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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 significant problem since it increases flood 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 effectiveness of flood 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. These 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. The various components of compaction
each act at different 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 scientific attention. Peat is also prone to decomposition, the
breakdown of organic matter by microbes. This 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. This variability extends both laterally and vertically, and
material characteristics differ even within individual subsurface layers. These 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. The 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 influence 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 identified for viscous compression
of clay. Although peat and clay are both very compressible, they have different 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 different 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. These mechanisms also exist
in peat, but the organic matrix, composed of fibres 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 fibres 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 identified: degree of decomposition, progressive
decomposition, clay fraction, temperature, pH, and ion concentration. The degree of
decomposition and progressive decomposition are unique to peat compared to clay and
therefore highly important in explaining the differences between the two materials. The
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 fibre-scale structure, porewater diffusion, 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. This considered both the effect of compaction on decomposition rates and
the feedback of decomposition-induced changes on material compressibility. Decompo-

sition was quantified through respiration tests, which measure the CO, produced during
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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 fibrous 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 flexible fibre
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. This interdependence implies that the degree of decomposition
governs the initial compressibility, while progressive decomposition reduces the rate of
future compaction. These findings challenge the assumption of most subsidence models
that progressive decomposition is too slow to influence 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. The differences 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 fibrous peat
showing the highest susceptibility to long-term compaction. However, decomposed peat
displayed lower viscous compression susceptibility despite being organic-rich, reflecting
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. This variability of viscous compression intensity
of peat highlights that specific organic structural characteristics such as fibre size, tensile
strength, and botanical origin of the organic matter influence compressibility in ways not
captured by the simpler bulk density and water content. Complementary to the identified
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 effective 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 stiffness. This 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. The viscous compression parameter at overconsolidated conditions needs
to be determined through an iterative method. This 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. The 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. These 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 first 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 fibres and organic particles, facilitating reorientation and
collapse, while compaction (and thus viscous compression) restricts further decomposition
by constraining microbial access to pore space. Effectively, decomposition enables more vis-
cous compression in total, but spreads this additional compression over an extended period
of time. This 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 effect 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 fixed material constant, but the findings of this thesis show that it
evolves with decomposition state, effective stress, overconsolidation ratio, and intrinsic time.
'This 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
field 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 invloed op de effectiviteit 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 geintegreerd 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
tijdsathankelijk 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 toeckomst te kwantificeren. Dergelijke methoden zijn grotendeels

XVI



Summary | Samenvatting

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
identificeren van de mechanismen en processen die viskeuze compressie van organisch-rijke
ondergrondlagen veroorzaken; 2) het bepalen en kwantificeren 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 identificeren 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 porién met verschillende afmetingen, maar waarbij veen gemiddeld grotere
porién heeft. Viskeuze compressie van klei wordt voornamelijk gestuurd door het uitpersen
van water uit microporién, 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 microporién 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 geidentificeerd 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,

poriewaterdiffusie 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 kwantificeren. 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 gekwantificeerd 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 microbiéle 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 flexibele vezelstructuur aanzien-
lijke heroriéntatie 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 athankelijkheid impliceert dat de
decompositiegraad de initiéle 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 beinvloeden 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 geclassificeerd, 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 specifieke organische structurele

XVIII



Summary | Samenvatting

kenmerken, zoals vezelafmetingen, treksterkte en botanische oorsprong, de samendrukbaar-
heid beinvloeden 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 effectieve stress lager is dan de preconsolidatie stress, bijvoorbeeld als gevolg van
vroegere hogere belastingen, of wanneer tijdsathankelijke processen zoals viskeuze compres-
sie of veroudering de ogenschijnlijke stijtheid hebben vergroot. Dit wordt uitgedrukt met de
overconsolidatie ratio, gedefinieerd 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 ratio’s 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 ratio’s 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 onathankelijke mechanismen van
volumeverlies, laten de thesis resultaten zien dat zij elkaar controleren doordat beide proces-
sen porositeit, deeltjessterkte, watermobiliteit en microstructurele integriteit beinvloeden.
Decompositie verzwakt vezels en organische deeltjes, en vergemakkelijkt heroriéntatie 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 geinterpreteerd als het gecombineerde effect 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, effectieve 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).
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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. This subsidence relative to sea level rise leads to an amplification of flood
risk, threatens water management, and puts stress on current land use, while differential land
subsidence causes damages to buildings and infrastructure (e.g., Teatini et al., 2005; Shi et
al., 2008; Tornqvist 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 intensifies 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 effective management strategies to mitigate subsidence and its negative impacts.
Drivers are external influences 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). The surface lowering observed
in affected 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. This 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 flow towards lower pres-
sure zones in the subsurface, which can be for example in the subsurface around the house.
Because of this water outflow, 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 different depths and over varying
timescales (e.g., van Asselen et al., 2009). The 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
differences in drivers and subsurface heterogeneity, which in turn drive different 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. The
compaction is caused by the mechanisms shrinkage, consolidation and viscous compression.
All these mechanisms lead to increased effective stress. Effective stress is defined as the total
pressure, which is determined by loading, minus the porewater pressure, which carries a part
of the total pressure (Terzaghi, 1925). Thus, the effective stress quantifies 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 effective stress (e.g., Tempany, 1917;
Lexmond et al., 2024), consolidation is the expulsion of overpressured porewater after a
loading event leading to an effective 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. This 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 difficult to quantify in predictive models of
subsidence, particularly under low loadings. This 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 field 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 field 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 effect on subsidence remain poorly
understood. This hampers our ability to mechanistically describe the unique long-term
behaviour of organic-rich soils, especially in environments with fluctuating water levels and
complex loading histories. In this thesis I 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. The

shown depths are representative for the Netherlands. Modified 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 The 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 floods allows partially decomposed plant material to accumulate and be preserved
in anoxic conditions. The hollow cellular tissue structure of the plant remains produces a
substrate with very low density, extremely high water content, and a fibrous fabric. These
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, different 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, influencing long-term compaction. The material char-
acteristics, decomposition history, and active decomposition can vary significantly in space.
This 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 flooding is more frequent and
therefore sediment input is higher compared to areas where organic-rich peat is formed.
Their composition, fine-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; Zaftar 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 simplification 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). The subsurface in the coastal-deltaic area
is characterized by predominantly highly organic and clay-rich layers, sporadically interca-
lated by sand bodies deposited by different 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). The 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). The 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 flood basins, 2) the flooding 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).

'The high compressibility of peat is well recognizable in maps of observed land subsidence
rates in the western peat area, derived from GNSS and InSAR measurements (Fig. 1.3¢).
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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Figure 1.3: The spatial distribution of subsurface material in the Netherlands at a) the surface, and at b)
2 meters below the surface. These maps show the highest subsurface material probability at 250 x 250 x
1 meter resolution based on 540.000 borehole logs (TNO-GDN, 2025). ¢) Land subsidence rates in the
peat meadow area of the western Netherlands derived from InSAR measurements (Conroy et al., 2024).
On all three maps the cities of Amsterdam and Gouda are indicated. WGS84 coordinates are displayed
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'The 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,
effectively increasing flood (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). These 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 conflict 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 effective 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. The 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 effective
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. These two defining aspects are also at the core of how viscous compres-
sion is modelled. The equations to calculate viscous compression are based on a logarithmic
relationship between deformation and time. This means that viscous compression develops
uniquely for any combination of stress and compaction state, defining 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). The 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). Therefore, in this thesis, the term viscous compression is adopted, as it more accurately
reflects the continuous, stress-controlled, viscous deformation behaviour observed in these

highly organic, water-rich materials.

1.5 Problem definition

A central problem in subsidence prediction is the uncertainty surrounding the viscous com-
pression of soft subsurface materials, especially peat and organic-rich clays. This uncertainty
results in unreliable model estimates of viscous compression under low-stress field conditions
which is further complicated by the high compressibility and strong spatial heterogeneity
of these materials. To predict land subsidence and specifically 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 difficult to translate to field conditions given the heterogeneity
in composition and properties of organic-rich layers. This difficulty reflects 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 field, 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). These mod-
els often rely on empirical relationships or simplified 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 specific 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 effect of swelling on viscous compression (e.g., Vergote et al., 2022). These
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

The 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, I have defined three subobjectives:

1. Identify 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 influence 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, I first 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, I explore how material properties and envi-
ronmental conditions influence compression behaviour in both material types. This review
provided further understanding of 1) why it is more difficult 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 I analysed for intact samples of
fibric and decomposed peat, how porosity reduction under varying stress levels decreases
decomposition rates. These findings 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. The 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). The 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 fixed value.
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General introduction

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, I further evaluated how well current model parameterisations capture
viscous compression across the full stress range. This was done by a validation analysis
of the viscous compression parameter at various stresses, and for different compaction
states of the material (Chapter 5). Through comparison of different 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, I 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 field scale, and changing boundary conditions such as temperature
and porewater salinity.

1.7 NWA-LOSS Research Program

'The 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 The 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 The 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).

The overall aim of this program is to develop an integrative approach to achieve feasible,
legitimate and sustainable solutions for managing the negative societal effects of land
subsidence, connecting fundamental research on subsidence processes to socio-
economic impact of subsidence and to governance and legal framework design. The
program is to contribute significantly 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. The program is comprised of five work packages cover-
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Chapter 1

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

M e

Knowledge utilization and entrepreneurship

'The 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. The (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. The 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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Chapter 2:

Viscous compression of clay and peat
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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 effect of mitigation measures to
delta subsidence. This study integrates findings 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. The 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 fibres. No-
tably, the distinct pore structure and larger average pore diameters of peat result in water
expulsion behaviour that is different from clay. Additionally, the negative electrical charge on
clay mineral surfaces is stronger than that of peat fibre surfaces, influencing attraction or re-
pulsion forces among particles and the adsorbed water. This 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 fibrous organic material.
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Viscous compression of clay and peat

2.1 Introduction

Clay, silt and peat naturally occur in fluvial 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 significant problems for areas with soft subsurface
layers is local and regional land subsidence (e.g., 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 flooding frequency, duration and extent
by rivers or the sea. The latter is of great significance 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. This compaction is defined as the process following
an increase in loading, which leads to a decrease in volume of deposits when individual
particles — grains or fibres — 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; Uyanik, 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; Thoang and Giao, 2015; Galloway et al., 2016; Minderhoud et al., 2017, van Asselen
et al., 2024), and by artificial 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 diffusion 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 different, time-related types of behaviour
(Paul and Barras, 1998, Fig. 2.1). Type I 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. The 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. The end of the hydrodynamic period is referred to as
End-of-Primary (EOP), which is often reached within 24 hours in oedometer tests. Type I1I
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). This slow reorientation of particles without overpressure
driven water expulsion is called the viscous behaviour of subsurface material.

'This review focusses on the viscous compression behaviour of mainly peat, as well as clay,
and therefore on both timescales at which Type II and III compaction occur. A term that is
often used as a synonym for the viscous compression of subsurface layers is creep. The 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. The diagram shows the three time-related types of behaviour of the 1D-compaction process
from a physical or geotechnical perspective. The 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). These models are used to calculate
the effect of load changes on viscous compression of subsurface layers as viscous compres-
sion of subsurface material can significantly 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 (T6rnqvist 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). The 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 fibres. 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 effectively 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 fibre 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 different due to the structure, but also characteristics
such as structural strength, porosity and permeability differ because of it. This 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 fibrous material, will be further complicated by the interactions between the
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Chapter 2

material types, for example when smaller clay particles occupy the larger pores in the

fibre structure and consequentially reduce effective pore space.

Therefore, as starting point for this review towards understanding viscous compression of
peat, we first 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 different 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 first focuses on the three mechanisms
of viscous compression known for clay, and subsequently discuss these for peat, thereby
considering possible relations between different mechanisms and the role of microbial de-
composition.

2.2 Mechanisms, processes, environmental conditions and
characteristics

This 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. The different terms used in this paper are presented in
Fig. 2.2. Environmental conditions and material characteristics are placed at the base of the
figure as these influence the rate and intensity of processes. For processes we consider the
physical, (bio-)chemical and biological flow 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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Viscous compression of clay and peat

It must be noted that most of the consulted sources for representative values for charac-
teristics of peat and clay had a different focus than analysing their role in land subsidence
processes. Therefore, 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

Mechanisms MECE:::tIirI':i(\:;aler ?:;:Té:;::: Chmlnﬁ:ecs;r;:ti;::ticle

Procses
Temperature pH P(;r:] 12:‘:;‘” 0;1;;1151.%’

Characteristics C:al:cﬁxlvlfq D}i} ;'ES{'EEH Bty (‘E:‘::n

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. The arrow indicates the reading direction for the
groups and terms. Characteristics and environmental conditions function at the lowest level affecting
viscous compression, forming the initial setting for the processes. Processes direct the mechanisms
which lead to particle reorientation. The 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 specific stress conditions is likely different in
peat than in clay. As the internal structures of clay and peat are very different, 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 differences which may

lead to differences in viscous compression.

2.2.2 Pore sizes

Clay pores can be divided into three classes. Macropores are defined as the spaces between
larger particles or between aggregates of smaller particles (Fig. 2.3). The general range of

the diameter of macropores is >10 pm (Matsuo and Kamon, 1977). Mesopores can be
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Chapter 2

situated between larger particles or aggregates as well as situated within particle clusters or
aggregates. The typical diameter of mesopores is 1-10 um. Micropores are situated within
clusters of clay particles or in between clay sheets. The typical diameter is <1 pm. As clay
is considered to have individual particles of <2 pm, 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 n ~ Macrostructure
Macropore = E, . il - [nterpore
=10 e N E = = 30K g
L -1
- | £
= =
E 2 Intrapore
Clay sheels - i = P
1= = 30 - 300 um
- g€
= =
£l s
= =
Mesopore < | gl & Fibre
1= 10 um = =
= i
i T | €T £ Cells
Interlayer — E b
“;‘;‘ 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. The smallest diameter of inter-plant pores is reported to be between 100
and 300 pm 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 defined 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 pum. The spaces
within plant structures are considered inner-plant pores, which have a diameter between 10
and 30 pm (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). These cells make up most
of the ‘pores’ with diameters smaller than inner-plant pores (<10 pm). Since water in cells
does not flow as capillary flow or diffusion, 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 flow out of the cell, resulting in further compaction. However, because of its
non-capillary character, cell water is usually not taken into consideration.

The 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 pm, 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

'The porosity can be divided into an active and an inactive part of the pore network. The active
porosity, also called the effective, open or mobile porosity, consists of open, interconnected
macropores and sometimes mesopores. The 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 flow out easily or not at all, excluding the pores from active
contribution to the throughflow. 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 profile. 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 flow through the smaller pore

throat and lower water diffusion 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 flux in both clay and peat, because of
preferential flow, bypassing connected mesopores (Moret and Arrte, 2007). The 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 different authors. The type of material and the method used to determine the pore classes are
also listed.

h i O/ Pore dimensions (pm)
a e of Cla;
Author Pe ai, PZ:t ” Method Macro/ Meso/ Micro/
Inter Intra Inner
Matsuo & Kamon Clay Undefined Microscopy >10 1-10 0.01-1
(1977)
Bruand etal. (1996) Clay -y Clay Loam - Backseatter Electron g 100-800  10-200
soil Microscopy
Fil cal Montmorillonite
Limonova et al Mixed  + Soil Organic  Nitrogen Adsorption >50 2-50 <2
(2006)
Content

Zaffar & Lu (2015) Mixed Vertlsc?ls * Sol Nitrogen Adsorption >75 30-75 5-30
Organic Content

Mendes et al. Sandy-Clayey Soil Water Retention

(2020) Clay il Curve >30 0.3-30 0.05-0.3
h m/
Holden (2009) Peat Sp . agnu Infiltrometer 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. The 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. Their explanation focusses on the strong anisotropy of hydraulic conductivity
in peat and the limited vertical water flow in laboratory set-ups compared to the omni-
directional flow in-situ. Furthermore, the larger in-situ layer thickness leading to differences
in hydraulic gradients and drainage lengths between laboratory and field set-ups. Lastly, the
heterogeneity of peat means a larger test in-situ levels out structural differences to at least
some extent, whereas a laboratory sample might be representative for a maximum or mini-
mum value, an explanation that also reflects the larger differences with increasing organic
content that is mentioned. This upscaling feature is important to consider when discussing
the implications of laboratory results for field settings. Also, a typical characteristic of peat
is the larger decrease in hydraulic conductivity with decreasing void ratio, which is the ratio
between the volume of pores and solids, due to its high compressibility. Therefore, highly
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compressed peat can have a lower hydraulic conductivity than clay. The decrease in hydraulic
conductivity under increasing compression can be calculated using the altered relationship

from Tavenas et al. (1983):
C, = Ae/ logk£ (2.1)
0

where Cy is the (dimensionless) index of change in hydraulic conductivity, Ae is the decrease
in void ratio e and log4 is the relative change in the logarithm of the hydraulic conductivity.
Based on various fibrous peat samples and kaolinite, illite and montmorillonite clay samples,
it was shown that Cy of peat is twice that of clay (Tavenas et al., 1983; Mesri et al., 1997) for
equal changes in void ratio. The hydraulic conductivity of uncompressed fibrous peat types
can be between 100 and 10,000 times that of soft clay (Mesri et al., 1994). Lastly, clay and
peat show a considerable hydraulic anisotropy. Both have small-scale internal structures with
a predominantly horizontal orientation, such as clay mineral plates, individual fibres and
stems of plant remains, favouring horizontal pore water flow over vertical flow. The anisot-
ropy of conductivity in clay is more pronounced than that of peat, kx/k, being respectively
~10 and ~4 (Mesri et al., 1997).

