variations
peuvent entrainer des déplacements locaux de pladicet donc un réarrangement de la
structure interne du matériau. Ces déplacementscamrolés par les variations de tension
dans les ménisques a l'interface des particulesfodtrséchage (fin du dernier cycle) entraine
des variations de contraintes internes qui n‘ontépe reliées a la déformation du massif

d’agrégats. Le processus sous-jacent reste a erécis

3) Les expérimentations n’ont pas permis de reliet’'occurrence du réarrangement
particulaire a des variations de stabilité structuale.

- Les cycles d’humidité peuvent engendrer des vaniatide la structure interne des

échantillons.

Les résultats présentés dans le chapitre 5 attedtenm réarrangement de la structure
interne du massif d’agrégat a I'échelle millimétrég(surface active du capteur de pression).
Avec le nombre de cycles, I'amplitude des défororai tend a diminuer, et le massif
d’agrégat tend globalement a se contracter. Danglme temps, la pression interne entre les
particules tend a augmenter. Ces résultats sombedants avec un rapprochement global des
particules qui composent I'échantillon, attestaimsiad’'un réarrangement de la structure
interne du massif d'agrégats avec les cycles d’Hiiéni

Les résultats de I'expérimentation présentés danshbpitre 6, ont également permis

d’'observer des variations de la structure interres cgrégats soumis aux différents
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traitements. Cette étude a permis de caractéas&ructure interne des agrégats a une échelle
beaucoup plus fine (quelques microns). Le traitearmencomposé d’'une humectation rapide
et d'une dessiccation lente a engendré une dinonuiiu volume de pore de 10% et une
diminution de la connectivité de la matrice soldke 15%. En revanche, pour le traitement
composé d’'une humectation rapide et d’une dessicclnte (T-), nous n'avons pas observé
de variations de microstructure.

- Ces variations dans la structure interne n'ont pas étre reliées a la stabilité

structurale.

Si des variations de microstructure ont été obssrna@u fortement suggérées par les
résultats de ces deux études, en revanche, latiorelvec la stabilité structurale n’a pas pu
étre clairement établie. Pour I'expérimentationspréée dans le chapitre 5, les résultats de
pression interne et de déformation du massif ortefieent suggéré un réarrangement de la
structure qui aurait d0 engendrer l'augmentationlalestabilité structurale. Cependant la
stabilité structurale de I'échantillon est restéastante. On peut expliquer cette constance par
une amplitude et des intensités faibles dans leesy’humidités appliqués. Des cycles plus
amples avec des phases d’humectation et de dessicqgdus intenses auraient permis de
faire varier la stabilité structurale. On peut égaént souligner que pour cette étude, la
stabilité structurale de I'échantillon est restéss tfaible durant I'expérimentation. Le massif
d'agrégat était initialement composé d’agrégats diemetres inférieurs a 0,5 mm. Ces
agrégats se sont combinés en macro-agrégats léaspdemiére humectation, ce qui a permis
au massif non contraint d’étre cohésif. On peutcddine que le premier cycle d’humectation-
dessiccation a permis de créer de nouveaux lieins ks agrégats initiaux.

Pour I'expérimentation présentée dans le chapjtrei6le traitement T+ a permis
d’augmenter la stabilité structurale, les variasiate microstructure identifiées n’étaient pas

totalement cohérentes et de ce fait difficiles @rpréter. Le volume poral a diminué, mais
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dans le méme temps, la connectivité de la phasdesaldiminué également, attestant d’'une
diminution du nombre de contact entre les partEw@da sein de I'agrégat. Ces résultats ne
permettent pas de valider le processus de réamsrgeparticulaire comme étant a I'origine
de la variation de stabilité structurale obseree.se basant sur la théorie de Kemper &
Rosenau (1984 ; 1986), une augmentation de la ligtatstructurale aurait da étre
accompagnée d'une augmentation de la connectivitélad matrice solide a I'échelle
microscopique. Or, une telle variation de la mitnodture n'a pas été observée.
Parallélement, la diminution de stabilité obserloge du traitement T- n’a pas pu étre reliée a
des variations de la microstructure interne deréggt. Si une augmentation faible (environ
5%) du volume poral a bien été observée, la coiviictle la phase solide est restée la méme
(alors qu’une diminution était attendue). De ce, fieis deux expérimentations n’ont pas pu
valider I'occurrence du réarrangement particulaicenme processus physico-chimique de
variation de la stabilité structurale lors des egctl’humidité. Ce processus doit faire I'objet
d’études plus approfondies. Les deux expérimemtaticalisées ont toutefois permis de
mettre en place les bases de protocoles solidksanti des techniques innovantes (micro-
tomographie X, micro capteurs de pression) afirbséver les variations de la microstructure
des échantillons aux échelles millimétrique et omoétrique, offrant de ce fait, des

