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Summary

Low-lying coastal and deltaic regions worldwide are confronted with compaction of shal-
low, compressible subsurface layers, which results in land subsidence, the lowering of the
surface. Land subsidence poses a signi cant problem since it increases o0od risk, can damage
buildings and infrastructure, enhances saltwater intrusion and coastal erosion. In many of
these regions, including large parts of the Netherlands, subsidence rates exceed absolute sea-
level rise and therefore directly impact the e ectiveness of ood protection systems, water
management strategies, and urban development policies. Subsidence in such environments
is strongly controlled by the build-up of the shallow subsurface and the material properties
of its layers. Areas dominated by sequences of peat and organic-rich clays often show the
highest subsidence rates due to their high compressibility.  ese soft materials can compact
strongly due to drainage, loading, and porewater pressure decrease. Compaction can be
divided into various components, including consolidation, shrinkage and viscous compres-
sion. A part of compaction is elastic, which means that the deformation is reversible and the
surface can rise again after subsiding. However, most problematic is inelastic compaction,
which results in a permanent lowering of the surface. e various components of compaction
each act at di erent time scales. Compaction acting over relatively short time periods up to
several years, dominated by consolidation, is relatively well understood and incorporated into
engineering practice. On the other hand, compaction over years to decades is more challeng-
ing to understand and makes long-term predictions uncertain.

Long-term compaction is largely caused by viscous compression: a time-dependent com-
paction process of subsurface material compression that persists under constant stress,
the vertical pressure acting on the subsurface material. In other words, viscous compres-
sion continues even when boundary conditions remain unchanged, and therefore, it can
continue for decades after initial loading or drainage. Especially peat and clay, as the
most compressible subsurface materials, are susceptible to viscous compression. While
viscous compression of clay has been studied substantially before, viscous compression
of peat has received little scienti c attention. Peat is also prone to decomposition, the
breakdown of organic matter by microbes. is can weaken the peat structure, change
material characteristics and increase its compaction rate. To further complicate the mat-
ter, peat and organic-rich clay exhibit strong spatial variability in composition, structure,
and degree of decomposition. is variability extends both laterally and vertically, and
material characteristics di er even within individual subsurface layers. ese complexities
are poorly represented in commonly used methods to quantify past, present and future
subsidence, which rely largely on conceptual models and parameterisations that assume
homogeneous material properties. Because of the limited understanding of viscous com-
pression of peat, model predictions often underestimate long-term subsidence of peat
and organic-rich clay, especially under low stress conditions, leading to discrepancies of
orders of magnitude between predicted and observed compaction. e main objective
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of the research is to advance the mechanistic understanding of viscous compression and
its role in long-term compaction behaviour in order to help improving the predictive
capacity of land subsidence models, particularly for peat and organic clays.

To reach this objective, three research steps were taken: 1) identify the mechanisms and
processes that cause viscous compression in organic-rich subsurface layers, 2) determine
and quantify the in uence of organic matter decomposition on viscous compression, and
3) translate the improved mechanistic understanding into improved predictive capacity of
subsidence models through more representative parameterisation of viscous compression.

A useful starting point to identify the mechanisms and processes of viscous compression
of peat is to review the mechanisms and processes identi ed for viscous compression
of clay. Although peat and clay are both very compressible, they have di erent material
characteristics which are important for their compressibility. For example, clay has small,
dense, often stacked particles with electrically charged surfaces, leading to a small ad-
sorbed water layer, and strong attractive and repulsive forces between particles. Peat, on
the other hand, has larger particles that physically grip onto one another, generally holds
more water inside the particles, and originate from plant remnants. Both clay and peat
show a mix of di erent sized pores, with peat having larger pores on average. Viscous
compression of clay is governed primarily by micropore water expulsion, changes in the
adsorbed water layer, and changing interactions of particles. ese mechanisms also exist
in peat, but the organic matrix, composed of bres of variable integrity, size, and botani-
cal origin, introduces additional complexity. Fibres can interlock more than clay particles,
the plant cells contain water that cannot be expelled like water in clay micropores, and
large particle contact areas generate resistance against movement. Furthermore, a lower
or absent surface charge of bres and decomposed organic matter diminishes the role
of adsorbed water and can lead to more resistance between particles. Six key controls
of viscous compression in peat were identi ed: degree of decomposition, progressive
decomposition, clay fraction, temperature, pH, and ion concentration. e degree of
decomposition and progressive decomposition are unique to peat compared to clay and
therefore highly important in explaining the di erences between the two materials. e
six controls underscore that viscous compression of peat cannot be explained solely as a
physical or biochemical process. Instead, it occurs as the result of a dynamic interaction
between bre-scale structure, porewater di usion, and biochemical transformation.

Because the degree of decomposition and its temporal progression were found to play
a central role in viscous compression, a more detailed investigation was needed to
properly understand and quantify the interaction between viscous compression and de-
composition. s considered both the e ect of compaction on decomposition rates and
the feedback of decomposition-induced changes on material compressibility. Decompo-
sition was quanti ed through respiration tests, which measure the CO, produced during

Xl



Summary | Samenvatting

decomposition. Combined with compression tests it was possible to experimentally
show that porosity acts as a critical control: reductions in pore space caused by compac-
tion suppress microbial respiration in brous peat, which is relatively undecomposed.
In already decomposed material, with lower porosity, compaction causes a smaller
reduction in decomposition. Consequently, less decomposed peat experiences stronger
compaction under equal loading conditions because its high porosity and exible bre
structure permit substantial particle reorientation and compression. At the same time,
the induced reduction in porosity constrains future decomposition by limiting oxygen
and substrate transport. is interdependence implies that the degree of decomposition
governs the initial compressibility, while progressive decomposition reduces the rate of
future compaction. ese ndings challenge the assumption of most subsidence models
that progressive decomposition is too slow to in uence mechanical behaviour within
engineering timescales of residual compaction of buildings, which is in the order of 10
years. Instead, the results show that decomposition and viscous compression limit each
other and jointly control long-term subsidence.

To translate these mechanistic insights into improved predictive capacity, a large dataset
consisting of results from oedometer and CRS compression tests, and supplementary char-
acteristics tests was analysed. Materials listed either as Peat or Clay were grouped into
lithological classes based on their material characteristics. e di erences in the viscous
compression parameter, indicating the amount of viscous compression per logarithmic
unit of time, between the lithological classes were determined. Samples were grouped
into four classes, i.e., Clay, Clayey Peat, Fibrous Peat, and Decomposed Peat, revealing
that viscous compressibility generally increased with organic content, with brous peat
showing the highest susceptibility to long-term compaction. However, decomposed peat
displayed lower viscous compression susceptibility despite being organic-rich, re ecting
its more compacted, interlocked structure and smaller residual pore space. For clastic
materials, the viscous compression parameter could be predicted reasonably well using
water content and dry bulk density. However, within the peat classes variability remained
large, which made predictions uncertain. is variability of viscous compression intensity
of peat highlights that speci ¢ organic structural characteristics such as bre size, tensile
strength, and botanical origin of the organic matter in uence compressibility in ways not
captured by the simpler bulk density and water content. Complementary to the identi ed
interaction between viscous compression and decomposition, these results demonstrate
that decomposition induces a systematic and progressive decrease in the compressibility
of organic soils, which are directly relevant for improving the parameterization of viscous
compression in predictive subsidence models.

Another improvement of predictive models lies in the way overconsolidated conditions are

handled. Material is overconsolidated when its current e ective stress is lower than its pre-
consolidation stress, which may result from past higher loadings, or when time-dependent
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processes such as viscous compression or aging have increased its apparent sti ness. is is
expressed by the overconsolidation ratio, i.e., the preconsolidation stress divided by the current
stress. Viscous compression under overconsolidated conditions can be assessed by analysing
the viscous compression parameter for moments when the samples are overconsolidated in
compression tests. e viscous compression parameter at overconsolidated conditions needs
to be determined through an iterative method. is determination is usually done using a
logarithmic method at normally consolidated conditions, when the applied or current stress
is the maximum stress material has experienced. e analysis demonstrated that the viscous
compression parameter can be several times higher (i.e., viscous compression occurs faster
with a higher parameter value) when determined for overconsolidated conditions compared
to normally consolidated conditions. Validation shows that viscous compression calculations
with the new overconsolidated parameter values match measurements better than viscous
compression calculations with the normally consolidated parameter values. For very high
overconsolidation ratios (> 5) the viscous compression parameter values seem to decrease
slightly.  ese ratios correspond to a high intrinsic time; the time material would need to
reach its current compaction state with the currently applied load. High ratios indicate a
high maximum stress previously, accompanied by fast compaction rates. As a result, intrinsic
time at low stresses during later time periods after loading will drastically increase. Viscous
compression thus rst shows a logarithmically decreasing rate; then, at long intrinsic times,
the rate stabilises or even increases, and eventually the rate will start decreasing again. Con-
sequentially, the isotachs, timelines indicating the intrinsic time of material with stress and
compaction state, are not equidistant, but can be non-equidistant or even bending or diverg-
ing. Further testing and modelling are needed to fully understand and integrate this varying
viscous compression parameter into models.