2.2.4 Effect on viscous compression

Porewater expulsion occurs after a pressure or stress increase. During the consolidation phase
(Type 1II in Fig. 2.1) over-pressured water is expelled mainly from the macropores. Once
the excess pore pressure has dissipated the consolidation phase ends at EOP. During the
subsequent viscous compression phase (Type III in Fig. 2.1) micropore water is expelled.
'This does not occur as a result of overpressure, but is assumed to be a delayed water expulsion

that occurs from micropores to the macropores through diffusion.

Two hypotheses exist about micropore water expulsion during the consolidation phase
(Degago et al., 2011). Hypothesis A assumes that the void ratio reached at the EOP only
depends on the effective stress and not on the duration of consolidation. Assuming that
viscous compression, partially due to micropore expulsion, is time dependent, it only occurs
after the EOP (Type III in Fig. 2.1) and not during the consolidation phase (Type II in
Fig. 2.1). Hypothesis B assumes that along with consolidation (macropore water expulsion)
also viscous compression (micropore water expulsion) already occurs. Under this assump-
tion field samples experience more strain at EOP for equal stress conditions than a labora-
tory sample because of the larger thickness of field samples and accompanying maximum
drainage length. A larger thickness means that water has to travel longer to be expelled to
complete consolidation and reach EOP, while laboratory samples need less time to reach
EOP after loading (Fig. 2.4). After the EOP, further strain only occurs through viscous
compression: micropore water continues to be expelled, while macropore water expulsion
has ceased. Degago et al. (2011) conclude that measured compression of subsurface layers
supports hypothesis B and reject hypothesis A. In agreement with the reasoning supporting

this conclusion, hypothesis B is further considered in this paper. In some compression tests, a
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steepening of the logarithmic time-strain slope during the viscous compression phase (Type
IIT in Fig. 2.1) is observed, which is referred to as tertiary compression (Den Haan and
Edil, 1994; Augustesen et al., 2004). The release of particle-bound water in the pores is then
hypothesised as the process leading to this steepening of the curve.

Time (logscale)

Compaction

Y @ EOP for laboratory sample . FHOP tT:r ”_H{w sample . ;OP i?r ”.1_5].:““' B
ypothesis / ypothesis

Compaction laboratory sample Compaction in-situ sample Compaction in-situ sample
Hypothesis A & B Hypothesis A Hypothesis B

Figure 2.4: Compaction curves for laboratory samples (red line) and in-situ samples (blue lines) as a
result of equal loading (equal Ao’/ 04). Because of the larger thickness of the in-situ sample, the End-
of-Primary (EOP, indicated by the circles) is reached after more time than in laboratory conditions.
Hypothesis A reasons that no viscous compression happens in Type II, which results in a EOP compac-
tion valid for both laboratory and in-situ conditions. Hypothesis B reasons viscous compression does
happen in Type II, which leads to more compaction at EOP. This is the case as viscous compression is
time-related and for a thick sample that takes more time to reach EOP, also more viscous compression

will take place (after Ladd et al., 1977 and Degago et al., 2011).

'The different times required to drain macropores on the one hand versus meso- and mi-
cropores on the other is attributed to and referred to as ‘double porosity’. Before the EOP,
water from the macrostructure of macropores is expelled, while water from the meso- and
micropores in the microstructures drains to the macrostructure they are connected to. After
the EOP, only water from the microstructures drains to the macrostructure, and then further
drains via the larger pores. In peat, the same sequential process may occur, where macrostruc-
tures are made up of inter-plant and intra-plant pores, whereas the microstructures comprise

the inner-plant pores.
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Subsurface microstructures are thus important characteristics, in which changes can lead to
viscous compression of clay (i.e., Berry and Poskitt, 1972; Navarro and Alonso, 2001; Le
et al., 2012), and likewise also for peat. The fast decrease in hydraulic conductivity of peat
related to compaction (Mesri and Ajlouni, 2007; O’Kelly and Pichan, 2013; Tanaka et al.,
2019) can be due to 1) increased tortuosity of the flow channels and/or, 2) the decreased
diameter of the flow channel. However, in which of the pore types in peat these changes
mostly or more extensively occur, cannot be determined from the available information on
hydraulic conductivity.

2.3 Adsorbed water layer changes

The second mechanism of viscous behaviour in clay is adsorbed water layer changes (Mitch-
ell and Soga, 2005; Le et al., 2012). The adsorbed water content of clay and peat will likely
differ. Clay has a much stronger negative surface valency than peat, which is an important
characteristic governing the adsorbed water layer, whereas hydrophilic and hydrophobic
properties of peat are determined by the plant material. As the adsorbed water layer de-
termines the flow resistance of the free pore water and the structural resistance of particles
to move relative to each other, both influencing the viscous compression, it is necessary to
understand the impact of the adsorbed water layer on the viscous compression. This section
gives an overview of the characteristics of the adsorbed water layer and which characteristics
of the free pore water and pore structure it controls.

2.3.1 Characteristics of the adsorbed water layer in clay

The water layer is adsorbed to the outside of clay particles due to the negative charge of
the surfaces (Langmuir, 1938). In between clay sheets of 2:1 layered clay minerals, adsorbed
water, often called interlayer water, can be found as well (Hoekstra and Doyle, 1971; Helmy,
1998; Mitchell and Soga, 2005; Brigatti et al., 2013; Lagaly and Dékany, 2013). The surface
of most clay minerals is negatively charged as a result of isomorphous substitution, which is
the substitution of one type of atom in a crystal by another with a similar size, but with a
different valency and/or electronegativity (Prost et al., 1998; Brigatti et al., 2013; Lagaly and
Dékany, 2013; Schoonheydt and Johnston, 2013). The edges of the clay mineral are positively
charged at pH 7 to retain the net neutral charge of the mineral. Water molecules can be
bonded to a clay mineral in three different ways (Martin, 1962; Mitchell and Soga, 2005;
Schoonheydt and Johnston, 2013; Johnston, 2018): with dipole attraction, cation attraction
and hydrogen bonding (Fig. 2.5). Water molecules and hydroxyl groups can act as a dipole,
a molecule with a positive and a negative charged side, to directly attach to the negatively
charged clay surface (Delville, 1993; Johnston, 2018). Another option is that a cation, such
as K, functions as the connection between the water molecule and the clay surface (Martin,
1962; Low, 1962; Delville, 1993; Schoonheydt and Johnston, 2013). In this case, multiple

water molecules can bind to the cation depending on the charge of the cation. Non-movable
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cations, such as AI’*, Mg*" or Na’, in the adsorbed water layer also provide stable connec-
tions with the water molecules. Hydrogen bonding is the relatively strong attraction between
a hydrogen atom and a strongly negative charged atom (Delville, 1993; Schoonheydt and
Johnston, 2013; Johnston, 2018). Hydrogen bonding can lead to dipole-dipole bindings or
covalent bindings. Water in the absorbed water layer further away from the clay surface can
be bound through Van der Waals forces (Schoonheydt and Johnston, 2013; Johnston, 2018;
Fig. 2.6).

The adsorbed water layer is organised into mono- and multilayers of water (H,O) molecules
or hydroxyl (OH-) groups that are fully or partially in contact with the adsorbent surface
(Asay and Kim, 2005; Osipov, 2012). The adsorbed water layer can be divided into three
types of bonded water layers: ice-like layers, transitional layer(s) and liquid water layers.
The closest to the particle surface are the ice-like layers (Hoekstra and Doyle, 1971; Asay
and Kim, 2005), which are commonly referred to as the Stern layer of the immobile layer
(i-e., Gongalves et al., 2010; Tang et al., 2016). The internal structural rigidity of these layers
is caused by the strong bonding network of hydrogen that bonds to a very electronegative
oxygen atom, creating a strong dipole and dipole connections (Fig. 2.5). This bonding net-
work also results in a stronger bonding energy between the particle surface and the water
molecules than with molecules further from the surface (Tang et al., 2016). These layers are
followed by the transitional or diffuse double layer(s), after which further outward layers
behave similarly to free bulk pore water as they are increasingly governed by thermal motion
(Fig. 2.6; Asay and Kim, 2005, Tang et al., 2016). The formation of the different monolay-
ers around clay particles is directly linked to water filled pore space, following an S-shaped
sorption isotherm (Fig. 2.6; Osipov, 2012). The ice-like layers form between 0% and 30%
water filled pore space (Fig. 2.6; Asay and Kim, 2005). The formation of the transitional
layer happens between water filled pore space of 30% up to 60%. Above 60% water filled
pore space, adsorption occurs in the form of liquid water multilayers (Tang et al., 2016).
Generally, the total adsorbed water layer thickness is in the order of 10 Angstrom (10 A = 1
nm) (Tokunaga, 2009; Tang et al., 2016). Individual monolayers are < 5 A thick.

The thickness of the adsorbed water layer is determined by several factors. The most im-
portant are considered to be the temperature, total water content and the external specific
surface area, which is the external particle surface area per unit mass of solid material (i.e.,

Langmuir, 1938; Mitchell, 1993; Fukue et al., 1999; Dolinar and Macuh, 2016). The amount
of water adsorbed to clay particles, w,,, (g/g) is calculated as follows (Mitchell, 1993):

Wge = Age h Pw (22)

Where Ag,is the external specific area of the material particles (mz/g), h is thickness of the
adsorbed water layer (m) and pw the density of the pore water (~10° g/m”).
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Figure 2.5: a) Water molecule shown as a dipole and b) attraction of water molecules directly to the
surface of a clay particle via (i) dipole attraction, (ii) cation attraction and (iii) hydrogen bonding (Le et
al., 2012, modified after Ranjan and Rao, 2011).

@ Oxygen @ Hydrogen @ Hydroxyl @& Dissolved cation @ Tetrahedral cation @ Octahedral cation

s = % Aék a 4 T
" Yo & -
PP 474 30
+
r@r ¥ . 4 iy Ee
4 8%
3 PR e 2Tk
-~ b ] b | ﬁ;
- =
- * A F L
I » & v - 151

A ¥ A W A Y a WY a ¥

I
I
}
I
)
I
1
T

b 4 b a4 s & oaa a7 Ice-like : Transitional Liquid Water
¥ A Y a ¥ a W oa ¥ a Layers : Layer Mulitilayers
i = S g © + + + |
E AVAVAVAVAVAVAV b " Wal:r?:illed Pare § ai{:'%] * e
3| SRIRAAR A | | -

Figure 2.6: Molecular structure, and thickness of adsorbed water layers and types as a function of water
filled pore space. Left: schematic illustration of the adsorption development of water molecules when
the adsorbed water layer thickness increases with water filled pore space. Bottom left: a 1:1 structured
clay particle (e.g.,e.g kaolinite), is shown as the surface to which the water is adsorbed. Top left: impres-
sion of organisation of adsorbed water molecules in the three adsorption layers. Right: evolution of the
adsorbed water layer thickness and development of the three adsorption layer types with increasing
water filled pore space. A fully saturated soil corresponds to 100% water filled pore space. Based on Asay
and Kim (2005), Osipov (2011) and Brigatti et al. (2013).
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As the water content, which is the weight of water as a percentage of the weight of solids,
at the liquid and plastic limit (LL and PL) linearly increases with external specific surface
area of different clay types, the thickness of the adsorbed water layer can be derived from the
slope (Fig.2.7).The LL indicates the water content at which the subsurface material changes
from a liquid state to a plastic state, whereas the PL indicates the water content at which the
subsurface material changes from a plastic state to a semi-solid state. The thickness of the
water layer in between the clay particles is determined by the internal specific surface area
Asi, which is 10-100 times as large as the 4se (Mitchell, 1993), but more so by the available
exchangeable cations dissolved in the interlayer water (Bergaya et al., 2006).

Although the first layers of the adsorbed water layer are considered to be immobile, the
adsorbed water in the outer layers (Fig. 2.5) can be expelled with increasing pressure (Tang
et al., 2016). When all free pore water has been expelled, normal water flow can no longer
occur, but small-scale diffuse lateral molecular movement is still possible in the viscous outer
layers (Wensink et al., 2000; Singh and Wallender, 2008, Tokunaga, 2009; Tang et al., 2016).
The presence of adsorbed water layers to the material decreases the effective pore channel
diameters and thus limits the diffusion of pore pressure, especially under higher loading

conditions when more or all free water has been expelled already.
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Figure 2.7: Quantity of pore water plus the external surface adsorbed water at the liquid limit LL water
content (%) and plastic limit PL water content (%) as a function of the external specific surface area ASe
(m2/g) (Dolinar and Macuh, 2016).
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2.3.2 Water adsorption to peat

Wiater adsorption to peat fibres and decomposed organic matter can occur both on the
surface of the particle as well as within the plant cells. The total capacity to adsorbed wa-
ter is higher for peat than for clay owing to the high external surface area of peat of up
to 100-280 m?/g (Bunt, 1988; Naganuma et al., 1993). Peng et al. (2024) have shown for
peat with varying organic content that adsorbed water can amount up to 60-80% of the
total water content, although it might also comprise also water which other studies might
classify as micropore water. Water adsorption to peat under unsaturated conditions follows
similar dynamics as to clay as it is governed by the relative humidity and temperature in
unsaturated conditions (Sehlstedt-Persson, 2008; Thybring and Fredriksson, 2021; Sweygers
et al., 2022). However, the structural differences become apparent here as the plant cells play
a vital role in the adsorption dynamics in peat. Within the plant structure water is bound
in the cell walls via hydrogen bonding with free hydroxyl groups (Haygreen and Bowyer,
1982; Sehlstedt-Persson, 2008). Another option is bonding with carboxyl groups (-COOH)
in the chemical structure of humic and fulvic acids which are more prominent in the latter
(Delicato, 1996). Of the three main constituents of fibre cell walls, cellulose, hemicellulose
and lignin, hemicellulose is the most hydrophilic substance due to its open structure and
free hydroxyl groups, followed by cellulose which has three accessible hydroxyl groups when
the polymers are not stacked to form crystalline microfibrils (Rowell, 2005; Stevens, 2010;
Sweygers et al., 2022). Lignin has a hydrophobic nature and is of little importance to the
water retention capability of fibres, though still attracts water better than crystalline cellulose
which shows no adsorption at all (Kay and Goit, 1977; Baillie and Jayasinghe, 2004; Stokke
et al., 2013; Sweygers et al., 2022). Water adsorption is highly dependent on the plant type as
ratios between hemicellulose, non-crystalline cellulose, crystalline cellulose and lignin difter
per species (Sweygers et al., 2022).

The adsorption of water to peat fibres is likely more complex than is the case for clay. More-
over, some plant parts, such as leaves, and plant species show natural hydrophobicity, whereas
other parts are generally hydrophilic with carboxyl and hydroxyl groups on the surface (Deli-
cato, 1996), resulting in a different behaviour towards water adsorption depending on the
plant material in the peat (Doerr et al., 2000). Furthermore, the presence of the important
decomposed compounds, namely humic and fulvic acids, and lignin create a complex sorp-
tion process in peat due to their complex and unique structure (Aho, 1986). Hydrophilic
organic materials can become hydrophobic when they get covered by hydrophobic organic
coatings, leading to a lower adsorbed water content (Kay and Goit, 1977). These coatings are
highly hydrophobic and originate from a variety of sources: wax from plant leaves, root exu-
dates, organic matter decomposition and microbial activity (Doerr et al., 2000; Atanassova
and Doerr, 2010; Benito Rueda et al., 2016; Wu et al., 2020).

Organic matter decomposition can have a counterintuitive effect on the adsorbed water con-

tent: as the organic matter decomposes, the particles and fibres become smaller, resulting in
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a larger external specific surface area. This can be correlated to the cation exchange capacity
(CEC) of peat as the CEC is found to be increasing with decreasing particle size (Levesque
and Dinel, 1977), though this effect varies with the botanical origin of the peat. Increasing
CEC with prolonged decomposition is also supported by Sparks (1986) who found the acids
that are produced during decomposition to account for ~80% of the exchange capacity. One
would expect then the adsorbed water content to increase after decomposition. However,
hydrophobic coatings produced during decomposition have a repelling effect to water, de-
creasing adsorption (Doerr et al., 2000; Atanassova and Doerr, 2010; de Blas et al., 2010;
Benito Rueda et al., 2016; Jiménez-Morillo et al., 2017). Furthermore, during decomposition
mostly cellulose and hemicellulose levels decrease. As a result, the adsorbed water content
would then also decrease. This aligns with the results of Volarovitch and Churaev (1966) and
Romanov (1968) who report adsorbed water partitions of 30% and 11% for medium and
highly decomposed peat respectively. Expulsion of adsorbed water in peat is hypothesized to
be easier than in clay on surfaces due to the lower surface charge of peat fibres compared to
clay particles resulting in more loosely adsorbed water in peat. However, the adsorbed water
within the plant structure is harder to remove relatively.