perspectives intéressantes pour de prochainesimaéations.
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et
perspectives
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Actuellement, les prédictions des modeles d’érosimasentent globalement des
problémes de précision (Jetten et al., 2003 ; Boarg 2006). Les difficultés de prédiction de
I'érosion par les modeles sont en partie liéessadifficultés dans I'estimation de I'érodibilité
du sol (Jetten et al., 2003 ; Guimere et al., 20@9) effet, I'érodibilité est une notion
complexe englobant différentes propriétés du sfluémcées par de nombreux facteurs
interagissant entre eux. L'érodibilité peut étreineée par la stabilité structurale du sol.
Cependant, les connaissances concernant la vardgida stabilité structurale pour un méme
type de sol restent limitées, ainsi que les fastarprocessus qui sont a l'origine de ces
variations. De ce fait, I'amélioration des connaisses concernant les facteurs et processus
contr6lant la stabilité structurale apparait commeenjeu important pour permettre de mieux
estimer le parameétre « érodibilité inter-rigoledans les modéles et donc de mieux prédire
I'érosion.

Ce travail a été réalisé dans l'objectif généraniéliorer les connaissances concernant
les processus physico-chimiques de variation dgalailité structurale en se basant sur I'étude
de la variation de la stabilité structurale a past@mps court en relation avec les cycles

d’humidité. Il a combiné suivi de terrain et expéentations de laboratoire.

Synthese des résultats

1. L’érodibilité d’'un sol est une propriété dynamiqueque les modeles

d’érosion doivent considérer

Comme nous l'avons énoncé précédemment, la séalsiliticturale est un proxy de
I'érodibilité inter-rigole. Nos travaux ont montrfue la stabilité structurale d’'un sol donné
était une propriété fortement dynamique et quevdemtions de stabilité structurale observées

correspondaient a des érodibilités contrastées.
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1.1.La stabilité structurale de la surface d’'un sol domé peut étre trés différente de

celle du matériau sous-jacent

Les deux études de terrain présentées dans lestreBaf et 3 ont montré des
différences importantes de stabilité structuraleecta surface du sol (0-5mm) et le matériau
sous jacent (10-50 mm). L'étude présentée danshdpite 1 a montré que, a un instant
donné, la stabilité de la surface d’'un sol encra#eplus importante que celle du matériau
sous-jacent. Ce phénomene a été observé sur latgtesé des sites prélevés. Au début du
suivi de terrain présenté dans le chapitre 3, avail du sol avait été réalisé. Le sol présentait
donc un matériau homogéne dans les 10 premiergredrgs de profondeur, et la stabilité
structurale était la méme pour la surface et lassuface. Au cours du temps, la surface et la
sub-surface ont vu leur stabilité structurale siges variations différentes. Aussi, a un temps
donné, la surface et la sub-surface ont pu présdetestabilités tantot similaires, tantét tres
contrastées. Les différences observées n’étaientqugours dans le méme sens : la surface
présentant tantét une stabilité plus forte, tanti stabilité plus faible que la sub-surface.

Les différences de stabilité entre surface et sufase n'ont pas pu étre expliquées
par les propriétés standards du sol (chapitre ilpan I'histoire hydrique ou la variables
biologiques (chapitre 3). On peut suggérer que pecessus de formation des croutes
structurales et sédimentaires soient a I'origine déférences de stabilité observées. Cette

hypothése doit étre vérifiée par d’autres études.

1.2. La stabilité structurale d’'un sol donné varie aveda localisation du site

Les résultats de I'étude de terrain menée en Cfurésentés dans le chapitre 1) ont
clairement montré que pour un matériau présentastpdopriétés similaires (en termes de
mesures habituellement effectuées sur des écloastitle sols), I'érodibilité estimée par des

mesures de stabilité structurale pouvait fortenvanier selon le site. Ces sites étaient séparés
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par des distances de quelgues kilomeéetres au maxinga résultats similaires ont été
obtenus lors du suivi de terrain effectué en Frgpcésenté dans le chapitre 3) : la stabilité
structurale de la surface des deux sites locatisédes types de sol trés voisins et séparés par
guelques kilométres, variait dans des gammes &iaas, et donc présentait des érodibilités
différentes. Ces deux études ont également monteélay stabilité structurale du sol était
similaire pour des placettes localisées dans unard@ramp et séparées par quelques dizaines
de metres. L’homogénéité spatiale d’'une parcellcalg semble donc se retrouver dans la

stabilité structurale.