Combining the insights from the individual chapters, the thesis discusses how viscous com-
pression is currently understood and modelled. Rather than treating viscous compression and
decomposition as independent mechanisms of volume loss, the results show that they limit
each other as they both alter porosity, particle strength, water mobility, and microstructural
integrity. Decomposition weakens bres and organic particles, facilitating reorientation and
collapse, while compaction (and thus viscous compression) restricts further decomposition
by constraining microbial access to pore space. E ectively, decomposition enables more vis-
cous compression in total, but spreads this additional compression over an extended period
of time. is sequence of events explains long-term subsidence trends that conventional
models cannot reproduce, i.e., the persistent compaction of peat layers despite decades of
stable loading and groundwater levels, can be interpreted as the combined e ect of evolving
microstructure, stress history, and slow, ongoing decomposition.
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A key implication of this mechanistic understanding is the need for a variable viscous
compression parameter in predictive models. In current models, the viscous compression
parameter is treated as a xed material constant, but the ndings of this thesis show that it
evolves with decomposition state, e ective stress, overconsolidation ratio, and intrinsic time.
is not only allows models to capture the dynamic nature of viscous compression more
realistically, but also might help to connect the laboratory scale, in order of centimeters, to
eld scales, in order of square meters to hectares.
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Samenvatting

Laaggelegen kust- en deltagebieden worden wereldwijd geconfronteerd met compactie van
ondiepe, samendrukbare ondergrondse lagen, wat resulteert in bodemdaling: het verlagen
van het aardoppervlak. Bodemdaling vormt een aanzienlijk probleem, omdat dit proces het
overstromingsrisico vergroot, schade kan toebrengen aan gebouwen en infrastructuur, en
zoutwaterintrusie en kusterosie versterkt. In veel van deze gebieden, waaronder grote delen
van Nederland, is gaat de bodemdaling sneller dan absolute zeespiegelstijging. Daardoor
heeft bodemdaling een grote invioed op de e ectiviteit van waterkeringen, watermanage-
ment en stedelijke ontwikkeling. In laag gelegen kust- en deltagebieden wordt bodemdaling
sterk bepaald door de opbouw van de ondiepe ondergrond en de materiaaleigenschappen
van de verschillende lagen. Gebieden die worden gedomineerd door opeenvolgingen van
veen, lagen van dode plantenresten, en organisch-rijke kleien vertonen doorgaans de hoogste
bodemdalingssnelheden vanwege hun hoge samendrukbaarheid. Deze zachte materialen
kunnen sterk compacteren als gevolg van drainage, belasting en verlaging van de poriewater-
druk. Compactie kan worden onderverdeeld in verschillende componenten, waaronder con-
solidatie, krimp en viskeuze compressie. Een deel van de compactie is elastisch, wat betekent
dat de vervorming omkeerbaar is en de bodem weer kan terugveren zodra bijvoorbeeld de
belasting verwijderd wordt. Het meest problematisch is echter de inelastische compactie, die
leidt tot een blijvende verlaging van het landoppervlak. De verschillende componenten van
compactie werken ieder op andere tijdschalen. Compactie die plaatsvindt over relatief korte
tijdsperioden, tot enkele jaren, en die wordt gedomineerd door consolidatie, is relatief goed
begrepen en ge ntegreerd in de praktijk. Compactie over perioden van jaren tot decennia is
daarentegen moeilijker te doorgronden en maakt voorspellingen op lange termijn onzeker.

De compactie op lange termijn wordt grotendeels veroorzaakt door viskeuze compressie; een
tijdsafhankelijk compactieproces waarbij ondergrondmateriaal blijft samendrukken onder
constante stress, dat wil zeggen de verticale belasting die op het materiaal wordt uitgeoefend.
Met andere woorden: viskeuze compressie gaat door, zelfs wanneer de randvoorwaarden
onveranderd blijven, en kan daarom nog tientallen jaren aanhouden na een initi°le belasting
of drainage. Met name veen en Klei, als de meest samendrukbare ondergrondmaterialen, zijn
gevoelig voor viskeuze compressie. Hoewel viskeuze compressie in klei uitgebreid is bestu-
deerd, heeft viskeuze compressie van veen minder wetenschappelijke aandacht gekregen.
Daarnaast is veen gevoelig voor afbraak (decompositie): het door micro-organismen afbre-
ken van organisch materiaal. Dit kan de veenstructuur verzwakken, materiaaleigenschappen
veranderen en de compactiesnelheid verhogen. De complexiteit neemt verder toe doordat
veen en organisch-rijke kleien een sterke ruimtelijke variabiliteit vertonen in samenstelling,
structuur en mate van decompositie. Deze variatie is zowel lateraal als verticaal aanwezig, en
materiaaleigenschappen verschillen zelfs binnen individuele ondergrondlagen. Deze com-
plexiteit wordt onvoldoende weergegeven in veelgebruikte methoden om bodemdaling in
het verleden, heden en de toekomst te kwanti ceren. Dergelijke methoden zijn grotendeels
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gebaseerd op conceptuele modellen en parameters die uitgaan van homogene materiaalei-
genschappen. Door het beperkte begrip van viskeuze compressie van veen onderschatten
modelvoorspellingen vaak de bodemdaling op de lange termijn van veen en organisch-rijke
kleien, vooral onder lage belastingen. Dit leidt tot verschillen van meerdere ordegroottes tus-
sen de voorspelde en gemeten compactie.

Het hoofddoel van dit onderzoek is het vergroten van het mechanistische begrip van vis-
keuze compressie en haar rol in het lange termijngedrag van compactie, met als doel de
voorspellende capaciteit van bodemdalingsmodellen te verbeteren, in het bijzonder voor veen
en organisch-rijke kleien. Om dit doel te bereiken zijn drie onderzoeksstappen gezet: 1) het
identi ceren van de mechanismen en processen die viskeuze compressie van organisch-rijke
ondergrondlagen veroorzaken; 2) het bepalen en kwanti ceren van de invloed van decom-
positie van organisch materiaal op viskeuze compressie; en 3) het vertalen van het verbeterde
mechanistische inzicht naar een verhoogde voorspellende capaciteit van bodemdalingsmo-
dellen door middel van betere parameterisatie voor viskeuze compressie.

Een geschikt uitgangspunt voor het identi ceren van de mechanismen en processen die
verantwoordelijk zijn voor viskeuze compressie van veen is een analyse van de mechanis-
men die zijn vastgesteld voor viskeuze compressie van klei. Hoewel veen en Klei beide zeer
samendrukbaar zijn, verschillen zij wezenlijk in materiaaleigenschappen die bepalend zijn
voor hun samendrukbaarheid. Klei bestaat uit kleine, dichte, vaak gestapelde deeltjes met
elektrisch geladen oppervlakken, wat leidt tot dunne geadsorbeerde waterlagen en sterke
aantrekkende en afstotende krachten tussen de deeltjes. Veen daarentegen bestaat uit grotere
deeltjes die zich mechanisch in elkaar kunnen grijpen, doorgaans meer water vasthouden
binnenin de deeltjes zelf, en afkomstig zijn van plantenresten. Zowel klei als veen worden
gekenmerkt door pori®n met verschillende afmetingen, maar waarbij veen gemiddeld grotere
pori®n heeft. Viskeuze compressie van klei wordt voornamelijk gestuurd door het uitpersen
van water uit micropori®n, veranderingen in de geadsorbeerde waterlaag en veranderende
interacties tussen kleideeltjes. Deze mechanismen zijn ook in veen aanwezig, maar de orga-
nische matrix, bestaande uit vezels met wisselende decompositiegraad, grootte en botanische
oorsprong, introduceert aanvullende complexiteit. Vezels kunnen sterker in elkaar grijpen
dan kleideeltjes, plantencellen bevatten water dat niet op dezelfde manier kan worden uitge-
drukt als water in de micropori®n van klei, en grote contactvlakken tussen deeltjes genereren
meer weerstand tegen verplaatsing. Bovendien vermindert een lage of afwezige oppervlakte-
lading van vezels en ontbonden organisch materiaal de rol van geadsorbeerd water en kan dit
leiden tot grotere wrijving tussen deeltjes. Er zijn zes belangrijke factoren ge denti ceerd die
viskeuze compressie van veen sturen: decompositiegraad, actieve decompositie, kleigehalte,
temperatuur, pH en ionenconcentratie. De decompositiegraad en actieve decompositie zijn
uniek voor veen ten opzichte van klei en spelen daarom een sleutelrol bij het verklaren van de
verschillen tussen beide materialen. Deze zes factoren benadrukken dat viskeuze compressie
van veen niet uitsluitend kan worden verklaard als een puur fysisch of biochemisch proces,
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maar voortkomt uit een dynamische interactie tussen veranderingen van de vezelstructuur,
poriewaterdi usie en biochemische transformatie.