2.3.3 Controls of changes in the adsorbed water layer

Laboratory tests show that multiple factors influence the adsorbed water layer. Some of these
can be considered as constant conditions, such as surface charge density, or affect the ad-
sorbed water layer in unsaturated conditions, such as the water vapor pressure, whereas three
of these are important time-varying environmental conditions for variations in adsorbed

water layer, and discussed here: pIH, temperature and pore water salinity.

A change in pH affects the positive charge of the edges of clay minerals. The strength of
the positive charge increases with decreasing pH, since the growing excess of H" ions in
the pore water causes the protonation of the edge surface (Wanner et al., 1994; Lagaly
and Dékény, 2013). An increase in pH will decrease the positive charge until the point of
zero charge (PZC) is reached, after which the charge will change sign and become nega-
tive. The PZC of mineral soils can be different depending on composition and various ex-
perimental methods, and ranges between pH 2.0 to 9.1 (Wanner et al., 1994; Delicato,
1996; Lagaly and Dékany, 2013). Organic soils have their PZC between pH 3.4 to 6.2 and is
lower with increasing organic content (van Raij and Peech, 1972; Morais et al., 1976). The
adsorbed water layer around the clay mineral edges will change subsequentially with the
changing charge. This will reverse the electric orientation of the dipole water molecule in
hydrogen bonds and enable bonding via cations. In peat, pH slightly affects the solubility
of the humic acids that can be produced by the decay of organic matter. Large quantities
of humic acids cannot dissolve in water when the pH is below 6.5 (Delicato, 1996; Doerr
et al., 2000) and will aggregate when in solution or remain attached to the solid surface,
resulting in more repulsion between the particles (Delicato, 1996).
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Temperature also affects the adsorbed water layer. Adsorption isotherms show that for the
same vapour pressure less water remains adsorbed at higher temperatures (Martin, 1962; Kay
and Goit, 1977; Renard and Ortoleva, 1997; Fig. 2.8). This temperature effect is smaller for
low fibre contents, most likely as less water is adsorbed due to the production of hydrophobic
lignin with decomposition, despite the higher surface area.

45 =
— 90% Fibre, 2°C — 8% Fibre, 2°C
== 90% Fibre, 25°C == 8% Fibre, 25°C

40

Water partition of total weight (%)

| 1 1 | 1 1 | 1 | ]
10 20 30 40 50 60 70 80 90 100

Water Filled Pore Space (%)

Figure 2.8: The water partition of the total weight of two Sphagnum peat samples from peat bogs near
Sudbury, Ontario, as a function of the water filled pore space at 2° C (solid lines) and 25° C (dashed
lines). Shown error bars are reproduced from the original figure. Samples consisted for 96-97% of
organic matter and were first freeze-dried and desorbed before the water-holding properties were de-
termined. The water partition of the total weight of the 8% fibre sample is lower for both temperatures,
indicating adsorption of water onto peat is lower at low fibre contents (after Kay and Goit, 1977).

Salinity and sodicity have an effect on the adsorbed water layer because they influence ion
charge in the pore water or at the surface of minerals. With increasing salinity, more charged
ions are present in the pore water. To maintain an equilibrium charge at the boundary be-
tween the adsorbed water and the free water, the adsorbed water layer will become thinner to

limit the contact area and therefore the required surface charge (Renard and Ortoleva, 1997;
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Singh and Wallender, 2011). Sodium can adsorb easily to surfaces, especially of clay, reducing
the surface charge (Gangwar et al., 2020). High sodicity will thus lead to smaller attraction
forces between mineral surfaces and water, resulting in thinner adsorbed water layers. This
would then result in easier pore water diffusion from the micropores to the macropores and

enhance viscous compression.

2.3.4 Effect on viscous compression

'The changes in the adsorbed water layer affect viscous compression of both clay and peat.
The water flow of the liquid water multilayers (Fig. 2.6) may initiate slow reorientation of
particles which in turn leads to viscous behaviour. Oppositely, pore flow resistance imposed
by the adsorbed water layer is suggested to hinder the reorientation of the particles (Terza-
ghi, 1941). The adsorbed water layer furthermore delays pore pressure diffusion (Tang et al.,
2016; Bjerrum, 1967). With less free water available in the pores, pressure diffusion durations
in 8-cm thick clay samples increased from ~100 minutes for a stress increase of 50 kPa to
60-80 kPa, to 4,000-10,000 minutes for a stress increase of 100 kPa to 1200 kPa. This level
of retardation of pressure diffusion is not expected to occur in peat, since the adsorbed water
layer is less rigid due to the higher water content and generally larger pores in peat. Viscous
compression in clay and peat samples occur over much longer periods than 10,000 minutes,
yet this retardation of pressure throughout samples leads to larger effective stress before pore
pressure is at the equilibrium level, resulting in potentially more consolidation and viscous
compression. Adsorbed water can also become available for water expulsion when the en-
vironmental conditions change, for example when the pore water becomes more saline, the
thickness of the adsorbed water layer will decrease, releasing adsorbed water. It has also been

shown that smaller pore diameters induce thinner adsorbed water layers (Li et al., 2014).

2.4 Changing particle interaction

'The third mechanism of viscous compression is through changing particle interactions. The
way particles or fibres interact with each other is controlled by the structure of clay and
peat and the types of (chemical) connection that can be established between the particles/
fibres. Distances between particles can both increase or decrease, making it easier or harder
respectively to reorientate particles (Mitchell and Soga, 2005; Le et al., 2012). Furthermore,
the structural strength of clay is strongly related to the chemical composition of the clay
minerals and the pore water, whereas the structural strength of peat relies on the original
plant material and its preservation. Both peat and clay have their own response to changes
in the structure and how reorientation could follow thereafter. This section explores the clay
particle structure and the peat fibre structure together with the (bio)chemical interactions
between clay particles or peat fibres themselves, before linking the structure and interactions

to viscous compression.
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2.4.1 Mineral and particle structure of clay

Clay mineral particles consist of two types of layers. The first layer type is the tetrahedral
layer which is formed by tetrahedral cations, such as Si**, Al’*, or Fe** and four oxygen atoms
(Brigatti et al., 2013). The second layer type is the octahedral layer which is formed by an
octahedral cation, such as Al*, Fe** or Mg and six oxygen atoms. Clay minerals can be
divided into three groups based on how the tetrahedral and octahedral sheets are organized
(Fig. 2.9): 1:1 clay minerals, 2:1 clay minerals and 2:1:1 clay minerals. The most common
polytypes of these groups are kaolinite (1:1), illite and smectite (2:1), and chlorite (2:1:1).

2:1 layer

Figure 2.9: Models of a) 1:1 and b) 2:1 layer structures. Oxb, basal oxygen atoms; T, tetrahedral cations;
O, octahedral cations; Ox,, apical oxygen atoms; Ox,, octahedral anions (OH, F, Cl) (Brigatti et al.,
2013).

Kaolinite generally has the composition of ALSi,Os(OH), (Brigatti et al., 2013). The
isomorphic substitution potential of kaolinite is low, but negative surface charges still arise
because of substitution of Si* by AI** (Ma and Eggleton, 1999; Mitchell and Soga, 2005).
The charge at the edges of the mineral is positive for low pH values and negative for high
pH values. Individual kaolinite minerals do not have an interlayer and are held together by
hydrogen bonds, dipole and Van der Waals interactions (Miranda-Trevino and Coles, 2003;
Brigatti et al., 2013). This produces a relatively strong clay structure that is hard to break
down. If kaolinite plates are well-crystallized, they have a hexagonal form with a diameter of

0.1 — 4 pm (Fig. 2.10a) and a thickness of 0.05 — 2 pm (Mitchell and Soga, 2005).

Illite represents a group of clay minerals with a range of compositions: "(Sis. AL)"" (AL,
ng)VI O10 (OH),, (x+y)K" (Brigatti et al., 2013). The potential for isomorphous substitution
in illite is higher than in kaolinite. Illite has an interlayer composed of unexchangeable K*
and H;O" cations, but the K* concentration of illite is lower than for other mica minerals
(Nieto et al., 2010). The particles of illite are small hexagonal flakes when it is well crystal-
lized, with lateral and vertical dimensions below 0.1 pm and down to 3 nm respectively

(Mitchell and Soga, 2005). Other shapes are also possible (Fig. 2.10b).
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Smectites are clay minerals with a 2:1 structure defined by a hydrated ion interlayer. Mont-
morillonite, with composition formula (M*y'nH2O)(A13*2_yMg2+y) Si*,0,0(OH), in which M
is the generic monovalent interlayer cation, is the most common type. Although smectites
have a negative layer charge, the high potential for isomorphic substitution of divalent by
trivalent cations leads to a more negative charge and substitution of trivalent cations leads to
a positive charge. Because of the hydrated interlayer and large specific surface area, smectites
are known for their swelling capacities, as the potential to adsorb water on both external and

internal surfaces is considered unlimited (Brigatti et al., 2013). Dimensions of montmoril-

lonite mineral particles, which can occur in film or needle like appearances depending on
the type of substitution (Fig. 2.10c), are less than 2 pm for the length and 1 — 20 nm for the
thickness (Mitchell and Soga, 2005).

Figure 2.10: a) Kaolinite minerals, showing layering (Lanson et al., 2002), b) lath-shaped illite minerals
(Lanson et al., 2002), c) corrensite (smectite) minerals (after M. Roe, Macaulay Institute, Aberdeen.
‘Images of Clay Archive’ of the Mineralogical Society of Great Britain and Ireland and The Clay Miner-

als Society. Source: https://www.minersoc.org/images-of-clay.html).

2.4.2 Macro and fibre structure of peat

'The main structure of peat is composed of larger plant remains, e.g., twigs, leaves, roots, and
smaller, decomposed organic material (Fig. 2.11). The structure of peat is heterogeneous on
both large and small scales; it changes spatially within meters, because different types of peat
are formed in various conditions from various vegetation types, and structural differences
can occur as a result of different loading histories and clastic admixture. On a centimetre
scale the structure differs depending on the part of the plant that is preserved at the location.
Peat can be categorized in multiple ways, for example the organic content, the type of plant
remains, the environment the peat has been formed in, the trophic class or the decomposi-
tion state of the peat (Lourenco et al., 2023). In the Netherlands eight botanical peat types
are distinguished in geological descriptions (Bosch, 2005): reed peat, wood peat, sedge peat,
Sphagnum peat, moss peat, Ericaceae peat, Eriophorum peat and Scheuchzeria peat. Clas-
sifications in England and Germany are similar (Gorham, 1957; Schulz et al., 2019). The
botanical origin can indicate some characteristics of the peat structure and its strength, such
as the presence of hyaline cells in Sphagnum that have reinforced cell walls. De Bruijn et al.

(2014) found no relation between the botanical origin and viscous compression in oedom-
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eter tests, due to the large variations in other characteristics even within single botanical peat
types, such as amorphity and organic matter content. Den Haan (1992) and Koster et al.
(2018b) on the other hand, did find reed peat to be more compressible than wood peat.
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Figure 2.11: Scanning electron microphotograph of a) vertical section and b) horizontal section of
fibrous Sphagnum peat (James Bay peatbog, Canada; Mesri and Ajlouni, 2007). Note that the scales of

the two images are not equal.

From a geotechnical perspective on the role of peat structure in viscous compression and
land subsidence, the fibre characteristics are more important than the botanical origin of the
material; the state of the solids, with end-members fully intact fibres and fully decomposed
organic matter, relates strongly to the strength of the peat and its resistance to deformation
leading to volume loss. The botanical origin is only important when there is a clear with the
geotechnical bulk parameters. Plant fibres are inherently bendable, since they consist of cells
that are flexible (Mesri and Ajlouni, 2007). The amount, size and orientation of fibres can
have a significant effect on the structural strength of the peat. Individual larger fibres still
preserve a larger part of the structural strength of the original plants, when compared to the
smaller fibres and decomposed organic matter (Edil and Wang, 2000; Mesri and Ajlouni,
2007). However, the large number of large inter-plant pores provides space for fibres to
move, which is why pristine peat in general is known to have low shear strength (Landva,
2007; Mesri and Ajlouni, 2007). Although all peat types start fibrous and can become amor-
phous over time, the environmental conditions of the original vegetation may determine the
susceptibility of the plant remains to become amorphous. For example, clay-poor reed peat is
often amorphous, whereas clay-rich reed peat is more fibrous (Erkens et al., 2013) as the clay
fills up pores in the peat, reducing the contact area for biological degradation by enzymes

and bacteria.

Larger plant remains often dominate the structural strength of peat, especially in small
samples used in laboratory set ups. In in-situ conditions, on a scale of tens of centimetres to
a meter, entire logs of wood can be present in the peat, which are considerably more resistant
to structural changes than individual fibres or clusters of fibres, which are very compressible
and bendable (Mesri and Ajlouni, 2007; O’Kelly and Pichan, 2013). On a smaller scale of
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several centimetres, vertically orientated twigs, stems or large roots lead to higher strength

as they can bear a major part of the effective stress, relieving the surrounding plant remains.

A final characteristic of peat that determines its structural strength is the tensile strength of
the peat. In geotechnical laboratory tests, tensile strength represents the resistance of a sam-
ple against being pulled apart by opposing forces. High tensile strength originates from large
fibres that interlock; peat with smaller fibres tends to have lower tensile strength (Erkens
et al., 2013). The effect of reinforcement of the structure as a result of tensile resistance has
been found in shear strength tests of Dutch and Canadian peat (Den Haan and Kruse, 2007;
Sarkar and Sadrekarimi, 2020). These tests determined the tensile strength of horizontally
orientated fibres. Effects in a vertical direction have not been reported, but tensible strength
can be hypothesised to be an additional control on vertical deformation of peat substrate.
Using vertically cut peat in shear strength tests with identical methods to determine tensile

resistance can map the effects within the vertical direction.

2.4.3 Effect on viscous compression

'The bonds acting between the particles play an important role in the potential reorientation
or internal relative movement of particles under increasing stress. Stacks of clay minerals can
become separated from each other, which is a process called dispersion. Dispersion can occur
due to increasing contacts between the clay minerals and water, which weakens the hydrogen
and dipole bonds between the minerals. When the water contains Li* or Na" exchange-
able cations, dispersion occurs when the positively charged ions are adsorbed to the clay
surface (Brigatti et al., 2013, Region III in Fig. 2.5). The layers become positively charged
and can move so far apart that interaction ceases, with the clay structure losing strength. The
opposite process of dispersion is coagulation, which is the process when clay minerals are
bonded together. The main agent to induce coagulation in clay is salt. When the concentra-
tion of salt ions in the pore water increases, the adsorbed ions will move closer to the clay
surface to reach the same concentration. As a result, the cation layer in between minerals
will become thinner and minerals move closer together. Well-dispersed clay, like kaolinite
and montmorillonite only need a minimal salt concentration to start the coagulation process
(Brigatti et al., 2013). Organic cations, from for example the ammonium group, and acids,
such as HCI, can function as a substitute for salt in triggering the coagulation of clay. The
more strongly bound minerals then increase the strength of the clay. Through the changing
distances between particles, dispersion and coagulation affect potential reorientation of par-
ticles, and thus viscous compression potential. Attractive forces active between the particles
will initially restrict movement of particles, but if the external stress becomes sufficiently
high, internal bonds will break and relative movement will speed up or further reorientation
may occur (e.g., Taylor and Merchant, 1940; Terzaghi, 1941; Mesri and Godlewski, 1977).

'The breakdown of interparticle bonds can also occur without the increase of effective stress.

When metal ions are adsorbed to clay particles, the valency of the surface changes, usually
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leading to more space between the clay minerals and weakening the inter-particle bonding
(Miranda-Treviso and Coles, 2003). This directly increases compressibility, and may further
induce particle reorientation as well as opening-up of previously closed pores. In a similar
way internal relative movement (‘jumping’) of suspended ions and molecules that are bonded
to the clay surface may decrease interparticle bonding. This displacement requires that their
bonding to the clay particles must be broken, which requires that a certain activation energy
is reached; this can occur through a subsurface temperature increase (Low, 1960; Mitchell et
al., 1968), which explains to some extent the temperature dependency of viscous compres-
sion. Dispersed individual clay minerals may come into suspension in the pore water and
may end up stuck in the smaller pore throats. Furthermore, the larger clay coagulants are,
arguably, relatively strongly bound within a structure compared to individual clay particles.
Their larger and irregular size makes it more difficult to reorientate, and reorientation would
require movement of numerous other particles as well. The result is that viscous compression
is more difficult and slower as well. It is likely that these chemical bonding mechanisms
more prominently occur in clay than in peat, due to the larger valency of the clay particle
surfaces compared to peat particle surfaces. In contrast, interparticle bonding in peat is more
determined by the physical interlocking of the irregularly-shaped particles.