Pour I'étude chinoise, I'effet du site influencaitla fois la stabilité structurale de la
surface du sol encrouté et celle du matériau smeenj. Les différences d’occupation du sol
entre sites pourraient expliquer au moins une gaes variations observées, mais cela reste a
vérifier. Pour I'étude francaise, le site n’infligit que la stabilité structurale de la surface, la
sub-surface des deux sites présentant des stalgliéalement similaires. Les différences de
stabilité structurale observées entre les sitescéig n'ont pu étre expliquées ni par les
propriétés du sol (car similaires entre les sites)par le climat régional (étant donné les
faibles distances qui les séparaient), ni par Upedion du sol (les deux sites étant gardés sans
végeétation au cours du suivi). Les différences mment provenir des cultures antécédentes,
hypothése qu'il reste a tester. Selon une autrethyse, les différences de stabilité entre les
sites (francais comme chinois) seraient dues aliffiésences de micro-climat, impliquant des
dynamiques de teneur en eau du sol difféerentes.régmgdtats du suivi de terrain a pas de
temps court montrent en effet de petites différertens la dynamique de la teneur en eau
entre les sites Marcheville et La Gouethiere : glefment, le site de La Gouethiére présentait
une stabilité structurale généralement plus élet@es variations de teneur en eau plus fortes
gue pour le site de Marcheville. Cette influencentiaro-climat a I'échelle des sites d’étude

reste a vérifier.
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1.3. La stabilité structurale d’un sol donné varie dande temps

Les résultats présentés dans le chapitre 3 montkaitement que la stabilité
structurale varie fortement a pas de temps cout fgosurface du sol comme pour la sub-
surface. Les variations observées a pas de tempssant de la méme amplitude que celles
observées a pas de temps mensuel (variations 20#eet 30% selon les modalités). Ces
variations de stabilité structurale correspondeseésgérodibilités du sol contrastées.

Les variations temporelles de la stabilité struatietaient différentes selon I'échelle
spatiale considérée. Pour les deux sites (localsésielques kilométres de distance et
présentant des types de sol proches), la stabtlitieturale a suivi les mémes tendances de
variations. Pour deux placettes localisées a qeslgizaines de metres d’écart, dans le méme
champ, la stabilité structurale a présenté desatwebs et des gammes de variation trés
semblables. Les relations entre les dynamiquesudace et de sub-surface de la stabilité
structurale sont apparues moins évidentes, les detgriaux superposés suivant tantét les

méme tendances de variation, tantét des tendaift@sdtes.

1.4.’estimation de I'érodibilité dans les modeles d’éopsion

Ces différents résultats attestent d’'un comportémiemtement dynamique de
I'érodibilité d’'un sol donné et soulignent, de edtfles difficultés d’estimation du parameétre
érodibilité par les modeles d'érosion. En effetplapart des modeéles d’érosion considérent
I'érodibilité comme une constante pour un type diedenné (Jetten et al., 2003 ; Gumiere et
al., 2009) : a un type de sol ils font correspondne valeur d’érodibilité constante dans
I'espace et le temps. Or, les résultats de la ptésétude montrent que I'érodibilité d'un sol
donné varie a la fois selon la localisation du sitedans le temps (a pas de temps court).
Actuellement, les modeéles d’érosion ne prennentgaEompte cette variation spatiale et
temporelle de I'érodibilité d’'un sol donné. Dans lmeilleurs cas, la paramétrisation des

modéles intégre une moyenne saisonniere de I'étivdifpar exemple, RUSLE, WEPP), et
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ignore donc la variabilité temporelle a pas de teiequrt. Mieux prédire I'érosion nécessitent
pourtant de considérer les fortes variations temlfes de I'érodibilité d’un sol. Dans I'état
actuel des connaissances, et afin d’optimiser &itgudes prédictions, les modéles d’érosion
devraient considérer une gamme d’érodibilité pomrsel donné (et non plus une valeur
unique), gamme qui intégrerait a la fois la valisdtemporelle et spatiale.