Omdat zowel de decompositiegraad als de actieve decompositie een centrale rol blijken te
spelen bij viskeuze compressie, was een gedetailleerdere analyse nodig om de wisselwerking
tussen viskeuze compressie en decompositie goed te begrijpen en te kwanti ceren. Hierbij is
zowel gekeken naar de invloed van compactie op ontbindingsnelheden als naar de terugkop-
peling van door ontbinding veroorzaakte veranderingen in materiaaleigenschappen op de
samendrukbaarheid. Decompositie werd gekwanti ceerd met behulp van respiratietesten,
waarbij de CO,-productie tijdens ontbinding wordt gemeten. In combinatie met compres-
sietesten kon experimenteel worden aangetoond dat porositeit een cruciale rol speelt: afname
van de porieruimte door compactie vermindert de microbi®le respiratie in vezelrijk, weinig
ontbonden veen. In reeds ontbonden materiaal, met een lagere porositeit, leidt compactie tot
een geringere afname van decompositie. Minder ontbonden veen ondergaat sterkere com-
pactie onder gelijke belasting, omdat de hoge porositeit en exibele vezelstructuur aanzien-
lijke herori®ntatie en samendrukking van de deeltjes mogelijk maken. Tegelijkertijd beperkt
de door compactie veroorzaakte porositeitsafname toekomstige decompositie door transport
van zuurstof en substraat te reduceren. Deze wederzijdse afhankelijkheid impliceert dat de
decompositiegraad de initi°le samendrukbaarheid bepaalt, terwijl actieve decompositie de
snelheid van toekomstige compactie reduceert. Deze bevindingen weerspreken de aanname
die in veel bodemdalingmodellen wordt gehanteerd, namelijk dat voortschrijdende ontbin-
ding te traag is om mechanisch gedrag te be nvloeden binnen de restzettingsperiodes van
gebouwen die ingenieurs hanteren, die ingenieurs hanteren, vaak in de orde van tien jaar
liggen. In plaats daarvan laten de resultaten zien dat decompositie en viskeuze compressie
elkaar beperken en gezamenlijk de lange-termijn bodemdaling sturen.

Om deze mechanistische inzichten te vertalen naar een verbeterde voorspellende capaciteit
is een grote dataset geanalyseerd, bestaande uit resultaten van oedometer- en CRS-com-
pressietesten, aangevuld met de materiaaleigenschappen van de monsters. Materialen die als
veen of klei waren geclassi ceerd, zijn gegroepeerd in lithologische klassen op basis van
hun materiaaleigenschappen. De verschillen in de viskeuze compressieparameter, die de hoe-
veelheid viskeuze compressie per logaritmische tijdseenheid weergeeft, tussen deze klassen
zijn bepaald. De monsters zijn onderverdeeld in vier klassen: klei, kleiig veen, vezelig veen en
ontbonden veen. Hieruit blijkt dat de gevoeligheid voor viskeuze compressie in het algemeen
toeneemt met het organische stofgehalte, waarbij vezelig veen het meest gevoelig is voor
lange-termijn compactie. Ontbonden veen vertoonde echter een lagere gevoeligheid voor
viskeuze compressie, ondanks het hoge organische gehalte, wat wijst op een dichtere, sterker
in elkaar grijpende vezelstructuur met een lagere porositeit. Voor klastische materialen kon
de viskeuze compressieparameter redelijk goed worden voorspeld op basis van watergehalte
en droge bulkdichtheid. Binnen de veenklassen bleef de variabiliteit echter groot, wat de
voorspelbaarheid beperkte. Deze variatie benadrukt dat speci eke organische structurele
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kenmerken, zoals vezelafmetingen, treksterkte en botanische oorsprong, de samendrukbaar-
heid be nvloeden op manieren die niet worden vastgelegd met eenvoudige parameters zoals
dichtheid en watergehalte. In combinatie met de vastgestelde interactie tussen viskeuze
compressie en decompositie tonen deze resultaten aan dat decompositie leidt tot een sys-
tematische en geleidelijke afname van de samendrukbaarheid van organische bodems, wat
direct relevant is voor het verbeteren van de parameterisatie van viskeuze compressie in
voorspellende bodemdalingsmodellen.

Een verdere verbetering van voorspellende modellen ligt in de manier waarop overgeconso-
lideerde omstandigheden worden behandeld. Materiaal is overgeconsolideerd wanneer de
huidige e ectieve stress lager is dan de preconsolidatie stress, bijvoorbeeld als gevolg van
vroegere hogere belastingen, of wanneer tijdsafhankelijke processen zoals viskeuze compres-
sie of veroudering de ogenschijnlijke stijfheid hebben vergroot. Dit wordt uitgedrukt met de
overconsolidatie ratio, gede nieerd als de verhouding tussen de preconsolidatie stress en de
huidige stress. Viskeuze compressie onder overgeconsolideerde omstandigheden is op een
nieuwe manier geanalyseerd door de viskeuze compressieparameter te bepalen op momenten
waarop monsters in compressietests overgeconsolideerd zijn. Deze parameter moet daarbij
iteratief worden bepaald. Gewoonlijk wordt de viskeuze compressieparameter afgeleid met
een logaritmische methode onder normaal geconsolideerde omstandigheden, wanneer de
aangelegde spanning de hoogste spanning is die het materiaal heeft ondergaan. De analyse
liet zien dat de viskeuze compressieparameter onder overgeconsolideerde omstandigheden
meerdere malen groter kan zijn (dat wil zeggen: viskeuze compressie verloopt sneller als de
parameterwaarde hoger is) dan onder normaal geconsolideerde omstandigheden. Validatie
toont aan dat berekeningen met de nieuwe parameters voor overgeconsolideerde situaties
beter overeenkomen met metingen dan berekeningen waarbij normaal geconsolideerde
parameters worden toegepast. Bij zeer hoge overconsolidatie ratios (>5) lijkt de viskeuze
compressieparameter licht af te nemen. Deze hoge ratios corresponderen met een hoge
intrinsieke tijd: de tijd die het materiaal nodig zou hebben om onder de huidige belasting
zijn huidige compactiegraad te bereiken. Hoge ratios duiden erop dat het materiaal een hoge
ogenschijnlijke maximale spanning en snelle compactiesnelheden heeft ervaren. Hierdoor
neemt de intrinsieke tijd die bij lage spanningen in latere perioden hoort sterk toe. De snel-
heid van viskeuze compressie neemt daardoor eerst logaritmisch af, stabiliseert of neemt
zelfs licht toe bij een hoge intrinsieke tijd, en kan uiteindelijk opnieuw afnemen naarmate
tijd voortschrijdt. Als gevolg hiervan liggen isotachen, tijdlijnen die de intrinsieke tijd van
materiaal weergeven als functie van spanning en compactietoestand, niet noodzakelijkerwijs
op dezelfde afstand van elkaar, maar kan deze afstand ongelijkmatig zijn, maar ook kunnen
de isotachen gekromd zijn of divergeren. Verdere experimenten en modellering zijn nodig
om deze variabiliteit in viskeuze compressie bij overgeconsolideerde omstandigheden vol-
ledig te doorgronden en in modellen te integreren.
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Door de inzichten uit de afzonderlijke hoofdstukken te combineren, bespreekt dit proef-
schrift hoe viskeuze compressie momenteel wordt begrepen en gemodelleerd. In plaats van
viskeuze compressie en decompositie te beschouwen als onafhankelijke mechanismen van
volumeverlies, laten de thesis resultaten zien dat zij elkaar controleren doordat beide proces-
sen porositeit, deeltjessterkte, watermobiliteit en microstructurele integriteit be nvloeden.
Decompositie verzwakt vezels en organische deeltjes, en vergemakkelijkt herori®ntatie en in-
eenstorting, terwijl compactie, en daarmee viskeuze compressie, verdere decompositie beperkt
de porieruimte waarin microbacteri®le afbraak kan plaatsvinden. Decompositie maakt dus
per saldo meer viskeuze compressie mogelijk, maar spreidt deze extra compactie uit over een
langere tijdsperiode. Deze opeenvolging verklaart lange termijn bodemdalingstrends die met
conventionele modellen momenteel niet kunnen worden gereproduceerd: de aanhoudende
compactie van veenlagen ondanks decennia van stabiele belasting en grondwaterstanden kan
worden ge nterpreteerd als het gecombineerde e ect van een evoluerende microstructuur,
belastingsgeschiedenis en langzame, actieve decompositie.

Een belangrijke implicatie van dit mechanistische inzicht is de noodzaak van een varia-
bele viskeuze compressieparameter in voorspellende modellen. In huidige modellen wordt
deze parameter behandeld als een vaste materiaalconstante, terwijl de bevindingen van dit
proefschrift aantonen dat deze verandert met de decompositiegraad, e ectieve stress, over-
consolidatie ratio en intrinsieke tijd. Dit maakt het niet alleen mogelijk om de dynamiek
van viskeuze compressie realistischer te modelleren, maar kan ook helpen om de kloof te
overbruggen tussen laboratoriumschaal (orde van centimeters) en veldschaal (orde van vier-
kante meters tot hectares).