2.5 Discussion: Viscous compression: clay versus peat

The review of the different mechanisms that lead to viscous compression revealed that the
same mechanisms are causing the viscous compression of clay and peat, but the relative im-
portance of mechanisms and underlying processes difters. Furthermore, peat characteristics
and environmental conditions are affected by decomposition, which sets decomposition as a
distinctive control of viscous compression of peat. Here, we highlight similarities and differ-
ences between the material characteristics, environmental conditions, and processes between
clay and peat. We then explain how changes in each of them plays a role in the mechanisms
and controls of viscous compression. We also indicate the relative importance of the various
conditions and characteristics (Fig. 2.12). Subsequently, we discuss the role of organic matter
decomposition as control of viscous compression of peat. This approach enables us to validate
the comparison between the available knowledge on clay and its transferability to peat, and
highlight unique conditions and characteristics to peat.

2.5.1 Material characteristics, environmental conditions, and processes

Material characteristics, environmental conditions and processes that affect viscous compres-
sion of peat or clay and their relative importance are shown in Fig. 2.12. In this section
the effect of material characteristics and environmental conditions on processes affecting
viscous compression is discussed, starting with the characteristics. As viscous compression is
continuously happening, both the consolidation phase (Type II in Fig. 2.1) and the viscous
compression phase (Type III in Fig. 2.1) need to be considered. A decrease in Aydraulic
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conductivity limits the flow velocity of the pore water in the consolidation and viscous com-
pression phases. This will not only increase the duration of the consolidation period, but
potentially slow down fibre reorientation and hence viscous compression as micropore water
expulsion depends on the macropores. It is likely that the effect is larger in peat as it generally
has a higher hydraulic conductivity and changes therein are significant more easily. The larger
average pore size of peat causes micropore water expulsion and water diffusion to contribute
less to viscous compression compared to clay as more pores in peat expel water following
pore pressure differences. The high initial porosizy of peat has a relatively larger impact on
particle interaction due to the larger size of fibres compared to clay particles. Higher porosity
provides more spaces and less contact points between fibres for the friction-driven particle
movement and therefore viscous compression to happen. Apart from the size of the fibres,
the fibre content itself dictates the friction-driven particle movement in a similar way as fibres
move with greater difficulty than decomposed organic matter.

Furthermore, the review shows that the differences in structural characteristics of clay par-
ticles and peat fibres lead to distinct responses to physical (temperature) and chemical (pH,
pore water salinity, oxidizing agents) environmental conditions that determine the mecha-
nisms of viscous compression (Fig. 2.12). Higher zemperatures lead to acceleration of water
diffusion and higher activation energy for jumping bonds involved in attraction/repulsion
and ion adsorption. Temperature is also one of the environmental conditions that determines
the equilibrium void ratio of organic soils (Al-Khafaji and Andersland, 1981) and with that
determine the compressibility. Furthermore, a higher temperature increases both aerobic and
anaerobic decomposition of peat, which impacts the fibre content and porosity and increases
viscous compression. For an increase in temperature of 10 °C, peat decomposition rates can
triple (Berglund et al., 2008; Dorrepaal et al., 2009), though a temperature increase of 2 °C
would result in 25% faster decomposition in Dutch peatlands (Hendriks, 1992; Querner et
al., 2012). A higher response with temperature increase is seen for aerobic decomposition
(Szafranet-Nakonieczna and Stepniewska, 2014), while a higher temperature sensitivity
of decomposition in general is seen at temperatures near the freezing point compared to
temperate soil temperatures between 13 and 25 °C (Berglund et al., 2008; Dorrepaal et al.,
2009). Through accelerating decomposition and associated decreasing porosity of peat, a
temperature rise reduces its compaction potential. Changes in pH have a larger effect on
chemical processes attraction/repulsion and ion adsorption in clay than in peat due to de-
pendency of surface valence of clay particles. However, decomposition rate is also dependent
on the pH, which is why pH changes are considered to be of equal importance for peat
and clay. Pore water salinity is particularly important for viscous compression of clay, since
higher salt content can slow down water diffusion and cause flocculation of clay particles,
which decreases viscous compression rates. In peat, salt leads to more organic compound
production (Strehse et al., 2018), potentially affecting the attraction/repulsion between fibres
when the compounds are adsorbed. Laboratory tests show that aerobic decomposition slows

down by 50% with a salt concentration increase of 4%o of the groundwater, while anaerobic
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decomposition remains virtually unchanged (Brouns et al., 2014). The availability of oxidiz-
ing agents does not affect clay or its viscous behaviour, but is very important for changing the

fibre content through decomposition with a subsequent change in viscous compression as

described above.

Mechanisms . . . . . .

Micropore Water Adsorbed Water Changes in Particle
Expulsion Layer Changes Interaction
@ 0@ o o-
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Figure 2.12: Proportional area diagram showing the relative importance of mechanisms, processes,
environmental conditions and material characteristics of clay and peat for viscous compression. Relative
importance is categorized in three classes: large, normal and small. Green and brown circles represent
the relative importance of clay and peat respectively. When a term does not apply to either clay or peat
and relative importance is zero, NA (not applicable) is shown.

Mineral-poor peat occurs in mires such as peat bogs and fens, whereas in the subsurface of
deltas peat-clay mixtures such as organic clays and clayey peats are more commonly found.
The location with respect to the nearby rivers and growth rate of peat on the one hand as
well as the flooding frequency and intensity, and suspended sediment concentration of the
nearby rivers on the other will determine the ratio of peat and clay in the material (Berend-
sen and Stouthamer, 2000; Gouw and Erkens, 2007; Davies-Vollum and Smith, 2008).
Slightly to strongly humic clays contain up to 15-30% organic matter depending on the
amount of silt and sand included, whereas organic clay can contain up to 22.5-55% organic
matter, and clayey peat up to 35-70% (NNI (2019a); NNI (2019b). Peat-clay mixtures may
have typical and interacting physical and chemical characteristics that render prediction of
the effect on viscous compression mechanisms not straight-forward. Still, viscous compres-
sion of peat-clay mixtures has so far not been addressed specifically in previous studies, but

was only considered alongside other subjects; from these studies we derived how mixing
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of the two materials affects viscous compression. For example, Al-Khafaji and Andersland
(1981) indicated that the change of equilibrium void ratio after 24 hours of compression
in an oedometer, incorporating both consolidation and viscous compression, is significantly
stronger with increasing organic content, but that this dependency disappears almost mostly
when effective stress exceeds 200 kN/m”. Pore size distribution and connectivity of peat
clay mixtures deviate from clays and mineral-poor peat as the smaller clay particles can fill
larger pores in the peat, reducing the pore volume. Oppositely, reduction of organic matter
in clayey soils is positively related to the amount of macro- and mesopores, and negatively
related to the amount of micropores (Zaffar and Luo, 2015). This effect is more pronounced
in the larger clay aggregates studied, between 2 — 5 mm. Beaudet and Charpentier (1998)
found that fitting a mixing model to predict void ratios of silty clay loam-peat mixtures after
loading works best when, mathematically, clay is allowed to occupy pores in the peat as well
as vice versa. Also, clogging of pore throats by clay particles may occur, reducing hydrau-
lic conductivity. The organic compounds and organic cations produced by decomposition
can attach to clay particles and become hydrophobic (Giiven, 1992; Brigatti et al., 2013),
decreasing adsorbed water layer thickness and releasing interparticle forces leading to co-
agulation (Lagaly and Dékany, 2013). In contrast, experiments by Ivakhnova and Nevzorov
(2020) using dry clay powder indicated that adding clay to peat, especially highly wettable
smectites, can remove adsorbed water from peat fibre structures inciting accelerated viscous
compression on a short time scale. Forces at peat fibre — clay mineral contacts are likely
different than between mineral - mineral or fibre - fibre contact. Organic matter density
has been reported to become independent of organic matter content when it exceeds ~20%
by weight of the solids (Erkens et al., 2016), thus indicating that increasing clastic content
does not directly compress the organic content present. This highlights the importance of
organic material for the structural strength. The effect of increasing sand content has not
been studied. It has been shown that increasing sand content up to 40% leads to decreasing
virgin compression coefficients CR, while the effect on recompression is negligible (Celik
and Canakci, 2014). Additionally, the internal surface angle increases, especially between 0%
and 10% sand. This could be an indication of stabilization of the structure and less potential

for particle reorientation.

2.5.2 Peat decomposition as control of viscous compression

The effect of the degree and rate of decomposition of the organic matter on viscous compres-
sion of peat is poorly understood (Price et al., 2005; Matthiesen, 2004; O’Kelly and Pichan,
2013). Nevertheless, it is generally agreed that an increase in the degree of decomposition
of peat leads to a lower compressibility (Hobbs, 1986; Amaryan, 1993; Price et al., 2005;
Huat et al., 2011), suggesting an negative feedback with viscous compression is possible as
well (Berry, 1983; Landva and La Rochelle, 1983). Therefore, it is important to understand
how the degree and rate of decomposition affects viscous compression and the underlying
mechanisms.
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Decomposition of organic matter directly leads to a volume loss because organic matter is
consumed by microbes (Schothorst, 1977; van den Akker et al., 2007; Berglund et al., 2008;
Dorrepaal et al., 2009; Brouns et al., 2014). The material characteristics and environmental
conditions determining viscous compression behaviour are depending on the degree of
decomposition, setting the state and situation in which decomposition and viscous compres-
sion is currently happening. Since formation in anoxic conditions, the peat might have been
above the groundwater level, exposing it to oxygen. Under oxic conditions, decomposition
occurs due to oxidation. Decomposition rates in these conditions are the highest within the
aerated subsurface and oxygen exposure can accelerate decomposition and emission of anoxic
peat manifold (Tolunay et al., 2024). Anoxic decomposition through microbial activity is
much slower than oxic decomposition and depends on temperature, pH and oxidizing agents
(Wardwell et al., 1983; Hobbs, 1987). In the past, the rate of decomposition has been con-
sidered to be too slow under anoxic conditions to actively play a significant role in changing
the physical and chemical environmental conditions for viscous compression of peat (Hobbs,
1987). However, this has been contested by Pichan and O’Kelly (2012), O’Kelly and Pichan
(2013) and Zain (2019) as they show a noticeable decrease in water content and secondary
compression coeflicient (Ca), the amount of viscous compression per log unit of time in Type

II1, within active decomposition experiments lasting up to 2 months.

Rather than a new mechanism, decomposition is found to be a control of viscous
compression. Active decomposition changes porosity, fibre content, and size of those
fibres. In combination with organic compounds produced during decomposition, these
changes in material characteristics influence viscous behaviour resulting from the three
main mechanisms of viscous compression; micropore water expulsion, adsorbed water
layer changes, changes in particle interaction (Fig. 2.12). Moreover, the strength of the

peat and the effective stress can be affected in the following ways:

First, decomposition influences the micropore water expulsion. The effect of active decom-
position on the micropore water expulsion lies mainly in the availability of water to expel,
specifically the cell water. In fibrous peat, between one third and two thirds of the water
content is contained inside the fibres (O’Kelly and Zhang, 2013). The walls of these cells can
break down as a result of active decomposition, which would enable the previously immobile
cell water to be expelled and increase the direct compressibility of the peat. This is easier
for plant tissue without lignin, which is harder to break down (Landva and Pheeney, 1980;
Hobbs, 1986; Farell, 2012). Additionally, decomposition complicates pore water flow. Typical
pore diameters decrease as peat decomposes (O’Kelly and Pichan, 2013), leading to lower
hydraulic conductivity. Breakdown of fibres by bacteria associated to active decomposition
can cause clogging, which prohibits water flow. The same holds for the gasses produced dur-

ing active decomposition that further decrease the hydraulic conductivity.
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Second, the state of decomposition also influences the adsorbed water layer (Hobbs, 1987;
O’Kelly and Pichan, 2013). The breakdown of fibres can release adsorbed ions that affect the
adsorbed water layer elsewhere in the peat. Gasses produced by active decomposition can
replace the pore water in some pores and can also adsorb to particle surfaces of both clay and
peat. Furthermore, as the fibres are broken down, their specific surface area increases, which
can potentially increase the amount of absorbed water. Additionally, the decomposed peat
particles are smaller than the fibres. As a result, the pore volume drops as particles fit more
tightly together, also decreasing the interparticle distance, which may lead to stronger inter-

particle forces and limit particle reorientation even more (Hobbs, 1987; Price et al., 2005).

Third, the chemical interparticle forces decrease when the organic compounds adhere to
the fibre surfaces as they have a hydrophobic character. Distance between the fibres could
increase slightly due to this character, weaking forces and decreasing friction at the contact
points between fibres.

Fourth, the breakdown of the cell structure leads to lower strength of the original plant struc-
ture, which may enhance the probability of particle reorientation. On the other hand, smaller
decomposed particles are less susceptible to particle deformation (Farrell, 2012). Not every
organic structure is decomposed in a similar way. Eutrophic peat shows higher decomposi-
tion rates when oxygenated then oligotrophic peat as phenolic compound concentrations
are higher in oligotrophic peat, limiting decomposition (Brouns et al., 2014). Also, leaves
are thinner than stems and major roots, and thus may more easily break apart. However,
reinforced cell walls of hyaline cells in leaves (to store water and maintain cell shape in dry

periods; Landva, 2007) give extra strength to the peat fibre structure.

Last, decomposition also produces gas bubbles, which can have a buoyancy effect on par-
ticles, lowering the effective stress and changing the hydraulic conductivity by obstructing
pore throats (Kellner et al., 2004, Kellner et al., 2005). The lower effective stress leads to a

decrease of the viscous compression rate.

2.5.3 Implications for land subsidence assessments

'The new insights that have been acquired by this research based on literature review envelop
an overview of the mechanisms that instigate viscous compression of peat and the role of
decomposition. Though the results presented here are on a fundamental level, we believe that
it will help addressing and dealing with land subsidence problems. It is expected that these
insights will help the land subsidence community in the long run with better modelling
and mitigation. With more information about the underlying mechanisms and controls, new
additions and/or changes in the modelling methods can be triggered. For example, involve-
ment of decomposition in geomechanical compaction calculations through direct coupling
is in most methods absent, but new additions or changes can be made to directly couple loss

of organic matter to volume changes of peat and peat-clay mixtures in the future using this
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review as a starting point. Furthermore, the list and discussion of controlling environmental
conditions and material characteristics can help assessing the likelihood of viscous compres-
sion given current conditions as well as improving the investigation of the effectiveness of
mitigation options. This is especially important for urban areas that continue to subside
despite a long term status quo in the water management and loading conditions. An example
of this is the city of Gouda in the Netherlands of which the city centre continues to sink sev-
eral decades after the last anthropogenic loading has occurred. One of the main hypotheses
is that ongoing compaction of the subsurface related to viscous compression is responsible
for the subsidence rate seen at the surface. Similarly, rural areas facing problems resulting
from ongoing compaction can benefit from the improved knowledge on viscous compression

presented in this review.