En complément, une moindre hétérogénéité de lalisdadiructurale a été constatée au
sein d'une méme parcelle agricole. Ce résultatlifacla paramétrisation des modeles
d’érosion.

Enfin, lorsque I'érodibilité du sol est estimée parstabilité structurale, les mesures
sont généralement réalisées dans I'horizon lab&\insi, la valeur d’érodibilité attribuée a un
sol est celle mesurée dans en sub-surface et nearfate. C’est pourtant bien la surface du
sol qui est soumise aux agents érosifs. Plusiéstdtats présentés dans cette thése montrent
que la stabilité structurale peut étre trés diffiéeeentre la surface et la sub-surface. Aussi, en
estimant I'érodibilité par des mesures réaliséas ddorizon labouré, on tend a biaiser les
résultats, et ainsi attribuer au matériau subis&aision une érodibilité qui ne lui correspond
pas forcément. De ce fait, et pour éviter ce typéiais, lorsque I'érodibilité est estimée par
des mesures de stabilité structurales, ces mesiaigent étre réalisées sur le matériau de

surface.

2. Hors amendements organiques, les facteurs controlales variations
temporelles de la stabilité structurale sont esseiellement liés a la teneur
en eau du sol.

Nous avons identifié des variations fortes de &biité structurale a pas de temps court.
Le suivi de terrain présenté dans le chapitre gaeénent permis d’'identifier les facteurs

controlant ces variations.
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2.1.Les variations a pas de temps court de la stabilitgtructurale de la surface du sol

sont influencées par la dynamique de la teneur erae

Les résultats présentés dans le chapitre 4 mongeent pour les conditions étudiées
(sol nu, pas de stimulation de l'activité microlienpar des apports), les variations de la
stabilité structurale de la surface du sol a pastaieps court étaient essentiellement
influencées par la dynamique de la teneur en eawsalulLa teneur en eau du sol au
prélevement, I'histoire hydrique et l'histoire desécipitations sont apparus comme des
facteurs dominants des variations de stabilitecairale observées pour la surface. Un modele
de régression incluant les indices de l'histoirelrigue du sol a permis de prédire jusqu’a
60% des variations de la stabilité structurale plEss. En revanche, les variables liées a
I'activité biologique n’ont pas permis d’expliquies variations de stabilité, ni d’améliorer les
prédictions des modeles testés. Ce résultat saullgncaractere dominant des facteurs
abiotiques dans les variations de stabilité stmaids a pas de temps court lorsque l'activité
biologique n’est pas stimulée. Ces facteurs soptiqués dans différents processus physico-
chimiques liés aux cycles d’humidité. Ces procegsugsico-chimiques, présentés dans le
chapitre 2, nécessitent d’étre mieux connus afirpelenettre de mieux prédire la stabilité

structurale.

2.2.Les variations a pas de temps court de la stabilitétructurale de la sub-surface
ne sont pas expliquées
Si la sub-surface du sol présentait de fortes trana de stabilité structurale, aucune
des variables étudiées n’'a permis d’expliquer cagations. L'identification des facteurs

contrblant les variations de stabilité de ce maténécessite des études dédiées.
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3. Les facteurs abiotiques contrdlent la stabilité swcturale au travers de
processus physico-chimiques

Les facteurs de variation de la stabilité strudaura pas de temps court sont des
variables abiotiques liées a la teneur en eau tuCas facteurs sont impliqués dans des

processus physico-chimiques.

3.1.Les processus physico-chimiques de variation de $&abilité structurale sont liés

a la dynamique de I'eau

La synthese bibliographique présentée dans le thapi a permis de dresser un
inventaire exhaustif des processus physico-chinsiqutgs dans la littérature comme étant a
I'origine de variations de stabilité structuraleesCprocessus agissent a I'’échelle du macro-
agrégat et a I'échelle du micro-agrégat de faces tliversifiées. Cette synthese souligne la
dynamique de la teneur en eau du sol comme étafacteur commun de ces processus,

notamment a travers les cycles d’humidité.