XX
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Land subsidence is a global phenomenon, occurring on every continent and in settings
ranging from remote tectonic basins to densely populated urban areas. Its most severe and
widespread impacts, however, are often found in wetland, coastal, and deltaic regions, where
high population density coincides with highly compressible subsurface layers (e.g., Yuill et
al., 2009; Erkens et al., 2015). Many of the world s major deltas, such as the Mekong, Mis-
sissippi, Yangtze, and Rhine-Meuse deltas, experience subsidence rates that exceed the rate
of sea-level rise. is subsidence relative to sea level rise leads to an ampli cation of ood
risk, threatens water management, and puts stress on current land use, while di erential land
subsidence causes damages to buildings and infrastructure (e.g., Teatini et al., 2005; Shi et
al., 2008; T rnqvist et al., 2008; Sneed et al., 2013; Ye et al., 2016; Minderhoud et al., 2017
Van Asselen et al., 2018). Within these coastal and deltaic regions, the most susceptible areas
to subside are locations with soft subsurface materials, particularly peat and (organic-rich)
clays. Yet, the population of such low-lying and subsiding locations is often still increas-
ing. As sea levels rise and human activity intensi es in many low-lying regions, the risks
associated with land subsidence are becoming more pressing. Depending on the location,
land subsidence is caused by either deep drivers, e.g., tectonics or hydrocarbon extraction,
or shallow drivers, e.g., loading, drainage or groundwater extraction. Despite the widespread
potential impacts, it remains challenging to understand the underlying mechanisms of espe-
cially long-term subsidence due to the heterogeneity in material composition and connected
mechanistic behaviour of subsurface layers.

1.1 Drivers, mechanisms and processes of land subsidence

Given its widespread and growing impact, understanding the underlying mechanisms,
processes and drivers of land subsidence in peat and organic-rich clay layers is essential to
develop e ective management strategies to mitigate subsidence and its negative impacts.
Drivers are external in uences that induce or modify subsidence. Examples of these drivers
include hydrocarbon and groundwater extraction, loading of the subsurface by buildings and
infrastructure, or drainage of waterlogged areas (Fig. 1.1). e surface lowering observed
in a ected areas results from a combination of physical and biochemical processes, e.g.,
consolidation or decomposition, leading to changes in the subsurface material, and mecha-
nisms, which represent how processes lead to subsidence. For example, when a house is built,
this generates loading onto the subsurface layer on which the foundation of the house is
constructed. s loading is the driver in this example. As a result, porewater pressure in the
loaded subsurface layers rises and causes the process of pore water ow towards lower pres-
sure zones in the subsurface, which can be for example in the subsurface around the house.
Because of this water out ow, pores in the subsurface below the house close, which is called
consolidation and is the mechanism leading to subsidence.
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Both processes and mechanisms of land subsidence act at di erent depths and over varying
timescales (e.g., van Asselen et al., 2009). e processes and mechanisms are initiated by
both natural and anthropogenic drivers (Fig. 1.1). At greater depths (hundreds of meters to
kilometers), tectonic movements and isostatic adjustment act naturally over long timescales
of decades to millennia, while hydrocarbon extraction and deep mining represent deep
anthropogenic drivers and act over years to decades. At shallow (centimeters to meters) to
intermediate depths (tens to hundreds of meters), drivers and processes act over shorter time
spans of days to decades. Subsidence often shows a large spatial variability, along with spatial
di erences in drivers and subsurface heterogeneity, which in turn drive di erent mechanisms
and processes of subsidence.

Loading and drainage lead to compaction of peat and organic-rich clay layers, while drain-
age also drives biochemical decomposition of organic material, facilitating elevation loss. e
compaction is caused by the mechanisms shrinkage, consolidation and viscous compression.
All these mechanisms lead to increased e ective stress. E ective stress is de ned as the total
pressure, which is determined by loading, minus the porewater pressure, which carries a part
of the total pressure (Terzaghi, 1925). us, the e ective stress quanti es the pressure car-
ried by the solid particles. Shrinkage is the volume reduction as a result of drying and a
consequential increase in suction leading to a higher e ective stress (e.g., Tempany, 1917;
Lexmond et al., 2024), consolidation is the expulsion of overpressured porewater after a
loading event leading to an e ective stress decrease (e.g. Terzaghi, 1941), and viscous com-
pression is the volume reduction as a result of reorientation of particles (e.g., Le et al., 2012)
(Fig. 1.1). While consolidation and shrinkage are limited in time, depth or both, viscous
compression continues under constant load even after porewater pressure has dissipated, and
mathematically its rate never drops to absolute zero, making it a long-term and less predict-
able contributor to land subsidence. is process is especially relevant in peat and organic-
rich clay, where high water content and organic matter facilitate prolonged deformation
(Den Haan and Kruse, 2007). However, compared to other compaction mechanisms, viscous
compression is less well understood and more di cult to quantify in predictive models of
subsidence, particularly under low loadings. is challenge is evident from comparisons be-
tween laboratory-based compression tests and numerical model predictions for low-loading
conditions, where measured compaction can exceed modelled values by factors of 10* to
10° (Deltares, 2024). A high-load eld case at Kansai Airport near Osaka shows a similar
discrepancy: the airport is projected to experience 3.9 6.2 m more subsidence than initial
models at the start of construction predicted for 2100, attributed to inconsistencies between
laboratory-based model outputs and eld measurements (Hight and Leroueil, 2003; Mesri
and Funk, 2015).
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Compaction often simultaneously occurs with decomposition of organic material in the
subsurface, which not only reduces the volume of organic solids, but also alters the mate-
rial s microstructure and mechanical properties leading to a more tightly packed matrix (e.g.,
Brouns, et al., 2014). Both these changes are similar to what is believed to occur during
viscous compression, but viscous compression and decomposition have mostly been ad-
dressed separately. Consequentially, the interaction between biochemical decomposition
and mechanical viscous compression, and the resulting e ect on subsidence remain poorly
understood. is hampers our ability to mechanistically describe the unique long-term
behaviour of organic-rich soils, especially in environments with uctuating water levels and
complex loading histories. In this thesis | examine the main contributor to long-term land
subsidence in peat and organic clay layers, which is viscous compression, often referred to as
creep (e.g., Den Haan, 1994).

Subsurface Human Drivers of Subsidence in the Netherlands Mechanisms of Subsidence
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Figure 1.1: Schematic overview of drivers and mechanisms of land subsidence, with the associated
subsurface constituents and indicative depth intervals of where these drivers and mechanisms occur. e
shown depths are representative for the Netherlands. Modi ed after Minderhoud et al. (2015; 2025),
Minderhoud (2019), van Asselen et al. (2019). Note the non-linear depth scale.

1.2 Characteristics of soft organic soils

To disentangle these coupled drivers, mechanisms, and processes of compaction in organic
subsurface layers, it is essential to consider the fundamental material characteristics of organic
soils e origin, composition, and microstructure of peat and clay directly control how it de-
forms and responds to prolonged loading. Peat forms under waterlogged conditions, which
typically occur in protected environments behind coastal barriers or in areas of stagnant
water distant from river channels. In these settings, limited or absent mineral sediment input
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during oods allows partially decomposed plant material to accumulate and be preserved
in anoxic conditions. e hollow cellular tissue structure of the plant remains produces a
substrate with very low density, extremely high water content, and a brous fabric.  ese
characteristics make peat inherently soft and highly compressible, rendering it especially sus-
ceptible to subsidence once drained or subjected to loading (e.g., Landva, 2007; Mesri and
Ajlouni, 2007). However, material properties such as internal structure and water-holding
capacity vary strongly with plant type and clastic content, causing large spatial variability in
subsidence behaviour even over short distances. Another important factor determining the
variability of material characteristics is the state of the organic matter. Decomposition, the
breakdown of organic matter, leads to a decrease in organic particle size, di erent pore size
distribution, water content and susceptibility to compaction. Past decomposition, therefore,
dictates the current material characteristics, while present and future decomposition can
further change these characteristics, in uencing long-term compaction. e material char-
acteristics, decomposition history, and active decomposition can vary signi cantly in space.

is spatial variability from multiple origins, together with its mechanical fragility, makes
peat one of the most challenging and least understood subsurface materials to account for in
engineering and land-use planning.

Organic-rich clay and clay-rich peat are transitional materials that typically form closer to
river channels or marine environments than organic-rich peat. Here, water levels remain
high enough for vegetation to develop and be preserved, yet ooding is more frequent and
therefore sediment input is higher compared to areas where organic-rich peat is formed.

eir composition, ne-grained mineral particles mixed with substantial organic mat-
ter, gives them properties that fall in between those of pure peat and mineral clays: less
compressibility and more strength compared to organic-rich peat, but a higher subsidence
potential compared to most clays (Al-Khafaji and Andersland, 1981; Za ar and Luo, 2015).
Organic-rich clay and clay-rich peat are often underrepresented in research and engineering
practice, where they are commonly generalized as either clay or peat, a simpli cation that
overlooks their distinct and variable mechanical behaviour.