2.5.4 Future research

'This review creates an overview of the mechanisms of viscous compression of peat. Ideally, we
would also like to discuss the quantification of the mechanisms of viscous compression and
the influence of decomposition for peat, clay and mixtures of the two. However, since peat/
organic matter is very heterogeneous in its characteristics and how it behaves with changes
in the environmental conditions, it is very hard to provide ranges to be used for calculations
at this point. This issue is further complicated by the fact that this review only looks at exist-
ing literature without incorporating own data. Likely, presented ranges would be very large
and usage of the values becomes unjustified. Therefore, more information, especially based
on experimental data, on the relation between decomposition, viscous compression and the
individual mechanisms still needs to be acquired to validate ongoing theories (O’Kelly and
Pichan, 2013). Zain (2019) explored the relation between active decomposition and viscous
compression by comparing non-oxidised, partially oxidised and fully oxidised samples,
showing that when samples are oxidized artificially with hydrogen peroxide an increase of
viscous compression in the loading step after oxidation is visible. For in-situ conditions, the
relation with viscous compression should also be investigated using oxidizing agents that are
naturally present in the saturated zone, such as dissolved oxygen, phenols, and humic acids,
or looking at micro-organism activity, as these have been found to be main contributors
to anoxic decomposition (Keller et al., 2009; Walpen et al., 2018a; Walpen et al., 2018b;
McGivern et al., 2021). Also, questions are still left unanswered on other characteristics and
environmental conditions of the viscous compression of peat. For example, Hanson et al.
(2001) already showed the temperature dependency of viscous compression of peat in labo-
ratory and field tests. However, both the laboratory and experiments involved temperatures
that do not often or not at all occur naturally in the subsurface. It was hypothesized that
the temperature dependency is due to accelerated biodegradation, but it was not verified.
An explanation for the settlement rate pattern under natural temperatures, which was less

prominent and not following the temperature over the entire test duration, is not given.
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Special attention for peat-clay mixtures can advance our understanding of the viscous com-
pression behaviour of peat-clay mixtures significantly. As peat-clay mixtures widely occur in
deltas, understanding their joint characteristics and interactions between both materials is
essential for land subsidence studies. Also, this will help predicting the effect on compression
behaviour when the composition of the subsurface changes over time. Specific studies, for
example on the chemical influence of the pore water and the products of decomposition, can
help better map the relative contribution of the mechanisms in peat. In the isotach method
modelling, the most common modelling method for calculating compaction of subsurface
layers by using lines of equal rate of strain and intrinsic time (Den Haan, 2003), decom-
position might be introduced, either as an input parameter or as independent variable for
the geotechnical compression indices, potentially changing these parameters from static to
time-dependent. To take this step, correlations between geotechnical compression indices a
(recompression index, related to RR), b (compression index, related to CR) and ¢ (secondary
compression index, related to Ca), and decomposition need to be analysed. Since the scale
at which the individual mechanisms act is in the order of nanometers to centimeters, peat
heterogeneity is going to be an issue when it comes to modelling, as is already the case with
the current predictive models. Therefore, it is suggested that new information is tested in
small, plot-scale models or even 1-D models to calibrate with measurements, before scaling
up stepwise to models that can be used to predict regional to national scale areas.

2.6 Conclusion

Viscous compression of peat is a significant contributor of land subsidence, potentially aftect-
ing large areas and acting over long time periods. From this literature review, we identified a
hierarchy of controls, processes and mechanisms that eventually result in viscous compres-
sion of clay under an applied loading, and compared how these operate in peat. Three key
mechanisms have been reported to result in viscous compression of clay: micropore water
expulsion, changes in the thickness and composition of the adsorbed water layer and chang-
ing particle interactions. Considering the porous structure of peat, the occurrence of adsorp-
tion water on organic material, and the fibrous material structure, it is likely that these three
mechanisms contribute to viscous compression of peat as well. However, there are essential
differences between peat and clay relevant to viscous compression as is to be expected given
the two are completely different substances: peat is made up of fibres; these contain water in
their cells which is hard to release, they can interlock physically, and lack the strong negative
surface charge that clay minerals have. As a result, the underlying processes and contribution
of the three mechanisms to viscous compression are different for peat: the smallest pores in
peat are larger than in clay, which means they are more likely to drain normally instead of via
diffusion. Furthermore, less adsorbed water and the physical interlocking lead to a distinct
friction effect on reorientation.
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A further important difference between clay and peat is that the latter can decompose,
which strongly affects physical and chemical characteristics of peat over time. Furthermore,
decomposition affects the three mechanisms, which is why decomposition of organic matter
is proposed as another possible control of viscous compression of peat. When the organic
matter is lost, it is likely that the structural strength of peat decreases as fibres break down,
losing their inherent strength. Nonetheless, the effect on both the peat structure as a whole,
as well as the investigated mechanisms identified in clay present decomposition as a control

that cannot be ignored in the explanation of viscous compression of peat.

This review has shown that the viscous compression mechanisms, susceptibility to compres-
sion, and decomposition of peat are strongly controlled by physical, chemical and biological
characteristics, and environmental conditions. The susceptibility to viscous compression of
peat is determined by: 1) the fibre content, 2) the active decomposition, 3) the clay mineral
content, 4) the subsurface temperature, 5) the pore water pH and 6) ion concentration of
the pore water. The ratio between fibre and clay mineral content and the fibre size depends
on the environment and changes therein between the moment the peat was formed and
now. The other mentioned characteristics and environmental conditions are dependent on
the current environment and depth of the peat. The most important of these characteristics
and conditions is difficult to determine and also will vary for different types of peat. Future
research on this topic should focus on quantifying the contribution of the driving processes
to be able to better understand and mitigate viscous compression. Furthermore, lab tests re-
vealing the dependency of viscous compression rate on changes of the important parameters

can improve predictive calculation of viscous compression.
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ABSTRACT

Porosity is a key characteristic determining land subsidence rates in drained peatlands by
regulating subsidence mechanisms (consolidation, viscous compression, and decomposition)
which, in turn, also influence peat porosity. This study aimed to investigate how consolida-
tion and viscous compression change porosity and how porosity changes affect decomposi-
tion rates in peat substrates differing in degradation status. Intact peat samples, representing
less decomposed fibric peat (FP) from saturated depths and more decomposed peat (DP)
from vadose zone were collected from a drained peat meadow in the Netherlands. Samples
were subjected to stress levels of 10 kPa and 40 kPa for three days in the laboratory, total
porosity and void ratio were calculated before and after compaction. CO2 emission rates and
B-D-Glucosidase potential activities were then measured to assess decomposition rates of
compacted peat. Under the applied 10 kPa and 40 kPa stresses, void ratio decreased in the
FP samples compared to uncompacted control samples by approximately 8.8% and 40.6%,
and in the DP samples by 6.3% and 21.6%, respectively. In FP samples, consolidation likely
accounted for over 50% of porosity reduction with viscous compression (creep) playing a
minor role, while, in DP samples, viscous compression relatively had a greater contribution.
Average decomposition rates declined by 33.1% and 48.1% for FP, and by 11.2% and 14.4%
for DP compared to controls, upon compaction at 10 kPa and 40 kPa, respectively. Our
findings demonstrate that subsidence mechanisms are interconnected through changes in
porosity, affecting land subsidence rates. Future studies should focus on the interactions of
mechanisms rather than disentangling them.
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3.1 Introduction

Peatlands comprise 8% of the surface area in the Netherlands, covering approximately
270.000 ha (Aben et al., 2024; Arets et al., 2023). Extensive drainage for agriculture and
loading because of urban development have resulted in current land subsidence rates up to
10 mm/yr in these vulnerable areas (Fokker et al., 2018; Koster et al., 2018; Timmerman et
al., 2021; Van Asselen, 2011). These high rates of subsidence lead to socio-economic and
environmental challenges, such as increased flood risk, higher CO, emissions, and damage
of buildings and infrastructure (Dinar et al., 2021; Prosperi et al., 2023; Vermeersen et al.,
2018).

Human-induced land subsidence in agriculturally used drained peatlands is driven by
both physical and biochemical mechanisms. Several studies have estimated their rela-
tive contributions to subsidence rates in the unsaturated zone to be approximately 28%
and 72%, respectively (Erkens et al., 2016; Leifeld et al., 2011; van Asselen et al., 2018)
Physical mechanisms of subsidence in peat include irreversible shrinkage, consolidation
and viscous compression (Galloway et al., 2016; van Asselen et al., 2009). Shrinkage is
the decrease in peat volume as a result of drying, leading to reduced moisture content
and increased suction pressure in the unsaturated zone (Cornelis et al., 2006; Seidel et al.,
2023). Consolidation refers to volume changes due to the expulsion of over-pressured
pore water (den Haan, 1994; Oleszczuk et al., 2022; Terzaghi, 1941). Viscous compression
(creep) is the result of micropore water expulsion, adsorbed water layer deformation
and changing particle interactions leading to viscous structural rearrangement under
constant stress (Le et al., 2012; van Elderen et al., 2024). In drained peatlands, drainage
dynamics have caused large impacts and heterogeneity in the level of compaction, which

differs with depth and lateral space, as well as over time.

Land subsidence in peatlands also results from the biochemical mechanisms of aerobic
and anaerobic decomposition of organic matter (OM), including both peat and fresh
organic compounds (Schothorst, 1977; Tolunay et al., 2024). Once peat is drained and
exposed to oxygen, there is a shift from anaerobic to aerobic decomposition, which can
continue over centuries, depending on environmental conditions and material charac-
teristics. Microorganisms and chemical oxidation convert OM into inorganic forms like
CO,, CHy N, or N,O, weakening the peat structure and causing volume loss (Brouns et
al., 2016; Galloway et al., 2016; Harpenslager et al., 2024). Over time, high decomposi-
tion rates change the characteristics of peat by increasing its level of degradation. As
peat becomes more decomposed, shifting from fibric to degraded forms, the physical
mechanisms of subsidence and the future decomposition rates are also affected (O’Kelly
and Pichan 2013). Currently, studies on land subsidence often examine processes of
physical and biochemical mechanisms separately, however the rate of these processes

were determined by the same controls such as material characteristics (e.g., porosity and
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degradation degree) and environmental conditions (e.g., temperature and moisture con-
tent) (van Elderen et al., 2024), stressing interaction between the two processes (O’Kelly
and Pichan, 2013).

Porosity, a key material characteristic of peat, interlinks mechanisms by defining void space
and affecting deformation, shrinkage, consolidation, and decomposition. In turn, these
mechanisms feedback to alter peat porosity (Huat et al., 1988; Pichan and O’Kelly, 2013).
Natural peat in saturated conditions has high porosity and a large void ratio, which make
it highly compressible. Thus, increasing the effective stress leads to the collapse of these
large pores, resulting in compacted peat (Rezanezhad et al., 2016; van Asselen et al., 2009).
Porosity also influences OM decomposition rates by regulating water availability, nutrient
distribution, and oxygen diffusion (Fig. 3.1a) (Du et al., 2023; Toosi et al., 2017a; Wang
and Zhang, 2024). Larger pores (>30 pm) enhance oxygen availability and nutrient mobility,
thereby accelerating decomposition (Ruamps et al., 2013). Ruamps et al. (2011) and Strong
et al. (2004) found that 15-60 pm pores support the fastest decomposition rates, while
Kravchenko and Guber (2017) observed that 30-90 pm pores contribute most to overall
decomposition. However, most of such research has been conducted in mineral soil, not in

peat, with a primary focus on the decomposition of fresh organic compounds.

Oile porea . - —

High axygen
A
Consaolidation

diffusion rate
A.
DECOMPOSITION POROSITY Crasp

Low oxygen Aribic
( St¥slon g Anaerobic
Smaler pores O = Dlirect efiect

ANDKIC pores = Indiract effact

Figure 3.1: a) The impact of porosity changes on the environmental factors of peat. b) Relationship
between decomposition, consolidation and creep (viscous compression) and the porosity as a material

characteristic for this interaction

Physical mechanisms generally decrease porosity, although some, including the poroelastic
component of consolidation and swelling, can increase it (Biot, 1941; Philip, 1969; Schiffer
et al., 2010). OM decomposition also has dual effects (Pichan and O’Kelly, 2013). While
it ultimately leads to reduced particle size and pore size (Kleimeier et al., 2017), it can also
enlarge pore space via particle size reduction, and through gas accumulation (De Gryze et
al., 2006). Since decomposition alters porosity in different ways, it can indirectly influence
the physical land subsidence mechanisms (Fig. 3.1b). Feng et al. (2021) showed from unidi-
rectional consolidation and permeability tests that temporarily accelerated viscous compres-
sion in peat, called tertiary consolidation, is at least partially the result of organic matter

decomposition. This potential interaction between land subsidence mechanisms is often
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overlooked, even though it can provide insights into which environmental conditions and
peat material characteristics in different time frames might be associated with faster subsid-
ence rates. Therefore, incorporating porosity-driven interactions into process-based models
may improve predictions of land subsidence and CO, fluxes from drained peatlands. This
perspective allows one to account for site-specific factors, ultimately leading to more eftective
management strategies such as drainage adjustments or rewetting to mitigate subsidence and
GHG emissions in drained peatlands (Stouthamer et al., 2020).

Given the significance of the interaction of physical and biochemical mechanisms affect-
ing subsidence, our study focuses on 1) how consolidation and viscous compression con-
trol the magnitude and rate of porosity change in peat with varying degradation status,
and 2) how porosity change affects decomposition rates in peat with varying degradation
status over a period of several days. In addition, based on the literature and experimental
results, this study aims to propose a new conceptual framework for subsidence mecha-
nisms under saturated and unsaturated conditions, providing a new perspective for land
subsidence research.

We hypothesized that consolidation would be the main driver of porosity reduction in
both fibric peat (FP) and decomposed peat (DP) given the limited period of compaction,
with viscous compression playing a more important role in decomposed peat. This is be-
cause DP generally has smaller and less pores, and is therefore less compressible, both limit
consolidation. In addition, increasing stress would reduce decomposition rates by decreasing
porosity, with less impact on DP samples versus less decomposed FP samples, due to initial
lower porosity of decomposed peat. We tested our hypotheses by altering porosity with a
standard oedometer loading test and subsequently measuring CO, emission rates and b-D-

Glucosidase potential activities in the compacted samples as a proxy for decomposition rates.

3.2 Materials and methods

3.2.1 Field sampling

Peat samples were collected from a Dutch peat meadow area close to the village of As-
sendelft (52° 28 33.6"N 4° 44’ 24.1”E). Peat formation occurred between 5000 and 1000 yr
BP in back-barrier marsh conditions with the peat surface reaching a maximum height of
2 m above average mean sea level (a.M.S.L.) (Van de Ven, 1993). Currently, the elevation
of the peat surface is 2 m below a.M.S.L. due to, firstly, drainage since 1000 yr BP resulting
in land subsidence of over two meters and, secondly, extensive peat excavation in the 19"
century when more than 1 m of peat was removed (Van de Ven, 1993; Vos et al., 2020). The
sampling site, used for dairy farming, has a surface elevation of -1.5 to -1.8 m a.M.S.L. The
groundwater table fluctuates between 0.1 and 0.8 m below the surface (Erkens et al., 2021).
The top 0.3 m of the peat layer is clay-rich (loss on ignition - LOI < 40%), while the peat
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layers deeper than 0.3 m showing LOI values of 50-80%. Degradation below the clay-rich
layer is generally H5-H6 on the Van Post scale, except for the intervals 0.3 - 0.4 m and
2.0 -2.5 m (H7-H10 and H1-H4 respectively). Fibrousness maxima occur between 1.7-2.0
m. Sedge dominates the peat matrix, with reed becoming more prevalent in the deeper peat
layers (Fig. 3.2). (Erkens et al., 2013). Further site details are given in Boonman (2024) and
in Supplementary A.1 (Fig. A1 — A4, Table A1).

'The sampling depths were determined based on long-term monitoring data of the ground-
water table, the clay content from soil profile data and the level of decomposition as classified
with the adapted humification scale since the Van Post Scale is not very representative for
drained Dutch peatlands (Erkens et al., 2021, 2013). In addition, another soil profiling was
conducted prior to sampling (Table A1). Four field replicates for the vadose and saturated
zones were collected with the peat sampler 50 cm from a central point in the field where the
gauge for soil profiling was taken. From each hole, full casings of three rings per depth were
collected using the sampler designed by van Asselen and Roosendaal (2009). A 104 mm
wide and 320 mm long stainless-steel tube with a sharp cutting edge were used to cut peat
to allow smaller diameter subsampling in the laboratory without the disturbances created by
the field sampling. The tube holds three 85 mm long PVC liners. After collection, the PVC
liners were pushed out, cut at the interfaces, and capped to prevent water drainage and air
intrusion. The sample in the upper casing was taken from a depth of 30 to 60 cm and con-
tains decomposed peat (DP) that is unsaturated during part of the year, with an average dry
bulk density of 0.20 g/cm’. The sample in the lower casing was taken from a depth of 100 to
130 cm and contains less decomposed, fibric peat (FP), which remains permanently below
the groundwater table, with an average dry bulk density of 0.09 g/cm®. The collected samples
were transferred in a cooling box to the laboratory fridge at 10°C with 80% humidity.

3.2.2 Experimental design

'The laboratory experiments consisted of 1-D oedometer compression tests and respirometer
measurements under saturated conditions. Only ring 3, representing the deepest 10 cm of
each zone (50-60 cm for DP and 120-130 cm for FP), was used for the experiment because
of the clastic content seen in the soil profile log represented by the upper rings of the DP
samples (Fig. 3.2).

Standard procedure was followed to prepare samples for the oedometer (ASTM D2435-04,
2011). The inside of a metal confining ring with a diameter of 63 mm and a thickness of 20
mm was oiled to decrease wall surface friction during compression, after which the empty
ring was weighed. Samples were then carefully trimmed to fit the ring tightly avoiding any
space between the sample and the ring wall. The filled ring was weighed again before being
built into the oedometer and the basin within which the sample ring is placed is filled with
water to mimic saturated conditions. Two stress levels for the single load tests were selected,
respectively 10 and 40 kPa, with 10 kPa recognized to be below or at the preconsolidation
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stress for both DP and FP, causing only elastic compression and viscous compression. On
the other hand, 40 kPa also causes virgin compression, which means more deformation will

happen.