Les résultats présentés dans les chapitres 5 entémontré que l'intensité de
’humectation et de la dessiccation jouait un rél@jeur dans les variations de stabilité
structurale liées aux cycles d’humidité. Les deypes de cycles d’humidité testés dans le
chapitre 6 ont montré des variations contrastées ges agrégats issus d’'un méme type de
sol et présentant une stabilité structurale imtimlentique. Un cycle d’humidité composé
d’'une humectation rapide et d’'une dessiccatiorel@npermis de diminuer la stabilité de plus
de 40%. Trois cycles d’humidité successifs, compogd@ne humectation lente et d’'un
séchage rapide ont permis d’augmenter la stabditécturale de 27%. Le protocole
expérimentale présenté dans le chapitre 5 utilikggtcycles d’humectation d’amplitude faible

(variation entre état saturé et -55kPa) composdisedhumectation et d’'une dessiccation lente
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(environ 3 h pour I'humectation et 5 jours pourdkessiccation). De tels cycles d’humidité
n'ont pas fait varier la stabilité structurale. &sultat confirme une tendance qui avait déja
été observée par de précédentes études (e.g. |Tesdal, 1978; Utomo & Dexter, 1982;
Barzegar et al., 1995; Cosentino et al., 2006)nfllience des cycles d’humidité sur la
stabilité structurale est essentiellement contrlgel'intensité des phases d’humectation et

de dessiccation.

3.2.Un état des connaissances variable selon les prasies

La synthese bibliographique présentée dans le thapi a montré que I'état des
connaissances concernant les processus physicagcieisn de variation de la stabilité

structurale présentait des statuts variables.

A I'échelle du macro-agrégat, les processus idéstiféclatement, impact des gouttes
de pluies, gel-dégel, gonflement différentiel degilas) ont été observés et leurs conditions
d’occurrence sont largement connues. A I'échellendcro-agrégat, certains processus sont
biens maitrisés (dispersion/floculation des argilesmis d’autres nécessitent de nouvelles
études pour valider leur occurrence et leur imghea dans les variations de stabilité
structurale. C’est le cas par exemple du réarraegerparticulaire intra-agrégat, de la
cristallisation/dissolution en climat tempéré ouwcae du « durcissement thixotropique ».
Cette synthese a pointé le réarrangement partieuiatra-agrégat comme étant le plus
important a vérifier étant donné le nombre de icitet dont il fait I'objet. Ce processus repose
sur des bases théoriques fondées, mais n’a jatgadiréctement observé. Son occurrence et
son implication dans les variations de stabilitéicttirale en lien avec les cycles d’humidité
demandaient donc a étre vérifiées. Deux étudesiexpidtales en laboratoire ont été réalisées

dans le cadre de cette thése.
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3.3.La structure interne des agrégats est affectée p#ss cycles d’humectation-

dessiccation

Les résultats présentés dans le chapitre 5 attegtem réarrangement de la structure
interne d’'un massif d’agrégats a I'échelle millimgwe (surface du capteur de pression).
Avec le nombre de cycles, 'amplitude des défororadi tend a diminuer, et le massif
d’agrégat tend globalement a se contracter. Danglme temps, la pression interne entre les
particules tend a augmenter. Ces résultats sontocdants et correspondent a un
rapprochement global des particules de I'échamtiladtestant ainsi d’un réarrangement de la
structure interne du massif d’agrégats avec lesesyd’humidité. Concernant cette méme
étude, pour des variations d’humidité entre un gaatiré et -55kPa, la déformation verticale
globale du massif d’agrégats a été comprise eftseeB5%, tandis que la pression interne
mesurée par les micro-capteurs a varié entre 50ahR@0 hPa. De telles variations ont
entrainé des déplacements locaux de particulesoet dn réarrangement de la structure
interne du matériau. Ces déplacements sont costfgdé les variations de tension dans les
meénisques a l'interface des particules.

Les résultats de I'expérimentation présentés danshhpitre 6 ont également permis
d’'observer des variations de la structure interntreeles agrégats soumis aux différents
traitements. Cette étude a permis de caractéasgructure interne des agrégats a une échelle
beaucoup plus fine (quelques microns). Le traitdnecemposé d’une humectation rapide et
d’'une dessiccation lente (T+) a engendré la dinomutu volume de pore de 10% et la
diminution de la connectivité de la matrice solide 15%. En revanche, le traitement
composé d’'une humectation rapide et d’'une dessictdénte (T-) n’a pas engendré de

variations dans la microstructure de I'agrégat.
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3.4.Les expérimentations menées n’ont pas permis de i@l les variations de