1.3 Land subsidence in the Netherlands

Understanding the behaviour of organic and transitional subsurface material is crucial in
regions where they are abundantly present in the shallow subsurface, for example in the
Netherlands, where they largely govern the magnitude and spatial variability of land sub-
sidence. Especially the coastal-deltaic area of the country, covering c. 17.000 km? (Koster,
2017), faces subsidence caused by the drivers mentioned in section 1.1. Deep salt mining and
especially gas extraction are the additional drivers of the subsidence in the northeastern part
of the country. Most subsidence in the western and northern Netherlands, however, is driven
by mechanisms occurring in the shallow subsurface, within the Holocene sequence, includ-
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ing groundwater table lowering, and loading from infrastructure and buildings (Erkens et al,
2016; Koster et al., 2018a; van Asselen et al., 2018). e subsurface in the coastal-deltaic area
is characterized by predominantly highly organic and clay-rich layers, sporadically interca-
lated by sand bodies deposited by di erent generations of Rhine and Meuse river branches
(e.g., Vos and van Heeringen, 1997; Berendsen and Stouthamer, 2000, 2001; Cohen et al.,
2005; Stouthamer et al., 2011; Pierik et al., 2018; Vos et al., 2020). e sequence consisting
of peat and clay layers can be >10 meters thick with the thickest Holocene sequence of
more than 20 meters in the western part of the delta close to Rotterdam (Fig. 1.2) or in
the northern former tidal inlets in the provinces of Friesland and Groningen (TNO-GDN,
2025). e development of the compressible layers in the western and northern part of the
Netherlands is the result of 1) the long-standing presence of rivers which deposited clay in
their ood basins, 2) the ooding of coastal areas by the sea with concurrent deposition of
clay, and 3) the formation of the extensive peat fen and bog systems that developed in the
western and northern Netherlands between the river branches (e.g., Vos et al., 2020). Since
its formation, large volumes of peat have been mined for fuel purposes, and the remaining
peat has faced considerable compaction and decomposition due to continuous groundwater
level lowering for over 1000 years, which further decreased the remaining amount of peat in
the Dutch subsurface (e.g., Erkens et al., 2016; Koster et al., 2018; van Asselen et al., 2018).
As a result, the extent of peat occurrence in the current Dutch subsurface is still extensive
(Fig. 1.3a and 1.3b), but 14.5 30.0 km? less than it used to be (Erkens et al., 2016).

e high compressibility of peat is well recognizable in maps of observed land subsidence
rates in the western peat area, derived from GNSS and InNSAR measurements (Fig. 1.3c).
Subsidence rates are particularly high in areas where peat layers occur at shallow depth, in
the order of multiple millimeters per year. Many of the largest Dutch cities, such as Am-
sterdam, Rotterdam and Utrecht, are situated within or at the rim of the peat area and thus
face subsidence, causing damage to buildings and infrastructure. Striking is the historic city
center of Gouda, which is situated in the middle of the western peat area with multiple
meters of peat underlying the city centre, and experiences several millimeters of subsidence
per year centuries after construction of the city and decades after the last surface raise (Kooi
and Melman, 2024; NCG, 2025).
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e combination of land subsidence and sea level rise poses a growing challenge to water
management in the low-lying coastal areas, where subsidence often outpaces sea level rise,
e ectively increasing ood (damage) risk, but also enhancing salinisation via ground- and
surface water. In addition, greenhouse gas emission from decomposing peat layers contrib-
utes to global warming (Erkens et al., 2016; van der Net et al., 2025) and needs to be reduced
according to the Paris Agreement and Dutch Climate Act (UNFCCC, 2015; EZK et al.,
2019). ese pressures drive Dutch ongoing research into land subsidence and underscore
the need for a deeper understanding of the behaviour of peat and organic-rich clays, which
dominate large parts of the Dutch subsurface. Mitigation strategies aiming at reducing
subsidence and greenhouse gas emissions, e.g., rewetting or maintaining higher groundwater
levels, however, can con ict with existing land-use practices and infrastructure demands.
Together, these combined challenges highlight the urgency of improving mechanistic insight
into the long-term deformation behaviour of organic soils, which is essential for developing
sustainable and e ective land-management strategies in the Netherlands.

1.4 Viscous compression

It is necessary to focus more closely on viscous compression as it plays a central role in the
long-term behaviour, i.e., over years to decades, of peat and organic-rich clays. Viscous
compression is a time-dependent deformation process that contributes substantially to long-
term subsidence in peat and organic-rich clays. e occurrence of viscous compression is
unrelated to overpressure of the porewater within subsurface layers and therefore continues
even when boundary conditions like stress and temperature remain constant. As such, it
is characterised by a gradual, continuous compression happening under constant e ective
stress, which enables long lasting deformation compared to for example consolidation. In oe-
dometer tests the strain, i.e., relative height change of a sample, typically shows a logarithmic
decrease with time.  ese two de ning aspects are also at the core of how viscous compres-
sion is modelled. e equations to calculate viscous compression are based on a logarithmic
relationship between deformation and time. is means that viscous compression develops
uniquely for any combination of stress and compaction state, de ning the deformation,
and time. In geotechnical literature, viscous compression has traditionally been referred to
as creep, secondary consolidation, or secondary compression (e.g., Den Haan, 1994; Mesri and
Ajlouni, 2007; Zwanenburg et al., 2012; Kooi et al., 2018). However, these terms carry con-
ceptual limitations that may not describe the actual characteristics of the process: creep is
used broadly across disciplines to describe slow progressive deformation of material and does
not specify the nature of the deformation. For example, creep can also refer to shearing of
soil materials related to horizontal stresses, which can be observed in slumps on mountains
and failing dike slopes (e.g., Zwanenburg et al., 2012). e term secondary suggests that the
process occurs only after consolidation has ceased, but in peat and organic soils, pore pressure
dissipation and time-dependent deformation often proceed simultaneously (Degago et al.,
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2011). erefore, in this thesis, the term viscous compression is adopted, as it more accurately
re ects the continuous, stress-controlled, viscous deformation behaviour observed in these
highly organic, water-rich materials.

1.5 Problem de nition

A central problem in subsidence prediction is the uncertainty surrounding the viscous com-
pression of soft subsurface materials, especially peat and organic-rich clays. is uncertainty
results in unreliable model estimates of viscous compression under low-stress eld conditions
which is further complicated by the high compressibility and strong spatial heterogeneity
of these materials. To predict land subsidence and speci cally viscous compression, various
laboratory tests can be performed to understand and quantify the compaction behaviour.
Although these tests, such as oedometer tests, provide valuable insights into time-dependent
strain, their results can be di cult to translate to eld conditions given the heterogeneity
in composition and properties of organic-rich layers. is di culty re ects a broader issue:
the understanding of how viscous compression happens in these organic-rich layers remains
incomplete, particularly when compared to the better-studied behaviour of mineral clays.
In the eld, extensometers and long-term surface displacement measurements (e.g., derived
from InSAR measurements) can be used to validate laboratory compaction behaviour (van
Asselen et al., 2020), but such comparisons are hampered by uncertainties about how much
individual processes contribute to the measured deformation and how the processes interact
under varying boundary conditions. An important part of this uncertainty lies in the yet
poorly addressed interaction between viscous compression and biochemical decomposition.

Furthermore, subsidence models have been developed and applied in both academic
research and engineering practice to support spatial planning, groundwater manage-
ment, or infrastructure risk assessment (e.g., Bjerrum, 1967; Den Haan, 1994).  ese mod-
els often rely on empirical relationships or simpli ed conceptual models that primarily
capture short-term, stress-dependent processes such as consolidation. Viscous compres-
sion at low stress conditions is typically underrepresented in these models (Deltares,
2024). Potential causes of the underrepresentation can be found in either the generic
parameterization of viscous compression, which is based on high stress conditions, and
rarely accounts for speci ¢ variations in material composition or decomposition state
(e.g., O Kelly and Pichan, 2013; Deltares, 2024), non-linearity over time of the logarithmic
relationship between deformation and time (e.g., Den Haan and Edil, 1994; Feng et al.,
2021), or in the e ect of swelling on viscous compression (e.g., Vergote et al., 2022).  ese
omissions limit the ability of models to accurately predict long-term surface lowering,
particularly in organic soils at low stress conditions. As a result, subsidence predictions
in these environments remain uncertain, especially beyond the timeframe of short-term
monitoring or planning design horizons.
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1.6 Objectives, approach and thesis outline

e main objective of the research described in this thesis is to advance the mechanistic
understanding of viscous compression and its role in long-term compaction behaviour in
order to help improving the predictive capacity of land subsidence models, particularly in
peat and organic clays. To achieve this aim, | have de ned three subobjectives:

1. ldentify the mechanisms and processes that cause viscous compression in organic-rich
subsurface layers with special attention to their large spatial variability in material char-
acteristics.

2. Determine and quantify the in uence of the organic matter decomposition state on
viscous compression.

3. Translate the improved mechanistic understanding into improved predictive capacity
of subsidence models through more representative parameterisation.