'Three compression replicates (n = 3) were prepared for both treatment and control samples.
Control samples bypassed the oedometer test and were directly placed in the respirometer.
For respirometer measurements, 2 cm thick peat samples were taken from the cores using a
sampler ring with a 4.5 cm diameter. The size of the sampling ring was determined based on
the diameter of the respirometer bottles. The 2 cm thickness was chosen to ensure consistency
across all samples, as it matches the standard size for oedometer tests. A stainless-steel mesh
was placed on top of each sample to allow gas exchange. Then, a stopper ring was installed
inside the sampler ring with height adjustment via an adjustable lid to avoid any elastic re-
bound (Fig. 3.2). Hence, this measure prevents shrinkage-swelling and in treatment samples,
porosity change is solely due to compaction. The prepared control samples were placed in
500 mL glass bottles with perlite to maintain stable moisture content during measurement.
'The height of the samples was monitored before and after respirometer measurements us-
ing a digital calliper to ensure that shrinkage-swelling behaviour was avoided. The samples
were connected to the respirometer, and accumulated CO, concentrations in the headspace
were recorded for 5 to 6 days. Initial measurements of dry bulk density, f-D-Glucosidase
exoenzyme potential activity (PA), carbon content, and pH were taken using the remaining
sample material after sampling for the respirometer. Initial bulk density measurements were
used to calculate the initial total porosity and void ratio.

Treatment samples were subjected to a single load for 67 hours, either at 10 kPa or 40 kPa.
Shock effects can lead to rapid compaction, blocking pores and hindering water dissipation,
which is not representative of peat meadow conditions. Therefore, to avoid any shock effects,
the 40 kPa was not applied at once, but via two 1-hour build-up loading steps of 10 and 20
kPa. After the oedometer tests, samples were weighed to determine their wet bulk density.
Samples were then subsampled for oxic respirometer measurements using a sampler ring
(4.5 cm diameter), and the remainder of the sample after sampling for the respirometer was
used to measure dry bulk density. This dry bulk density data was used to calculate the carbon
content, total porosity and void ratio after compaction. A mesh, a stopper ring and an adjust-
able lid were placed on the sub-samples as in the control samples. The height of the peat
was measured before and after respirometer measurements to ensure that height differences
did not exceed 1 mm. By maintaining a stable temperature in a climate-controlled room (T
= 8 °C), consistent moisture content, and controlled sample height, the aim is to prevent
shrinkage and swelling in the samples. Upon completion of the respirometer measurements,
the samples were analysed for pH, and -D-Glucosidase exoenzyme PA.
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3.2.3 Measured and estimated parameters

Height measurements and geotechnical parameters
Precise settlement measurements of the sample surface, as well as applied (effective) stress,
were recorded over time during both the incremental and single loading oedometer tests.
The settlement measurements were transformed automatically to linear strain (¢c). Linear
strain defines normalized height decrease and its range is between 0 and 1 and is calculated
as follows (Terzaghi, 1937):

hy — h

& = he (3.1)

where ho is the initial height and A is the measured height at a given time during the test.
Three Bjerrum-isotach parameters are needed to define both the consolidation and the vis-
cous compression of the sample: the recompression ratio (RR) indicating the stress-related
poroelastic behaviour, the virgin compression ratio (CR) indicating the full stress-related
behaviour when loads exceed the preconsolidation stress, and the viscous compression coef-
ficient (C,) indicating viscous compression behaviour (NEN 6744, 2007). Preconsolidation
stress (o,,) is the apparent maximum effective stress a sample has experienced, either in the
field or throughout a laboratory test. Values for RR, CR, C, and o,, were taken from Erkens
et al. (2021) (Table 3.1) who performed incremental oedometer tests on samples taken at
the same location and at similar depths (0.52 — 0.54 m and 1.41 — 1.43 m below the surface
representing DP and FP respectively).Using a simplified isotach model, the total strain
comprised of the elastoplastic strain (ec,) and viscous compression strain (ewr) can normally
be calculated for each of the single load oedometer tests following equations 3.2 and 3.3,

respectively (Deltares, 2014; Kooi et al., 2018; Visschedijk, 2010):

! ’

o
€p = RR logw% + CR logq, (3.2)
0

i
Gpc

t+71

&er = Cq 10810

3.3
Tref ( )
in which o is the initial in-situ stress of the sample (kPa), o’ is the applied effective stress
(kPa), t is the time (days), 7 is the intrinsic time (days), and 7ref is the reference time (days).

Intrinsic time = was calculated using:
CR — RR

o= (Z) © (3.4

A
0-17

For 7.y, it is common to take 1 day. In the case of 40 kPa, o, exceeds the initial precon-
solidation stress for both DP and FP, updating the preconsolidation stress to o,, and hence
intrinsic time after one day of testing is 1 day. Further explanation about the reference time

and related intrinsic time can be found in Visschedijk (2010) and den Haan (2003).
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Only one value for e, and ey can be calculated for each DP and FP using the parameter
values from Erkens et al. (2021). To allow the replicates to show relative differences in con-
solidation and viscous compression linked to their differences in total compaction during the
oedometer test, we only calculate the e, and subtract this from the total strain to get e¢y.

Table 3.1: Geotechnical compaction parameters for peat at depths corresponding to Degraded and
Fibrous Peat (Erkens et al., 2021).

Parameter [unit] Degraded Peat Fibrous Peat
Depth [m] 0.52-0.54 1.41-1.43
Recompression coefficient RR [-] 0.066 0.062
Virgin compression coefficient CR [-] 0.51 0.58
Viscous compression parameter Co [-] 0.048 0.028
Preconsolidation stress U;m [kPa] 17.5 9.6

Physical-chemical properties

Dry bulk density and gravimetric water content were measured by sampling a known volume
of a given peat sample before and after the oedometer test. The wet weight of these samples
was measured, after which the samples were placed in a 70°C oven for 72 hours. The differ-
ence between the wet and dry weight is used for determining water content. To calculate
the dry bulk density of the samples (g/cm?), we divided dry weight by the volume. Dry
bulk density data was later used to calculate for carbon content per volume (gC/cm?). To
avoid clay-rich samples and to isolate the dynamics in organic material as much as possible,
we excluded DP samples with a dry bulk density higher than 0.25 g/cm® (Rezanezhad et
al., 2016). Instead, we collected additional samples within the same ring with lower clastic
content. Dried samples were further used to measure organic matter content by using loss
on ignition (LOI) methodology. Organic content was burnt at 550 °C for 5.5 hours prior to
measuring the weight of the resulting ash.

'The measured dry bulk density was utilized to calculate the porosity in combination with the
particle density:

=1 - () (3.5)

Pparticle

With n being the porosity (-), pary is the dry bulk density (g/cm®) and pyarticte is the particle
density (g/cmg). 'The particle density can be determined experimentally via sample submer-
sion and water volume displacement. For this study, the particle density is reverse calculated
using typical specific densities for the organic and clastic constituents, relatively 1.40 g/cm’
and 2.65 g/cm3 (Skempton and Petley, 1970; Redding and Devito, 2006; Schjenning et al.,
2017), and the measured LOI values (-) following the formula (modified from Poelman,
1975)
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Pparticte = (140 LOI) + (2.65 (1 — LOD)) (3.6)

The void ratio e (-) is calculated from porosity data which reflects the relative volume of
voids to the volume of solids in a sample. It is directly related to the porosity 7 via:
n

e = (3.7

T 1-n

Controls samples were calculated for porosity and void ratio one time while compressed

samples were calculated for porosity and void ratio before and after the compression.

The pH of the samples was measured by adding 30 mL of Milli-Q_water to five grams of
fresh peat, and the mixture was shaken for two hours at 22°C. The samples were then

centrifuged at 4000 rpm for 10 minutes, and the supernatant was used to measure pH
using a Sentix 41 pH electrode (WTW GmbH, Weilheim, Germany).

Three milligrams of oven-dried peat samples were placed into aluminium cups, rolled to
form small balls, and used to determine the carbon content (gC/gDW) using an elemental
analyser (FlashSmart™ Elemental Analyzer, Thermo Fisher Scientific Inc., USA).

Basal respiration rates

Both control and compacted samples were measured for basal respiration rates (BRR) with
oxic head space using a respirometer to determine the CO, emissions (Biometric Systems,
Germany, and Biont Research, The Netherlands). Samples were placed in 500 mL glass
bottles, and the accumulation of CO; in the oxic headspace of these bottles was monitored at
intervals of 120 minutes. The system automatically flushes the headspace with air when CO,
levels reach 0.4 ppm. After the measurements, the dry weight of the samples was determined
by placing them in a drying oven for 72 hours at 70°C. Observed basal respiration rates were
corrected for shifts in pH using CO, and pH relations derived from Henry’s law (Henry,
1803) and expressed as rates ‘ug CO, gC" h™” using the dry weight and carbon (C) content.

B-D-Glucosidase potential activity

A substrate addition assay with fluorogenic 4-methylumbelliferone (MUF) was used to
determine B-D-Glucosidase potential activity (PA) under oxic conditions (adapted from
Dunn et al., 2014). One gram of fresh peat was placed in stirring Turrax tubes (IKA®-Werke
GmbH & Co. KG, Germany) with 7 mL of 1 mM substrate (4-MUF B-D-glucopyranoside,
Sigma-Aldrich®, USA). Samples were blended well and incubated for one hour in the dark.
Controls were treated the same way, using 7 mL of Milli-Q_water instead of the substrate.
The slurry was then transferred to 2 mL Eppendorf tubes and centrifuged at 14,000 rpm
for five minutes. The supernatant was measured using black bottom 96-well plates (Thermo
Fisher Scientific Inc®, USA) with fluorescence spectroscopy (Excitation: 360/40, Emission:
460/40). Standard curves for each technical replicate were prepared using 4-methylumbel-
liferone sodium salt (98%, M1508; Sigma-Aldrich®, USA).
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3.2.4 Data analysis

All statistical analyses were conducted using the computing environment R (R Core Team,
2025). Tailored codes for basal respiration were developed by Biont Research, The Nether-
lands. Basal respiration rates (BRR), B-D-Glucosidase PA, bulk density, porosity and pH
were compared between control and treated groups. Void ratio comparison was made only
between the initial and post-compression values of the treated samples. Normality within
each group was assessed using Shapiro-Wilk tests, with variances equality evaluated via
Levene’s test. Two-sample t-tests were then performed to compare group means. For 10 kPa
samples, the test was conducted without assuming equal variances due to observed signifi-
cant differences (Levene test, p < 0.05). Conversely, for 40 kPa samples, equal variances were
assumed (Levene test, p > 0.05). The samples were grouped based on the degradation status
(fibric and decomposed peat — FP and DP) and analysed separately.

Decomposition status (decomposed vs fibric peat), treatment (Control, 10 kPa and 40 kPa),
pH, porosity, void ratio, carbon content, and bulk density were tested as explanatory (fixed)
variables for predictor variables (BRR and B-D-Glucosidase PA) with a linear mixed model
followed by ANOVA (Type II). Replicates were added to the model as random variable.
Corrected akaike information criterion (AICc) was used to determine the best fitting model
and the explanatory variables.

3.3 Results

3.3.1 Oedometer test derived geotechnical parameters

'The porosity and void ratio changes over time for the single load tests are presented in Fig.
3.3. Porosity (-) changed by 0.0074 + 0.0010 or 0.85% for DP-10kPa, 0.0067 + 0.0017 or
0.72% for FP-10kPa, 0.0274 = 0.0011 or 3.11% for DP-40kPa and 0.0562 + 0.0017 or 6.23%
for FP-40kPa (Fig. 3.3a). Fitted values of Ca for the single load tests were consistently lower
than their incremental counterparts, with the exception of the 40 kPa-loaded decomposed
peat samples. The variability within the groups was low, except for 10 kPa-loaded decom-
posed peat samples. For instance, sample DP2-10kPa showed a steepening curve towards
the end of the oedometer test compared to the other two DP-10kPa samples, leading to
higher Ca and therefore a higher variability. The void ratio changes show a similar pattern to
porosity changes (Fig. 3.3b). Void ratio (-) changed by 0.44 + 0.09 or 6.34% for DP-10kPa,
1.10 = 0.11 or 8.82% for FP-10kPa, 1.65 + 0.03 or 21.63% for DP-40kPa and 3.78 + 0.12 or
40.62% for FP-40kPa Void ratio of FP at 10 kPa shows relatively more change compared to
porosity since void ratio shifts rapidly at higher porosity.
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Figure 3.3: a) Porosity as a function of the logarithm of time derived from single load oedometer tests
on Assendelft peat. b) Void ratio as a function of the logarithm of time derived from single load tests
on Assendelft peat. Solid lines indicate loading with 10 kPa, dotted lines indicate loading with 40 kPa.
Sample IDs are divided into decomposed and fibric peat (DP and FP) and replicate number.

Treatment samples with a 40 kPa load, from both FP and DP, exhibited the greatest height
loss compared to those subjected to incremental testing and the 10 kPa load. (Fig. 3.4a).
'The physical mechanisms leading to major height loss differed between samples. The largest
proportion of height loss in DP samples was due to viscous compression, except for the
first and third replicate of DP-10kPa, while consolidation was the primary mechanism for
height loss in FP samples, with proportions of consolidation contribution of 55.1 + 24.9%
for DP-10kPa, 40.0 = 3.6% for DP-40kPa, 71.3 + 1.1% for FP-10kPa, and 77.4 + 2.7% for
FP-40kPa (Fig. 3.4b).
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Figure 3.4: a). Height loss in mm from samples during loading treatments (7=3). b) The contribution
of consolidation (blue-top bars) and viscous compression (green-bottom bars) to the height loss due
to compaction (1,2,3= field replicates, DP = Decomposed peat samples, FP= Fibric peat samples, Inc =
Incremental test, 10 = Applied loading 10 kPa, 40 = Applied loading 40 kPa).

3.3.2 Physical - chemical properties

The initial dry bulk density of FP samples was, on average, 0.09 g/cm?, while that of DP
samples was 0.14 g/cm®. Compaction treatments resulted in higher dry bulk density values
for both FP and DP samples, although the increase was statistically significant only for FP
samples at the 40 kPa stress level (t-test, p < 0.05). For FP samples, mean dry bulk density
increased by 30.3% under 10 kPa stress and by 87.1% under 40 kPa stress, while for DP
samples, it increased by 40.2% under 10 kPa stress and by 32.5% under 40 kPa stress com-
pared to controls. Overall, the mean dry bulk density of compacted DP samples (0.17 + 0.03
g/cm®) was higher than that of compacted FP samples (0.12 £ 0.04 g/cm?).

Applying stress significantly reduced only the total porosity of FP samples with 40 kPa
stress (t-test, p < 0.05). For FP samples, mean total porosity decreased by 2% under 10 kPa
stress and by 5.4% under 40 kPa stress, compared to the control samples. For DP samples,
mean total porosity decreased by 2.5% under 10 kPa stress and by 3.0% under 40 kPa stress,
but these changes were not statistically significant (Fig. 3.5b). Changes in void ratio were
compared only between the initial and post-compression values of the treated samples. It
followed a similar pattern to those observed in total porosity, with notable differences be-
tween FP and DP samples. For FP samples, the void ratio decreased by 8.8% under 10 kPa
stress and by 40.6% under 40 kPa stress. For DP samples, the void ratio decreased by 6.4%%
under 10 kPa stress and by 21.6% under 40 kPa stress. The absolute decrease in void ratio was
greater for FP samples than for DP samples under the 10 kPa treatment.
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The average pH of DP samples remained unchanged with compaction (4.89 + 0.31), while
the controls of FP samples had slightly higher pH values than the compacted FP samples
(6.94 £ 0.06, 6.59 + 0.20, respectively). Total carbon (TC) content (gC/gDW) was not sig-
nificantly affected by compaction in any of the treatments compared to the controls (t-test,
p > 0.05). Mean TC decreased by 6.5% in compacted DP samples compared to the controls,
whereas there was a slight decrease of 0.89% in FP samples. The carbon content per unit
volume (gC/cm?) decreased by 29.3% in DP samples with compaction, whereas FP samples
showed an average increase of 62%. Bulk density (g/cm’), pH, LOI (%) and C content (gC/
gDW) values of control, 10 kPa and 40 kPa samples can be found at the Table A2.

3.3.3 Decomposition rates

Basal respiration rates (BRR) decreased with increasing stress in both FP, and DP samples
compared to the control samples (Fig. 3.5b). This reduction was significant for FP samples
(t-test, p < 0.01) but not for DP samples (t-test, p > 0.1). The most notable decrease was
observed in FP samples with high load (40 kPa). Average decomposition rates declined by
33.1% and 48.1% for FP, and by 11.2% and 14.4% for DP, upon compaction at 10 kPa and
40 kPa, respectively compared to controls. However, increasing the stress level from 10 kPa
to 40 kPa did not result in a significant change in BRR for either FP or DP samples. Average
BRR rates from DP samples (7.98 + 0.84 mgC gC " h™) were higher than those from FP
samples (5.69 + 1.82 mgC gC™" h™), except for the control samples of fibric peat. Apply-
ing a 10 kPa load to decomposed peat samples resulted in BRR rates (7.78 + 0.84 mgC
gC™"h™) similar to the control samples of fibric peat (7.80 + 0.90 mgC gC'h™) (Fig. A6).
b-D-Glucosidase exoenzyme potential activity (PA) also decreased with compaction, but a
significant reduction was only observed in FP samples with low load (10 kPa) compared to
the controls (t-test, p < 0.05). Interestingly, b-D-Glucosidase PA was relatively higher in 40
kPa samples than 10 kPa samples for both decomposed and fibric peat samples (Fig. 3.5¢)
(Fig. A6).