structure a la stabilité structurale

Si des variations de microstructure ont été obssna@u fortement suggérées par les
résultats de ces deux études, en revanche, laiorebvec la stabilité structurale n’a pas pu
étre clairement établie. Pour I'expérimentationspréée dans le chapitre 5, les résultats de
pression interne et de déformation du massif ortefieent suggéré un réarrangement de la
structure qui aurait d@ priori engendrer une augmentation de la stabilité strailetu
Cependant la stabilité structurale de I'échantiésh restée constante. On peut expliquer cette
constance par une amplitude et des intensitésefaithns les cycles d’humidité. Des cycles
plus amples avec des phases d’humectation et dsicdagon plus intenses auraient
vraisemblablement permis de faire varier la st@biktructurale. Pour I'expérimentation
présentée dans le chapitre 6, si le traitement Permis d’augmenter la stabilité structurale,
les variations de microstructure identifiées n'émdipas totalement cohérentes et, de ce fait,
difficiles a interpréter. Ces résultats n'ont pagnpis de relier 'augmentation de stabilité
observée au processus de réarrangement partictiéwesé par Kemper & Rosenau (1984 ;
1986). Parallelement, la diminution de stabilit&setvée lors du traitement T- n'a pas pu étre
reliée a des variations de la microstructure irgede I'agrégat. Si une augmentation faible
(environ 5%) du volume poral a été observée, laneotivité de la phase solide est restée la
méme, alors qu’une diminution aurait été attenduesi, au vue de ce dernier résultat, nous
pouvons penser que le réarrangement particulainemmo théorisé par Kemper & Rosenau
(1984 ; 1986) n’intervient pas dans la diminutianld stabilité liées a des cycles d’humidité.
D’autres processus impliquant des déplacements iplpsrtants de particules, comme la
dispersion des ciments argileux, ou actifs a déelées plus grandes, comme le gonflement

différentiel des argiles peuvent étre suggérés dansas. Les deux expérimentations n’ont
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donc pas pu clairement valider I'occurrence dureFayement particulaire comme processus

physico-chimique de variation de la stabilité stuwale lors des cycles d’humidité.

Perspectives

Les différentes études réalisées a travers cedteetbont permis de progresser dans la
compréhension de la stabilité structurale, de sauhyque, des facteurs et des processus qui
en sont a l'origine. Les résultats obtenus a tsees études nous conduisent a proposer les
perspectives suivantes pour de futures recherches.

Les variations de stabilité structurale étudiées ties études de terrain ont été observées
pour des types de sols limoneux ou limono-argilddautres types de sols (plus argileux)
pourraient présenter des variabilités temporeltespatiales différentes. Il en va de méme
pour les facteurs qui contrélent la variation dsthbilité structurale. Aussi, la réalisation d’'un
suivi de terrain a pas de temps court sur un aype de sol constituerait un complément
important dans I'objectif d’'une meilleure paramgdtion de I'érodibilité par les modéles.

L'étude de terrain présentée dans le chapitre @émaegd’étudier I'influence des processus
de formation de croute de battance sur la stalslitécturale des croutes elles-mémes. En
effet, si I'impact de la stabilité structurale darformation des croutes de battance a été
largement étudié (e.g. Hairsine & Hook, 1994 ; Kugiral., 2003), la relation inverse reste
méconnue. Les résultats présentés dans les chapére8 montrent des stabilité différentes
entre surface encroutée et sub-surface. Ces diffésedoivent étre expliquées.

Si I'histoire hydrique est apparue comme un factaminant dans les variations de la
stabilité structurale a la surface du sol, la geaimdonnue qui résulte du suivi de terrain reste
les facteurs et processus qui contrélent la stébdtructurale de la sub-surface. D’autres

études sont a réaliser pour éclaircir les causessl@ariations.
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La synthése bibliographique a mis en avant desegsus physico-chimiques incriminés
dans les variations de la stabilité structuralesnmaéconnus. C’est le cas notamment de la
dissolution/cristallisation en climat tempéré pdes sols non carbonatés, ou encore le cas de
la thixotropie impligué dans le durcissement paeilissement (« thixotropic age
hardening »). Si ces processus ont été identifiégnnee nécessitant des études
complémentaires approfondies, de telles études pas pu étre réalisées dans le cadre de la
thése, et reste a concevoir.

Les expérimentations présentées dans la troisiarie mnt permis de mettre en place des
protocoles solides dans I'objectif de caractéresmprocessus physico-chimiques de variation
de la stabilité structurale en relation avec leslesy d’humidité. Ces protocoles offrent des
perspectives intéressantes pour la réalisatiorpdiexentations futures.