To address these objectives, | rst carried out a comprehensive review of the mechanisms and
processes driving viscous compression in peat and organic-rich clay (Chapter 2). Building on
the established mechanisms for mineral clay, | explore how material properties and envi-
ronmental conditions in uence compression behaviour in both material types. is review
provided further understanding of 1) why it is more di cult to predict viscous compression
of peat than of clay, and 2) which unique mechanisms and processes of viscous compression
in peat are currently not represented in predictive models.

To understand the interplay between mechanical processes (consolidation and creep) and
decomposition rates in peat substrates with varying degrees of decomposition, laboratory
tests were undertaken (Chapter 3). In these experiments | analysed for intact samples of

bric and decomposed peat, how porosity reduction under varying stress levels decreases
decomposition rates. ese ndings contributed to construct a conceptual framework to
describe the relationship between mechanical compression, porosity changes, and organic
matter breakdown, crucial for understanding land subsidence in drained peatlands.

With a clearer understanding of viscous compression and its interrelation with decomposi-
tion, the next step was to incorporate this knowledge into improved model parameterisation.
For this purpose, also material characteristics of peat were important as these can change as
a result of progressive decomposition. e relationship between material characteristics and
the viscous compression parameter was subsequently investigated using an existing extensive
dataset containing geotechnical test results for various types of clay, organic clay and peat
(Chapter 4). e results were used to predict the viscous compression parameter and to
discuss whether adaptable viscous compression parameter values are required for accurate
subsidence modelling in response to material changes over time, thus rendering the viscous
compression parameter a variable rather than a xed value.
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Because this improved parameterization still did not fully explain the mentioned ob-
served discrepancies between model predictions and measured long-term compaction
at low stresses, | further evaluated how well current model parameterisations capture
viscous compression across the full stress range. is was done by a validation analysis
of the viscous compression parameter at various stresses, and for di erent compaction
states of the material (Chapter 5).  rough comparison of di erent ways of determining
the viscous compression parameter value for both normally consolidated and overcon-
solidated conditions and subsequently assessing the impacts on predicted subsidence
through simple 1D modelling, | evaluated whether the classic logarithmic function can
be used to describe viscous compression behaviour for both normally consolidated and
overconsolidated conditions.

Finally, in the Synthesis (Chapter 6), the results described in the preceding chapters are
brought together to address the subobjectives and main objective. Furthermore Chapter
6 addresses the integration of viscous compression and decomposition, as well as the
connection to the non-linearity of viscous compression discussed in Chapter 5. Lastly,
remaining questions and recommendations relate to material characteristics, scaling
from laboratory to eld scale, and changing boundary conditions such as temperature
and porewater salinity.

1.7 NWA-LOSS Research Program

e research presented in this thesis is part of the Living on Soft Soils (LOSS) - Subsidence
and Society program (grantnr.: NWA.1160.18.259) (Stouthamer et al., 2020), within which
multiple universities, research institutes, and societal partners in e Netherlands bundle
expertise on land subsidence (Ministry of Infrastructure and Water Management, Ministry
of the Interior and Kingdom relations, Rijkswaterstaat, Deltares Research Institute, TNO-
Geological Survey of e Netherlands, Wageningen Environmental Research, Foundation
for Applied Water Research STOWA, Hoogheemraadschap De Stichtse Rijnlanden, Water
Authority Drents Overijsselse Delta, Province of Utrecht, Province of Zuid-Holland, Mu-
nicipality of Gouda, Platform of Soft Soil Municipalities, Sweco, Tauw BV, and NAM).

e overall aim of this program is to develop an integrative approach to achieve feasible,
legitimate and sustainable solutions for managing the negative societal e ects of land
subsidence, connecting fundamental research on subsidence processes to socio-
economic impact of subsidence and to governance and legal framework design. e
program is to contribute signi cantly to the ability to mitigate and adapt to subsidence
in populated, governed deltas in the short and in the long term and via management of
subsidence, lower GHG emissions and decrease risks and looming damage for low-lying
delta plains under climate change. e program is comprised of ve work packages cover-
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ing all aspects of the 6M approach in dealing with subsidence, i.e., subsidence measuring
and analysis of mechanisms, quantifying impacts, deliberating measures and evaluating
performance (Erkens and Stouthamer, 2020):

Measuring and monitoring

Mechanisms and Green-House-Gas emissions
Impact analysis

Measures and governance approaches
Knowledge utilization and entrepreneurship

AN S o

e research presented in this thesis is part of work package 2: Mechanisms and Greenhouse
Gas Emissions. Work package 2 focuses on unravelling, understanding and quantifying the
interacting processes leading to land subsidence. e (re)parameterization and increased
understanding of processes are used in a new subsidence model which is validated and used
by work packages 3 and 4 to calculate and determine the economical/societal consequences
and implications of land subsidence. e results of this thesis furthermore contribute to
improved prediction of long-term compaction, which is amongst others important to meet
the residual settling requirements of newly constructed buildings. With the results from this
thesis, land subsidence can be better predicted and these improved predictions contribute to
the determination of mitigation options.
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Viscous compression of clay and peat
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ABSTRACT

Viscous compression, the delayed slow compression of soils after loading, has emerged as
a challenging process contributing to land subsidence in soft soil areas. Despite previous
research on clay soils, there is still limited understanding of the processes and mechanisms
of viscous compression of organic soils. As peat is more susceptible to viscous compression
than clay, and the subsurface of subsiding deltas can contain substantial bodies of peat,
understanding of processes, mechanisms and drivers is needed to predict the potential for
and amount of viscous compression to occur and assess the e ect of mitigation measures to
delta subsidence. is study integrates ndings from prior research on viscous compression
behaviour of clay for a comprehensive comparison of the structural, geomechanical, chemi-
cal, and biological characteristics of clay and peat, to evaluate to what extent compression
mechanisms in clay operate in a similar way in peat. e study focuses on mechanisms of
viscous clay compression, which are: expulsion of micropore water, changes in the adsorbed
water layer, and particle interactions. Our review establishes that these mechanisms also
manifest in peat, albeit with varying contributions to the reorientation of peat bres. No-
tably, the distinct pore structure and larger average pore diameters of peat result in water
expulsion behaviour that is di erent from clay. Additionally, the negative electrical charge on
clay mineral surfaces is stronger than that of peat bre surfaces, in uencing attraction or re-
pulsion forces among particles and the adsorbed water. is study introduces decomposition
of organic matter as an additional long-term control of subsidence. Decomposition weakens
the peat structure and facilitates particle reorientation, which enhances the susceptibility to
compression. On the other hand, when organic material is already decomposed, it shows
lower compressibility compared to brous organic material.
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2.1 Introduction

Clay, silt and peat naturally occur in uvial and coastal depositional environments in deltas,
which in many places host dense populations living in mega cities, intensive agriculture, in-
dustry and infrastructure. One of the most signi cant problems for areas with soft subsurface
layers is local and regional land subsidence (e.qg., Yuill et al., 2009; Erkens et al., 2015). As the
surface lowers, problems arise or increase for the subsiding area, for example local damages to
buildings and infrastructure, and increasing regional ooding frequency, duration and extent
by rivers or the sea. e latter is of great signi cance for coastal deltas that, in addition to land
subsidence, face absolute sea-level rise, resulting in even higher relative sea-level rise (e.g.,
Erkens et al., 2015, Figure 2; Fox-Kemper et al., 2021; Nicholls et al., 2021, NASA, 2023).
One of the major processes causing land subsidence is compaction of normally and lightly
overconsolidated subsurface material.  is compaction is de ned as the process following
an increase in loading, which leads to a decrease in volume of deposits when individual
particles grainsor bres are pressed together, and pore space is reduced. Subsurface lay-
ers consisting of clay and peat have a higher compaction potential than more sandy layers
due to their high (initial) porosity (e.g., Revil et al., 2002; Dudoignon et al., 2007; Landva,
2007; Mesri and Ajlouni, 2007; Uyan k, 2019). Under natural conditions, compaction occurs
under the burden of the weight of the soil material itself, which is called auto-compaction
(e.g., Pizzuto and Schwendt, 1997; Allen, 2000; Massey et al., 2006; Zoccarato et al., 2022).
Human activities cause additional compaction by loading of the subsurface by buildings and
infrastructure (e.g., Wang et al., 2013; Erkens et al., 2015; Jones et al., 2016), hydrocarbon
and groundwater extraction reducing pore pressure (e.g., Galloway et al., 1999; Wu et al.,
2008; oang and Giao, 2015; Galloway et al., 2016; Minderhoud et al., 2017, van Asselen
et al., 2024), and by arti cial lowering of the shallow groundwater table through excessive
drainage (e.g., Schothorst, 1977; Nieuwenhuis and Schokking, 1997; van den Born et al.,
2016; Koster et al., 2018b; Page et al., 2020).