3.3.4 Relationship between decomposition and physical-chemical
properties

Basal respiration rates (BRR) were best explained by porosity (p < 0.01) and degradation
status (p < 0.001), with an interaction between these two parameters (p < 0.01) (linear mixed
model, random intercept SD: 0,=0.599076, residual SD: ¢.=0.7079554). In DP samples, BRR
could not be linearly estimated by the measured parameters, whereas there was a stronger
linear relationship between BRR and other parameters in FP samples, particularly, bulk
density, void ratio and pH (Fig. 3.6a, 3.6b, 3.6¢). Although geotechnical parameters Ca and
CR for viscous compression rate determination may have some relationship with BRR, they
were not sufficient to estimate respiration rates alone. While BRR positively correlated with
the contribution of viscous compression to total height loss, the contribution of consolida-
tion showed a negative correlation with BRR (Fig. 3.6d). No significant relation was found
between B-D-Glucosidase PA and the other parameters.
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3.4 Discussion

This study investigated the mechanical processes consolidation and viscous compression
that change porosity and how porosity change affects decomposition rates in peat substrates
differing in degradation status. Our findings indicate that increased stress reduces porosity,
which in turn lowers CO, emissions (basal respiration rates - BRR). This reduction in BRR
was more pronounced in less decomposed peat samples (Fibric Peat — FP) compared to more
decomposed peat samples (Decomposed Peat — DP).

3.4.1 Evaluation of the geotechnical measurements

The RR and CR values taken from Erkens et al. (2021) for DP were significantly lower than
the reported range of values for Holocene peat samples taken at similar depth intervals in
the Netherlands and align more with clayey samples from the same area (den Haan and
Kruse, 2007). The two Ca values on the other hand align with the lower and upper bound-
ary for peat, respectively. Compared to Middleton peat from Canada, which has parameter
values for RR, CR and Ca 0£0.115, 0.884 and 0.099 respectively (Edil and Den Haan, 1994),
FP is significantly lower on accounts of RR and CR and has a similar Ca. All three parameter
values for DP from Erkens et al. (2021) are lower than those for the Middleton peat, but at
the same order of magnitude. An explanation for the observed differences with literature
is the heterogeneity of the peat at the sampling location, which involves material charac-
teristics initial porosity and accompanying water content, fibrousness, and LOI, and influ-
ences the mechanic behaviour of the samples in the oedometer. The division in compaction
between consolidation and viscous compression corresponded to the higher values of RR
and CR for FP compared to DP, indicating a strong response of elastic behaviour before the
preconsolidation stress and significant virgin compression behaviour after the preconsolida-
tion stress leading to consolidation. The high viscous compression parameter value for FP
indicates that viscous compression happens relatively fast, yet, over a timespan in the order
of days compaction still is dominated by consolidation, especially the elastic compression as
consolidation dominates at 10 kPa without virgin compression occurring. Compaction of
DP was expected to be originate less by recompression and more by viscous compression
at low loading. However, our results showed large variations, with only the second replicate
out of three experiencing more than 50% viscous compression, which coincides with the
observed steeping of the viscous compression curve of DP2-10kPa. No errors in the set-up
or outliers in characteristics have been identified that can explain this steepening.

3.4.2 Evaluation of physical - chemical properties

The compaction of peat in our study clearly depended on its degree of decomposition. Less
decomposed fibric peat—with its loosely arranged, intact fibres and larger pore networks—is
inherently lower in dry bulk density initially. However, under the mechanical stress we ap-
plied, its open structure is far more susceptible to compaction. This leads to an increase in dry

bulk density, as the large, interconnected pores are rapidly reduced eliminated (Frene et al.,
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2024). In contrast, decomposed peat, which has already undergone substantial consolidation
and loss of fibrous structure, starts out with a higher dry bulk density and shows only a
modest further increase in bulk density when stress is applied. Similarly, decreases in total
porosity and void ratio reveal that fibric peat loses its pore space more readily during com-
paction due to the closure of its relatively larger pores, reflecting a fundamental alteration in

its microstructure.

These relational differences concur with a broadly carried understanding that the physical
structure of less decomposed fibric peat makes it more vulnerable to mechanical com-
paction under stress (e.g., Berry and Poskitt, 1972; Dhowian and Edil, 1980; Gunaratne et
al., 1998; Van Asselen and Roosendaal, 2009; Wong et al., 2009; O’Kelly and Pichan, 2013).
Erkens et al. (2021) also showed that increased decomposition results in a higher dry bulk
density and a less compressible matrix. In addition, studies by Boelter (1968) and Laiho
et al. (2006) indicated that, as peat undergoes further decomposition, its dry bulk density
increases while porosity decreases, fundamentally altering its consolidation behaviour.

pH and C content (gC/gDW) were not significantly influenced by compaction, which was
also reported in another study (Bellabarba et al., 2024). Even though the pH change was not
significant for FP samples, a slight relation exists with compaction, showing higher pH and
higher respiration rates, with no clear trend for DP samples. Both parameters can be valuable
for understanding long-term dynamics; therefore, their changes should be monitored in the
context of long-term response.

3.4.3 Decomposition rates

Basal respiration rates

Our results demonstrate that compaction of peat samples leads to a reduction in basal res-
piration rates (BRR) in terms of CO, emissions consistent with findings from other studies
(Beylich et al., 2010; Deurer et al., 2012; Frene et al., 2024; Ruser et al., 2006). The reduction
of averaged BRR ranged between 19.4 and 51.9% depending on the compaction level and
the degradation status of the peat. Samuel and Evers (2024) reported a 33.9% reduction in
average CO, emissions due to compaction from tropical peatlands, which aligns with our
findings. The reduction in BRR across all samples can be attributed to the observed decrease
in total porosity and increase in bulk density, as also similar results reported in other studies
(Chamindu et al., 2019; Ricardo et al., 2011; Strong et al., 2004). Jayarathne et al. (2021) and
Kuncoro et al. (2014) found that compaction leads to isolated pores where oxygen diffusion is
limited. This hinders aerobic microbial activity, thereby reducing short-term CO, emissions.
Horgan and Ball (2005) and Kiuru, et al. (2022a, 2022b) further demonstrated that reduced
pore connectivity in compacted soils shifts microbial processes toward anaerobic pathways,
often increasing CH, and N,O emissions, as confirmed by Carlesso et al. (2019) and Samuel
and Evers (2024). Our study focused on links to land subsidence and peat degradation, rather

68



The effect of compaction on short-term decomposition rates in peat samples with different degradation status

than total GHG forcing. However, future studies should consider these gases to project total
GHG emissions from drained and compacted peat, especially when evaluating restoration

practices for these lands.

The reduction in BRR was significant only for the FP samples compacted at both 10 and
40 kPa. The minimal change observed in the BRR in the DP samples can be attributed to
the peat’s degradation status and the initial total porosity. The material characteristics of
the decomposed peat samples are already characterized by high bulk density, a lower
void ratio, smaller pores and higher tortuosity (Gong et al., 2022; Pichan and O’Kelly,
2013; van Asselen et al., 2009). Therefore, compacting DP samples did not significantly
affect physical properties which in turn led to minimal changes in BRR. In addition, the
substrate (available organic material) might be more limited or altered its form compared
to the less decomposed FP samples (Gebert and Zander. 2024; Kleimeier et al., 2017;
Klingenfuf} et al., 2014). There was a decrease in BRR, but no significant change, from the
10 kPa compacted samples to the 40 kPa compacted samples. This might be due to the
sample size and the heterogeneity of the peat samples, a limitation that could be over-
come by increasing the number of replicates in the future. Another potential explanation
is that after reaching a certain stress level, the major drivers of decomposition rates may
shift from physical factors to other factors such as temperature, available carbon, or mois-
ture content (Bell et al., 2018; Ruser et al., 2006; Xu et al., 2016).

There is a clear relationship between BRR, total porosity, and degradation status, with
lower BRR rates observed in samples with lower void ratios and higher degradation sta-
tus. Other studies have also explained decomposition rates with the same factors, which
supports our results that show a robust link between physical material characteristics and
microbial processes (Ryan and Law, 2005; Yan et al., 2016; Mohseni and Bol, 2021; Frene
et al., 2024). However, additional technical replicates are needed to increase the statistical
power of the results. Several previous studies on porosity and BRR have highlighted the
importance of intermediate pore sizes (15-60 um) for faster decomposition, primarily due
to optimal conditions for microbial and fungal activity at these pore sizes (Chamindu et
al., 2019; Quigley et al., 2018). Kravchenko et al. (2021), Strong et al. (2004) and Toosi et
al. (2017a, 2017b) all found that decomposition rates are highest in these intermediate
pores, likely due to enhanced enzyme activity and sufficient oxygen supply. Larger pores
(>60 pm) impede decomposition, likely due to reduced microbial contact with substrates
and increased predator activities, while smaller pores (<4 um) restrict oxygen diffusion,
resulting in slower decomposition rates. Since consolidation mainly affects macropores
and viscous compression affects micropores, macroporosity was expected to decrease
more significantly in FP samples than in DP samples (Bruand et al., 1996; Holden, 2009;
Weber et al., 2017; Zaffar and Lu, 2015). In our experimental set-up, we did not measure
the pore-size distribution. Instead, we theoretically estimated pore-size distribution
(Fig. A7-A9; following e.g., Jayakody et al., 2014; Luo et al., 2019) based on soil water
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retention curve measurements derived within the Netherlands Research Programme on
Greenhouse Gas Dynamics in Peatlands and organic soils (NOBV) at the same site. Our
theoretical approach indicates that compaction might increase the proportion of pores
in the size range of 15 to 60 pm in FP samples. Over the long term, we anticipate that
the decomposition of FP samples will accelerate due to increased oxygen exposure and
optimal pore-size distribution. For DP samples, on the other hand, an increase in micro-
porosity (<10 um) may lead to relatively lower decomposition rates due to the restriction
in oxygen diffusion of these pores (Li et al., 2023). However, most research on pore size
distribution and decomposition has been conducted in mineral soil rather than peat, lim-
iting our ability to compare with previous research. Therefore, our theoretical approach

requires future testing to validate its applicability in drained peatlands.

B-D-Glucosidase potential activity

In our data, the reduction in b-D-Glucosidase potential activity (PA) with compaction aver-
aged approximately 30%, whereas a study conducted by Dick et al. (1988) reported reductions
from silty clay loam samples ranging from 41% to 75%. Another study on exoenzyme activity
alteration with compaction found that moderately compacted samples exhibited similar b-
D-Glucosidase PA to uncompacted samples, while highly compacted samples showed a clear
1.5-fold reduction in activity (Siczek and Frac, 2012). These results are different from our
findings, which might be due to the contrasting availability of peat substrate as compared to
soil samples with lower organic matter. Our data indicated that 10 kPa compaction led to a
greater reduction in enzyme activity than 40 kPa samples for FP samples. This discrepancy
may be due to higher activity of anaerobic microbial community in 40 kPa samples, since
pores were more isolated, leading to limitations in to access nutrients or easily degradable
substrates (Nayak et al., 2022). Additional studies focusing on enzyme dynamics under vary-

ing compaction stresses could provide more insight into this phenomenon.

3.4.4 Conceptual model for land subsidence mechanisms

Our study aimed to integrate different disciplines to enhance understanding of land sub-
sidence by examining the interaction between physical and biochemical mechanisms from
drained peatlands. Porosity emerged as a critical factor linking both physical and biochemical
processes, highlighting the need to understand its role in subsidence. This research represents
a first step toward integrating these perspectives and developing a more holistic understand-
ing of land subsidence mechanisms. We propose a conceptual model that accounts for the
dynamic contributions and interactions between these mechanisms in land subsidence from
drained peatlands over short timescales based on our experiment and over longer timescales
based on literature and a theoretical approach for saturated conditions (Fig. 3.7).

In the short term from hours to weeks, our conceptual model suggests that consolidation
might be the primary contributor to subsidence in drained peatlands, which is supported
by data presented here and previously reported (van Asselen et al., 2018). Under saturated
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conditions, consolidation occurs rapidly as the peat loses water and volume, potentially lead-
ing to a significant reduction in void ratio and total porosity, which contributes to initial
subsidence. However, as time progresses, the rate of decomposition of organic material may
become a more dominant factor, especially when intermittent oxic conditions are considered,
facilitating both consolidation and viscous compression (creep). During this mid-term pe-
riod, decomposition can accelerate volume loss, especially in the drained peat layers, which
can become unsaturated and support aerobic microbial activities. This process might interact
with consolidation through a feedback loop. Decomposition may weaken the peat structure
by altering porosity and changes the strength of peat fibres, thereby facilitating further
consolidation. This suggests that there may be possible positive feedback where decomposi-
tion enhances consolidation by increasing the porosity. Conversely, as consolidation reduces
pore size and decreases total porosity, it could create more isolated anoxic pores, which may
negatively impact decomposition rates, indicating a potential negative feedback effect of con-
solidation on decomposition. However, compaction can also enhance the exposed amount of
carbon per volumetric unit, which could lead to more decomposition and as a result higher
GHG emissions (Aben et al., 2024). In the vadose layer, shrinkage and swelling mechanisms
play a critical role in the seasonal movement of the peat profile. These processes can also in-
fluence the interaction between decomposition and consolidation mechanisms. In addition,
irreversible shrinkage in this zone can contribute up to about 15% of total land subsidence,
highlighting the importance of further investigating its interaction with other mechanisms
(Erkens et al., 2016; van Asselen et al., 2018). However, in our study, we did not focus on
these processes in order to keep the framework concise and aligned with the parameters
monitored in our compaction experiment. The way these mechanisms influence each other,
either positively or negatively, likely depends on initial peat characteristics such as porosity,
pore connectivity, and peat botanical origin, as well as environmental conditions like nutrient
availability, moisture content and temperature. This highlights the importance of site-specific

research to identify the factors that determine current and future subsidence rates.

In the long term, from years to centuries, viscous compression (creep) is the predominant
driver of subsidence, particularly in saturated deeper peat layers in lightly overconsolidated,
where decomposition rates are low due to lower temperatures and full saturation (van El-
deren et al., 2025). Viscous compression might be influenced by anaerobic decomposition,
with one possible scenario being that decomposition might modify the fibre alignment,
thereby facilitating viscous compression (Landva and Pheeney, 1980). Alternatively, viscous
compression could affect the availability of electron donors (i.e., organic matter) and accep-
tors (i.e., NOs7, Fe’ and SO,*) necessary for decomposition by altering the pore connectiv-
ity, potentially creating both positive and negative feedback loops between the two processes.
These interactions, particularly the effect of decomposition on viscous compression and vice

versa, remain uncertain and require further investigation.

71

oM
-
[
=1
=1
(1]
=
o




Chapter 3

Unlike the commonly used approach that directly translates decomposition rates into
subsidence rates, the proposed perspective highlights physical mechanisms as the primary
drivers of land subsidence, consolidation, viscous compression and shrinkage-swelling. De-
composition processes interact with these mechanisms by altering porosity and weakening
the physical structure of peat, thereby contributing to subsidence. Physical mechanisms and
decomposition remain active over time, although their driving potential evolves with changes
in porosity.

In our experiment, we explored the broader impact of porosity on decomposition rates and its
potential interactions with viscous compression and compaction over short periods of time
under saturated conditions, providing just one piece of the puzzle. Future research should
focus on detailed examination of porosity levels, utilizing pore-scale analysis to understand
how decomposition evolves over months to years, how it modifies pore structures, and how
these changes influence physical mechanisms under both saturated and unsaturated condi-
tions. Additionally, while our model does not explicitly incorporate the shrinkage-swelling
behaviour of peat in the unsaturated zone, we recognize that this behaviour is likely inter-
twined with both decomposition and other physical mechanisms, especially since moisture
and temperature regulate all these mechanisms in a changing climate and with changing
land use.
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Figure 3.7: Conceptual framework illustrating the contributions of consolidation, creep (viscous com-
pression), and decomposition to land subsidence rates in drained peatlands, highlighting porosity as a
central factor influencing and mediating interactions among these mechanisms. (+) and (-) represent
positive or negative impacts of one element on another depending on the position of the symbol. For
instance, the (+) symbol close to the consolidation mechanism indicates that higher porosity increases

consolidation rates and the (-) symbol close to porosity shows that consolidation reduces porosity.
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3.5 Conclusions

Our study examined how mechanical processes, including consolidation and viscous com-
pression, influence changes in porosity and how porosity changes impact decomposition rates
over short time periods ranging from days to a week. We found that compaction decreases
porosity, which reduces basal respiration rates (BRR) in terms of CO, emissions in the short
term. In less decomposed fibric peat, compaction significantly decreased porosity, leading
to a pronounced reduction in BRR. In contrast, more decomposed peat exhibited smaller
changes in porosity, resulting in a less substantial decrease in BRR. Furthermore, in both
decomposed and fibric peat samples, consolidation was the main driver of measured compac-
tion, while viscous compression plays a more significant role in fibric peat as compared to

decomposed peat.