L’expérimentation présentée dans le chapitre 5 &toi reproduite en utilisant des cycles
d’humidité plus amples et des phases de séchagemknses afin de permettre d’observer
des variations de stabilité structurale et de &dmr aux variations de pression interne. La
mise en place de tels cycles d’humidité a poustant été limitée par les gammes de mesure
des micro-tensiometres.

Enfin, la démarche expérimentale présentée damhdeitre 6 pourrait étre reproduite
avec des mesures de tomographie réalisées sur me agrégat. En effet, dans I'état présent
du protocole, les mesures de tomographies sonsééalsur des agrégats différents soumis a
différents traitements. De telles mesures ne péemigpas de différencier la part de variabilité
provenant des disparités entre les agrégats de petivenant des traitements. Aussi, la
réalisation des traitements et des mesures sueuines méme agrégat limiterait ce biais et

permettrait une étude optimale des changements ahcko-structure des agrégats.
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Baptiste ALGAYER

Variabilité a court terme de la stabilité structura le des sols
et processus physico chimiques associés

Résumé :

La stabilité structurale du sol peut étre utilisée pour estimer I'érodibilité du sol, paramétre clef des modéles
d’érosion. Afin d’améliorer les connaissances sur les facteurs et processus contrdlant la stabilité structurale,
cette these avait pour objectif d’étudier la variabilité de la stabilité structurale a pas de temps court (quelques
jours) ainsi que les processus physico-chimigues qui en sont a I'origine. Des études de terrain ont permis de
caractériser une dynamique rapide de la stabilité structurale pour un sol donné avec notamment : des
différences importantes entre surface et sub-surface ; une forte variabilité selon la localisation du site (mais
une faible variabilité pour un méme site) ; et une forte variabilité a pas de temps court liée a la teneur en eau
du sol. Les variations de stabilité structurale a pas de temps court apparaissent majoritairement contrblées
par des processus physico-chimiques fortement liés aux cycles d’humidité. Une synthése bibliographique a
montré que l'occurrence de certains de ces processus nécessitait d'étre vérifiée, notamment pour le
réarrangement particulaire. Des expérimentations en laboratoire ont montré que la structure interne des
agrégats était affectée pas les cycles d’humidité a I'échelle millimétrigue comme micrométrique. Cependant,
les réarrangements de particules observés n'ont pas pu étre strictement reliés aux variations de stabilité
structurale. Les résultats de ces expérimentations confirment le suivi de terrain : la teneur en eau du sol a un
réle majeur dans les variations de stabilité structurale a pas de temps court. Dans la plupart des cas, les
différences de stabilité mesurées correspondaient a des érodibilité du sol contrastées. Les modeles
d’érosion devraient donc inclure cette variabilité pour améliorer leurs prédictions.

Mots clés : sol, stabilité structurale, érodibilité, agrégation, réarrangement particulaire, teneur en eau

Short time step variability of soil aggregate stabi lity
and physico-chemical processes involved

Abstract:

Soil aggregate stability can be used to estimate soil erodibility, a key parameter in erosion models. To
improve the knowledge about the factors and processes controlling aggregate stability, this PhD thesis
aimed at analyzing the variability of soil aggregate stability at short time step (a few days) and the physico-
chemical processes controlling this variability. Field studies allowed characterizing a quick dynamic of
aggregate stability for a given soil. Results showed: large differences between surface and sub-surface, a
large variability among sites (but a low variability within a given site); and a large variability at short time step
in relation with soil water content. Aggregate stability changes at short time step are mainly controlled by
physico-chemical processes closely related to wetting-and-drying cycles. A literature review showed that the
occurrence of some of these processes needed to be validated; especially for the particle rearrangement.
Laboratory experiments showed that the internal structure of aggregates was affected by wetting-and-drying
cycles at the millimeter and micrometer scales. However, the observed particle rearrangements could not be
strictly related to aggregate stability changes. The results of these experiments confirm the field monitoring:
soil water content plays a major role in the changes of aggregate stability at short time step. In most of the
cases, the measured differences in aggregate stability corresponded to contrasted erodibilities. Hence,
erosion models should include this variability to improve their predictions.

Keywords: soil, aggregate stability, erodibility, aggregation, particle rearrangement, water content
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