Compaction processes can be divided into three groups: micro-biological, physical and
chemical processes (van Asselen et al., 2009). Micro-biological processes involve aerobic and
anaerobic microbial decomposition of peat (e.g., Berglund et al., 2008; Dorrepaal et al., 2009;
Brouns et al., 2014; Tolunay et al., 2024). Physical processes involve overpressured pore water
expulsion, particle reorientation and compression of solids (e.g., Terzaghi, 1941; Berry and
Poskitt, 1972; Navarro and Alonso, 2001; Mitchell and Soga, 2005). Chemical processes in-
volve oxidation, water di usion and changes in the composition of the adsorbed water layer
(e.g., Bjerrum, 1967; Mitchell et al., 1968; Yin, 2002). From a mechanical perspective, the
compaction process can also be divided into three di erent, time-related types of behaviour
(Paul and Barras, 1998, Fig. 2.1). Type | comprises the instantaneous compression, which is the
immediate rearrangement of the subsurface structure, and occurs within the order of seconds
after the loading is applied. Type 11 is consolidation, which is the volume reduction that oc-
curs following the expulsion of water due to overpressure in the pores. e hydrodynamic
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Chapter 2

period, which is the duration of consolidation, can last from hours to days in the lab or weeks
to years in in-situ conditions depending on hydraulic conductivity and the thickness of the
subsurface layer that is compacted. e end of the hydrodynamic period is referred to as
End-of-Primary (EOP), which is often reached within 24 hours in oedometer tests. Type 111
represents the viscous compression of subsurface material. Viscous compression was previously
called delayed water expulsion (Bjerrum, 1967) and is the result of the reorganisation of the
structure when particles reorientate over time under constant pressure (Chai et al., 2012;
Le et al., 2012; Zhao et al., 2020). is slow reorientation of particles without overpressure
driven water expulsion is called the viscous behaviour of subsurface material.

is review focusses on the viscous compression behaviour of mainly peat, as well as clay,
and therefore on both timescales at which Type 11 and 111 compaction occur. A term that is
often used as a synonym for the viscous compression of subsurface layers is creep. e term
creep is used to indicate both volume change or shear deformation (Tanaka et al., 2006), but
only volume change is considered here as this contributes directly to land subsidence; shear
viscous deformation of soft subsurface layers mainly impacts slope stability of steep cuttings
or embankments (e.g., Rowe and Li, 2002; den Haan and Feddema, 2013; Zwanenburg and
Jardine, 2015). Shear deformation of solid rock at typical depths of hundreds of meters to
kilometres leading to land subsidence is a common topic in structural geology and reservoir
engineering (e.g., Griggs, 1939; Singh, 1975; Wang et al., 2020). Due to these two reasons,
viscous shear deformation is outside the scope of this paper.

~ Typel

Type I

Compaction

Type 111

EOP >

Time (log scale)

Figure 2.1: Schematic semi-log diagram of the compaction as a function of time after a single load
increase. e diagram shows the three time-related types of behaviour of the 1D-compaction process
from a physical or geotechnical perspective. e End-of-Primary (EOP) is indicated as the end of
consolidation after a stress increase.
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Several numerical models have been developed to quantify the amount of vertical displace-
ment (strain) over time resulting from viscous compression (i.e., Bjerrum, 1967; Den Haan,
1996; van Asselen et al., 2009; Kooi and Erkens, 2020).  ese models are used to calculate
the e ect of load changes on viscous compression of subsurface layers as viscous compres-
sion of subsurface material can signi cantly contribute to the total land subsidence in the
longer term. For example for peat, the San Joaquin Delta in California is facing long term
subsidence of 2.5 to 7.5 cm/yr related to viscous compression of the reclaimed islands in the
delta (e.g., Rojstaczer et al., 1991; Galloway et al., 1999; Drexler et al., 2009; Reinert, 2014).
Peat areas in the Netherlands have subsided up to 8.5 meters since 1000 AD. In addition to
consolidation, decomposition and excavation, viscous compression as a result of land surface
drainage has substantially contributed to this long-term subsidence (e.g., van de Ven, 1993;
Erkens et al., 2016; Koster et al., 2018a; van Asselen et al., 2018). Along the Louisiana coast,
a typical subsidence rate of 2 7 mm/yr has been observed which is partially due to viscous
compression following drainage of the Holocene clay and peat layers (T rngvist et al., 2008;
van Asselen et al., 2024; Voyiadjis et al., 2024). At the Kansai International Airport Islands
near Osaka, Japan, viscous compression of subsurface clay layers may contribute 2 4.6
meters of the 20 meters of land subsidence that is expected to occur between the airports
completion of construction in 1999 and 2100 (Puzrin et al., 2010; Mesri and Funk, 2015).

In geotechnical approaches, viscous compression is largely considered to be a physical-chem-
ical phenomenon (Zain, 2019). e main mechanisms leading to viscous compression have
been extensively studied for clay, and include micropore water expulsion, adsorbed water layer
changes and particle interactions (Mitchell and Soga, 2005; Le et al., 2012). Yet, comparably
little progress has been reported on understanding the mechanisms and processes leading to
viscous compression of peat and the inherent reorientation of peat bres. Also, the important
environmental conditions to consider when calculating the amount of viscous compression
in peat are currently unknown. Clearly, further insight in these processes and mechanisms is
required to increase the predictive skill of subsidence models, enabling the development of
measures to e ectively mitigate viscous compression of peat to reduce total land subsidence.

One may hypothesize that the mechanisms and processes for peat are at least partly
similar to those for clay. For example, both clay and peat do have adsorbed water around
and within the particles that may be expelled and lead to viscous compression (i.e.,
Martin, 1962; Kay and Goit, 1977; Hobbs, 1987; Dolinar and Macuh, 2016). However, as
clay has a sheet particle-structure, compared to the highly variable bre structure of peat,
the dynamics of particle reorientation in peat are likely not the same as in clay. Not only
the contact between particles is di erent due to the structure, but also characteristics
such as structural strength, porosity and permeability di er because of it. is will in turn
impact the way and rate at which water is expelled from macro- and micropores. More-
over, understanding viscous compression of peat-clay mixtures, containing both mineral
and organic brous material, will be further complicated by the interactions between the
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material types, for example when smaller clay particles occupy the larger pores in the
bre structure and consequentially reduce e ective pore space.

erefore, as starting point for this review towards understanding viscous compression of
peat, we rst address viscous compression, including the key mechanisms and processes, as
well as the critical environmental conditions, as extensively reported in the literature for clay.
Subsequently, through comparing the two materials and their characteristics, we evaluate
how viscous compression would occur in peat. In this review we limit ourselves to comparing
clay and peat as end-members, and leave implications for clay-peat mixtures for discussion.

To improve our understanding of viscous compression of peat, this review paper aims to
1) explore, identify and examine the di erent mechanisms and processes driving viscous
compression as reported in literature for clay, and determine to what extent these mecha-
nisms can explain viscous compression of peat, 2) identify relevant physical and chemical
characteristics of peat controlling viscous peat compression, and 3) discuss implications
of viscous compression of peat for land subsidence within this framework.

Based on boundary and initial conditions, and characteristics of peat, we expect that the ma-
jor mechanisms of viscous compression of peat are micropore water expulsion, changes in the
adsorbed water layer and inter-particle forces. An additional control of viscous compression
is organic matter decomposition, which is inherent to peat and has a strong impact on the
structure of peat. Using these hypotheses, the paper rst focuses on the three mechanisms
of viscous compression known for clay, and subsequently discuss these for peat, thereby
considering possible relations between di erent mechanisms and the role of microbial de-
composition.

2.2 Mechanisms, processes, environmental conditions and
characteristics

is section presents an overview of the mechanisms described by Le et al. (2012) causing
viscous compression of clay, together with the underlying processes, environmental condi-
tions and material characteristics. e di erent terms used in this paper are presented in
Fig. 2.2. Environmental conditions and material characteristics are placed at the base of the
gure as these in uence the rate and intensity of processes. For processes we consider the
physical, (bio-)chemical and biological ow of material or energy in the system. Processes
describe what is happening at the particle level without a direct link to viscous compression,
while mechanisms relate the processes to what is happing in the soil that leads to particle
reorientation.
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It must be noted that most of the consulted sources for representative values for charac-
teristics of peat and clay had a di erent focus than analysing their role in land subsidence
processes.  erefore, it is sometimes unknown whether values correspond to uncompacted
or compacted clay and peat. Lastly, decomposition of organic material plays a two-fold role,
both through the initial state of decomposition as well as progressive decomposition occur-
ring during viscous compression.

Particle Reorentation

Mechanisns Micropore Water Adsorbed Water Changes in Particle
- Expulsion Layer Changes Interaction
. Water Friction Driven Attraction/ lon
Pmcqs-'es Diffusion Particle Movement Repulsion Absorption
Boundary Temperature pH D‘re .W.ater Oxidzing
onditions Salinity Agents
Shs Hydraulic Pore Size ! Fibre
Characteristics Conductivity Distribution Porosity Content

Figure 2.2: Overview of the various terms (right) used in this paper to explain viscous compression.
Left: terms referred to when mentioned as a group. e arrow indicates the reading direction for the
groups and terms. Characteristics and environmental conditions function at the lowest level a ecting
viscous compression, forming the initial setting for the processes. Processes direct the mechanisms
which lead to particle reorientation. e latter causes the volume loss we observe as viscous compression.

2.2.1 Micropore water expulsion

Micropore water expulsion is one of the primary mechanisms of viscous compression of soft
subsurface layers (e.g., Mitchell, 1993; Akagi, 1994; Navarro and Alonso, 2001; Mitchell and
Soga, 2005). Micropore water expulsion under speci c¢ stress conditions is likely di erent in
peat than in clay. As the internal structures of clay and peat are very di erent, it is very likely
that the distribution of various pore sizes is not comparable. For example, pristine peat has
typically a higher porosity than clay, which is respectively ~90% and 30-60% (e.g., Landva,
2007; Quinton et al., 2009; Rhezanezhad et al., 2012; Osipov et al., 2015), and a higher
permeability. In this section pore size characteristics, the pore network and the expulsion
dynamics of micropore water are discussed to get a clear view of the di erences which may
lead to di erences in viscous compression.

2.2.2 Poresizes

Clay pores can be divided into three classes. Macropores are de ned as the spaces between
larger particles or between aggregates of smaller particles (Fig. 2.3). e general range of
the diameter of macropores is >10 m (Matsuo and Kamon, 1977). Mesopores can be
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situated between larger particles or aggregates as well as situated within particle clusters or
aggregates. e typical diameter of mesopores is 1-10 m. Micropores are situated within
clusters of clay particles or in between clay sheets. e typical diameter is <1 m. As clay
is considered to have individual particles of <2 m, the boundary size between micropores
and mesopores is at the scale of individual clay particles, whereas the boundary size between
meso- and macropores is more comparable to stacks of clay particles.

Clay Peat
Particle Clusters Macrostructure
Macropore x S i o B 5 = i - : @l - Interpore
=10 e i, Sttt . i E 2 =30 pm
b - L -1
: L 2 fiiz =
4 - £
e A - = =9
|z Intrapore
Clay sheets — 2l = niap
1= = 30 - 300 um
- g€
= =
£l s
= =
Mesopore < | gl & Fibre
1= 10 um = =
= i
: To | T ~ Cells
Interlayer —— Tl = ;
H“‘_:‘ ET Innerpore
Micropore _— 13 21 <30 um
< i pum

Figure 2.3: Combined SEM image and schematic particle structure with pore classes and dimensions.
Left: Kaolinite clay; Right: Peat. SEM images on the left and right are reproduced from respectively
Lanson et al. (2002) and Mesri and Ajlouni (2007).

For peat, an alternative to the macro-, meso- and micropores is a division based on size
between inter-plant, intra-plant and inner-plant pores (Weber et al., 2017). Inter-plant
pores in peat are the spaces between individual plant remains (Fig. 2.3), and are larger than
macropores in clay. e smallest diameter of inter-plant pores is reported to be between 100
and 300 m for various types of normally and lightly overconsolidated peat, among which
Sphagnum peat is tested the most (Holden, 2009; Weber et al., 2017; Gharedaghloo et al.,
2018; McCarter et al., 2020). Intra-plant pores are de ned as the spaces between the smaller
parts of plant remains, such as roots or leaves. Intra-plant pores share the lower diameter
range of clay macropores as their typical diameter is between 30 and 100 m. e spaces
within plant structures are considered inner-plant pores, which have a diameter between 10
and 30 m (Weber et al., 2017; McCarter et al., 2020).

Pore water can also be retained within the cells of plant material (Weber et al., 2017). Cell
water is commonly situated in the apoplast, which is the space between the outer cell wall
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and the plasma membrane, and in the symplast, which is the space inside the plasma mem-
brane excluding the cell nucleus (Barberon and Geldner, 2014).  ese cells make up most
of the pores with diameters smaller than inner-plant pores (<10 m). Since water in cells
does not ow as capillary ow or di usion, cells are not considered as inner-plant pores. It is
important to note the presence of this type of water, as breakdown of cell walls could enable
cell water to ow out of the cell, resulting in further compaction. However, because of its
non-capillary character, cell water is usually not taken into consideration.

e reported typical diameter of pore types varies per study, due to the variation in the stud-
ied subsurface material. Furthermore, indicated boundary diameters for pore size classes can
also vary with the applied experimental technique (Beven and Germann, 1982) (Table 1).
Since the upper boundary of inner-plant pores diameter varies up to 30 m, it makes sense
to combine mesopores and micropores into one class based on their diameter to compare the
pore size distribution of clay and peat.

2.2.3 Pore network

e porosity can be divided into an active and an inactive part of the pore network. e active
porosity, also called the e ective, open or mobile porosity, consists of open, interconnected
macropores and sometimes mesopores. e inactive porosity consists of partially or fully
closed pores and dead-end pores, usually belonging to the meso- or micropore classes. Due
to their shape and position, for example within clay particle clusters or within plant struc-
tures, water in these pores cannot ow out easily or not at all, excluding the pores from active
contribution to the through ow. In some cases, also macropores can be part of the inactive
porosity when pores are clogged by, for example, gas bubbles or small particles. Porosity may
rapidly change within a soil pro le. For example, in Canadian Sphagnum and fen peat active
porosity in the top centimetres of the soil is 50-60% of the total porosity (Quinton et al.,
2009; Rezanezhad et al., 2012) but decreases rapidly with increasing depth. Gharedaghloo
et al. (2018) showed that in fen peat, active porosity decreased to 27% at only 11 cm below
the surface. Macropores are easily squeezed, such that relatively more meso- and micropores
remain to make up the pore space. Since pore throats, the connections between pores, also
get smaller, a larger portion of the total pore space becomes inactive due to the capillary
suction in unsaturated conditions preventing the pore water to ow through the smaller pore
throat and lower water di usion rates in saturated conditions.

Macropores or inter-plant pores usually make up less than half of the total amount of pores,
but often account for more than 70% of the water ux in both clay and peat, because of
preferential ow, bypassing connected mesopores (Moret and Arree, 2007). e abundance
of macropores in the subsurface decreases with depth due to compaction. Decomposition of
peat can also lead to a decrease in the volume of macropores (McCarter et al., 2020).
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Table 1: Pore dimension ranges for macro-, meso- and micropore classes for both clay and peat accord-
ing to di erent authors. e type of material and the method used to determine the pore classes are
also listed.

Pore dimensions ( m)

Clay/ Type of Clay/

Auth "

UEAeTy Peat Peat Method Macro/ Meso/  Micro/
Inter Intra Inner

Matsuo & Kamon Clay Unde ned Microscopy >10 1-10 0.01-1

(1977)
Silty Clay Loam  Backscatter Electron

Bruand et al. (1996) Clay . A >800 100-800  10-200
soil Microscopy
Filimonova et al Montmorillonite
' Mixed + Soil Organic Nitrogen Adsorption >50 2-50 <2

2006
( ) Content

. Vertisols + Soil . .
Za ar & Lu (2015) Mixed Organic Content Nitrogen Adsorption >75 30-75 5-30

Mendes et al. Sandy-Clayey Soil Water Retention

(2020) Clay il Curve >30 0.3-30 0.05-0.3

Holden (2009) Peat Sp.h agnum/ In Itrometer Test >250 - <250
Eriophorum

Weber etal. (2017) Peat  Sphagnum Falling Head + >300 30-300  10-30

Modelling

Another important characteristic associated to the pore network is the hydraulic conductiv-
ity, that generally decreases with lower active porosity. e hydraulic conductivity of both clay
and peat is generally low, in the order of 10 to 10° m/d (Mesri and Ajlouni, 2007; Tanaka
et al., 2019; Hayashi and Hatakeyama, 2021). In contrast, hydraulic conductivity values of
sandy deposits are in the order of 10° to 10° m/d. For the Dutch Pleistocene and Holocene
deposits comparable values have been found for clay, peat and sand in aquitards (van Leer et
al., 2023). Peat generally has a higher hydraulic conductivity than clay, but reported values
vary with the testing conditions, the compaction state of the peat and clay and the decom-
position state of peat. Hayashi and Hatakeyama (2021) showed that hydraulic conductivities
for peat measured in-situ are approximately between 10 and 100 times higher than measured
in a laboratory.  eir explanation focusses on the strong anisotropy of hydraulic conductivity
in peat and the limited vertical water ow in laboratory set-ups compared to the omni-
directional ow in-situ. Furthermore, the larger in-situ layer thickness leading to di erences
in hydraulic gradients and drainage lengths between laboratory and eld set-ups. Lastly, the
heterogeneity of peat means a larger test in-situ levels out structural di erences to at least
some extent, whereas a laboratory sample might be representative for a maximum or mini-
mum value, an explanation that also re ects the larger di erences with increasing organic
content that is mentioned. is upscaling feature is important to consider when discussing
the implications of laboratory results for eld settings. Also, a typical characteristic of peat
is the larger decrease in hydraulic conducti