These findings highlight how changes in porosity due to compaction influence microbial
activity and affecting carbon cycling, revealing potential interactions between physical and
biogeochemical subsidence mechanisms. The proposed conceptual framework also offers a
new perspective and encourages interdisciplinary studies on human induced land subsidence
rates in peatlands. Future research should investigate the links between pore-size distribu-
tion, decomposition rates and long-term effects of compaction on peatland carbon dynam-
ics under saturated and unsaturated conditions, as well optimize mitigation strategies for

subsidence and associated greenhouse gas emissions in peatlands.
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ABSTRACT

Compaction of soft subsurface layers occurs through different mechanisms, namely con-
solidation, viscous compression, autocompaction, and shrinkage. Viscous compression is a
key long-term process often the most significant component of compaction over long time
periods. The rate of viscous compression over time is defined by the viscous compression
parameter (C, ), which describes the amount of strain per logarithmic unit of time with con-
stant effective stress. Overall compressibility of different material can often be linked to their
material characteristics, yet for viscous compression this is still problematic. Understanding
the relationship between material characteristics and C, is essential for improving compac-
tion predictions in soft subsurface layers such as clay and peat. This study investigates how
C, varies with subsurface material characteristics and explores its predictability based on
specific material characteristic values. An extensive dataset of one-dimensional compression
tests on Holocene peat and clay samples from the Rhine-Meuse delta and coastal zone in
the Netherlands was analysed. Using principal component and clustering analyses, four dis-
tinct lithological classes were identified and labelled based on organic fraction: Clay, Clayey
peat, fibrous Peat and decomposed Peat. All four lithological classes show increasing median
sample C, values with decreasing bulk densities and increasing water content and void ratio,
with C, values ranging from 0.0074 in the ‘Clay’ material type to 0.0293-0.0384 in the two
‘Peat’ material classes. Compared to currently applied traditional lithological classifications
and default model values in the Netherlands, the material type-specific C, values provide a
more accurate and data-driven alternative. Regression analysis using the full dataset, with
water content and dry bulk density as the predictors, yielded a better prediction of C, (R* =
0.70) than for regressions per material type. Due to large variability within the peaty material
types, upper and lower C, bounds (0.02-0.06) are recommended in practical applications for
‘Clayey Peat’ and ‘Peat’ subsurface layers, as these values are consistently observed across the
full range of water content and dry bulk density within these clusters. While the C,, values
for ‘Clay’ are similar to standard values (0.0035 — 0.0123), C, values for ‘Clayey Peat’ and
‘Peat’ are up to three times higher than the standard values, which would result in twice or
thrice the amount of viscous compression over the same time period. Finally, we emphasize
the need for adaptable C, values in models to reflect evolving material characteristics over

time, driven by decomposition.
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4.1 Introduction

Land subsidence is often caused by the compaction of subsurface material after fluid ex-
traction, excessive water drainage, loading from constructions, or natural processes and
occurs through physical, chemical and biological processes (e.g., van Asselen et al., 2009;
Minderhoud et al., 2017; van Elderen et al., 2025). The compaction of subsurface material
involves three primary mechanisms: stress-dependent elastic deformation, stress-dependent
plastic deformation and time-dependent deformation (e.g., Terzaghi, 1941; Mesri, 1973;
Mitchell and Soga, 2005; van Asselen et al., 2009). Time-dependent deformation, referred
to as viscous compression, creep or secondary compression, unfolds under sustained loading
conditions (e.g., Bjerrum, 1967; Den Haan and Edil, 1994; Chai et al., 2012, Le et al., 2012,
Zhao et al., 2020). This slow, continuous compaction, called viscous compression from here
onwards, has a particularly large contribution to compaction in clay-rich and organic subsur-
face layers, which have a high initial compressibility and porosity (e.g., Edil and Dhowian,
1979, Den Haan and Edil, 1994; Mesri and Ajlouni, 2007; Le et al., 2012). Viscous deforma-
tion originates from structural adjustments within the matrix of the material that occur over
timescales from hours up to decades because of water diffusion from micropores, changes
in the adsorbed water layer, and shifting particle interactions (Le et al., 2012; van Elderen
et al., 2025). The relative contribution of these driving mechanisms of viscous compression
depends on material characteristics and environmental conditions, as well as on decomposi-
tion of organic matter, the latter being an important control on the viscous compression
mechanisms and structural integrity of peat (Augustesen et al., 2004; Le et al., 2012; O’Kelly
and Pichan, 2013; van Elderen et al., 2025).

Numerical modelling plays a pivotal role in quantifying and predicting land subsidence
resulting from compaction of unsolidified subsurface material. Existing conceptual models
are based on different representations of compaction mechanisms in such materials, such
as the nucleus of strain model (Geertsma, 1973; Fokker and Orlic, 2006), the NATSUB3D
model (Xotta et al., 2022) and the isotach model (Bjerrum, 1967; Den Haan, 1994). The
latter is based on the isotach rheological principle, which states that the strain rate of the
subsurface is uniquely determined by the applied stress. According to this principle, the
strain state, defined by the amount of previous compaction and the in-situ stress, corre-
sponds to a specific compaction rate that progressively decreases with time. Lines of identi-
cal compaction rates can be represented by so-called ‘isotachs’. The model uses three main
compaction parameters: the recompression ratio (RR), virgin compression ratio (CR), and
viscous compression parameter (Ca), the latter to describe viscous compression (Fig. 4.1). CR
characterizes elastoplastic deformation under first-time (‘virgin) loading and is determined
in a semi-logarithmic plot from the slope of effective stress versus linear strain, while RR
characterizes fully elastic deformation and is described by the slope of the unloading curve
(Visschedijk, 2010). The Ca parameter describes the rate of compression over time that con-

tinues when the loading remains constant, representing the viscous compression behaviour of
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the subsurface layers. An equal amount of strain happens every log unit of time between two
isotachs (Fig. 4.1). The isotach model has been applied successfully in large-scale regional
studies, predicting land subsidence in deltaic areas where extensive groundwater extraction
leads to significant subsurface compaction (e.g., Bakr, 2015; Minderhoud et al., 2017; Keogh
et al., 2021) or where extensive surface drainage leads to compaction of clay and peat in the
subsurface (van Asselen, 2010; Koster et al., 2018; Fokker et al., 2019). On a local scale, it has
proven valuable in construction projects, such as the design of foundations for water retain-
ing structures and infrastructure, where long-term settlement is a design quality requirement
and must be accurately predicted to minimize structural damage by residual settlement (e.g.,
Kurihara et al., 1993; Nishimoto and Hayashi, 2008; Yamazoe et al., 2025).
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Figure 4.1: Stress-Strain diagram displaying standard compaction behaviour, indicated with the blue
line. Elastic compaction occurs along the RR line up to the preconsolidation stress. Beyond the pre-
consolidation stress compaction occurs along the 1 day isotach. When the final stress has been reached,
compaction follows a vertical path in the diagram crossing mutliple isotachs. The rate can be determined
with the isotachs, indicated by the red lines. Between every isotach is a factor 10 in time. Isotachs in this

diagram are linear, parallel and equidistant.

Despite its usefulness in application, the isotach model still faces challenges in calibration
and validation, particularly in determining C,. The C, value of organic subsurface layers
shows large variability in laboratory measurements (Fox and Edil, 1996; Den Haan and
Kruse, 2007; Mesri and Ajlouni, 2007). When using the isotach model to predict viscous
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compression, standard values and ranges for C, are applied that are based on major lithol-
ogy classes, like peat and clay, and on compactness (Mesri and Godlewski, 1977). However,
uncertainties in the chosen value for the C, parameter lead to considerable uncertain or
incorrect estimates of long-term subsidence. In addition, this approach disregards the het-
erogeneity of the material observed within these major lithological types, which could be key
to understand the large variability seen in organic layers.

Therefore, this study aimed to determine: (1) how viscous compression parameter values
vary with material characteristics of peat and clay, and 2) to what extent knowledge of these
material characteristics improves the estimation of the viscous compression parameter for

different subsurface materials in compaction models.

To achieve these aims, we analysed an extensive dataset comprising material characteristics
and geotechnical parameters, including the viscous compression parameter, from peat, clay
and peaty clay/clayey peat samples from the Holocene subsurface of the Rhine-Meuse
delta and coastal zone of the Netherlands. The extensive dataset enabled a robust analytical
approach, capturing a wide range of lithologies and depositional settings of the material.
The full dataset was used to identify lithological classes based on material characteristics,
i.e., water content, void ratio, saturated density, dry density and particle density, followed by
regression analysis to develop predictive models for C, based on material characteristics, and
to determine to what extent C, varies within and between lithology type clusters. Together,
these steps enabled a detailed evaluation of how variation in material composition influences
viscous compression behaviour, supported by the statistical strength and representativeness

of the underlying dataset.

4.2 Materials and Methods

4.2.1 Dataset description and filtering

For this study we used a dataset composed by Deltares Research Institute (an applied
research institute that works on innovative solutions in the field of water and subsurface)
that contains the results of geotechnical laboratory tests of 603 undisturbed peat and clay
samples. The samples were collected for research and local advisory projects over multiple
years at various locations in the Rhine-Meuse delta, the coastal peatlands of the western
Netherlands and in the marine clay area in the Northern Netherlands (Fig. 4.2). Different
sampling methods were used, including manual, piston and mechanical coring (pulse drill-
ing, continuous drilling) of which the latter involved also heavy machinery to collect samples
with a large diameter of 40 cm and thickness of 80 cm (DLDS; Zwanenburg, 2017). The
dataset entries comprise geotechnical compression test and material characterization test
results. The main texture class of 232 samples in the dataset was labelled as clay and of 349

samples as peat, based on visual description in the field or laboratory during the projects
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using the NEN5104 lithological texture classification (NNI, 1989). Of 22 samples the main
texture class was not labelled. In the dataset coordinates and absolute or relative depth of the
samples were unfortunately predominantly given as averages grouped by sampling project,
without giving information on relative positions of the samples, rendering them unusable for
further spatial analyses.

2000 n.Chr.

Figure 4.2: Paleogeographic map of the Netherlands for 2000 CE (after Vos et al., 2018). The Pleis-
tocene deposits are depicted in (light) orange colours. Light green areas indicate the diked Holocene
floodplains and saltmarshes, dark green areas reclaimed land, and brown areas peatlands. Urban areas
are shown in red.

'The dataset provides for each sample the results of both incremental loading oedometer tests
and constant rate of strain (CRS) tests. Oedometer tests measure the height of a sample
over time when subjected to stepwise loading, whereas in CRS tests a constant strain rate
is enforced while measuring the load needed to accomplish that as well as the height of the
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sample over time. Testing procedures for both the oedometer and CRS tests followed from
the standard test method for one-dimensional consolidation properties of saturated cohesive
soils as described in ASTM D4186-06 and NEN-EN-ISO 17892-5 (ASTM, 2006; ISO,
2017). No noticeable differences were observed between the parameter values of similar
samples of the two types of tests. Analysis of the applied stresses, elapsed time, and raw and
normalized sample height data produces various compression parameters used in modelling,
which were also recorded in the dataset. This includes C, as the main parameter used in the

relation between material characteristics and viscous compression in this research.

Next to measured data, five material characteristics from the database were considered in this
study: 1) water content by mass (/WC), 2) wet bulk density (p..), 3) dry bulk density (p.,),
4) particle density (p,.4), and 5) void ratio (e). These material characteristics were chosen as
they describe the solid and fluid components of the subsurface material. Prior to analysis,
the dataset was filtered to remove missing or extreme values based on the criteria outlined
in Table 4.1, to ensure the robustness of the clustering results. The cut off value of C, was
set at the maximum value deemed realistic for this parameter; samples with higher C, values
were rejected for analysis. As upper acceptable limit for the particle density reported in the
database we determined the maximum particle density reported for clay of 2860 kg/m’
(Schjenning et al., 2017). After filtering, a total of 553 samples was used.

Table 4.1: Selection criteria for the dataset to exclude zero, negative and missing values, and extreme
values that may affect the clustering.

Parameter [unit] Criteria
Viscous compression parameter [-] 0<C,<0.1
Water content [%] WC>0
Wet bulk density [kg/mj] Pwee > 0
Dry bulk density [kg/m’] Pary > 0
Particle density [kg/m‘?] 0 < Pyotias < 2860
Void ratio [-] e>0

First, the value range of each material characteristic per main texture class indicated in the
dataset was determined. The material characteristics were then checked for collinearity using
Pearson’s correlation before applying Principal Component Analysis (PCA) to enable low-
dimension clustering and regression. Clustering of the samples based on the PCA results was
done using a Gaussian Mixture Model. The following clusters, or lithological classes as they
are called henceforth, show the effectiveness of using these cluster to determine the viscous
compression compared to exisiting parameter ranges. Subsequently, multi-dimensional re-
gression of C, on a minimal set of material characteristics was applied to both the full dataset
as well as to the identified clusters individually. An overview of these steps is presented in
Fig. 4.3.
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Figure 4.3: Data processing system diagram showing the various steps taken and the associated data
types. Data output from compression tests was split into geotechnical parameters, material characteris-
tics, main texture class and measured data, after which geotechnical parameters and material character-
istics were filtered for NA, zero and unrealistic values. The characteristics were checked for correlation
and collinearity, and clustering used the output of the PCA. Regression analysis was performed on both
the full dataset as well as the clusters with the appropriate regression model.

4.2.2 Correlation analysis

Since several material characteristics given in the dataset are mutually related or can be
derived from each other (e.g., sample water content from dry and wet bulk densities), and
to reduce the number of mutually correlated and redundant variables in the clustering and
regressions, a Pearson correlation matrix was constructed first to determine the internal
linear relationships among the material characteristics. The viscous compression index Ca
was only included to assess its correlation with the material characteristics, but not to take
into consideration for clustering. Following this, Principal Component Analysis (PCA)
was applied to the material characteristics to capture the greatest variability in the dataset
(explanation provided in Supplementary B.1). Using the principal components instead of the
original material characteristics benefited the clustering by separating groups of data points
as much as possible. Furthermore, any collinearity between the material characteristics was
eliminated with the method.

4.2.3 Organic fraction determination

Naturally, mixtures of clastic and organic material occur in low-lying coastal and delta sys-
tems, represented by a lower organic fraction than peat. However, the data cannot directly
be separated on organic fraction based on the available material characteristics. To determine
the lithological class of the clusters a quantification of the organic and clastic fractions was
needed. Since sample-specific sand, silt and clay fractions are unknown, a general clastic frac-
tion was used for the clastic mass density (Pcuasiic). Clay, silt and sand generally have particle
mass densities of 2700 kg/m’, 2700 kg/m® and 2650 kg/m’ respectively, while organic mass
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density (Porg) is 1470 kg/m’ (Poelman, 1975; TAW, 1996; Erkens, 2009). Organic fraction
forg was then calculated using (adjusted from Poelman, 1975, TAW, 1996 and Erkens, 2009):

1 1
forg — pls pcla.?ltic (41)

porg Pclastic
Particle densities (¢s) reported in the dataset range between 400 and 3000 kg/m?, of which
the extremes are thus lower and higher than the clastic and organic mass densities that

make up these samples. Therefore, sample particle densities have been recalculated using
the indicated final water content, as full saturation can then be assumed, and final dry bulk
density, resulting in a range between 1000 and 2500 kg/m’, apart from a small number of
outliers (Supplementary B.2). These recalculated lower and upper particle density limits
were adopted as effective values for Porg and Peiastic in the organic fraction calculation. This
approach assumes that the dataset contains samples approaching end-member compositions,
i.e., nearly ‘pure’ peat at the low-density end and nearly ‘pure’ clay at the high-density end.
Organic fraction values exceeding 100% were capped at 100%, while negative values were set
to 0% to account for all outliers. The organic fraction classification was then defined using
the calculated organic fraction and the threshold indicated by the red line in Fig. 4, which
represents silty clay in terms of clay/silt/sand mixture as the clastic end member. Silty clay
was selected as a representative clastic material because samples with higher organic content
are predominantly clay-rich, whereas samples with lower organic content exhibit a wider

range of clastic compositions.

100% Organic Material

Aael \

In the Netherlands all
samples occur within
the grey area

Sandy Peat —____ 0

39
: 22
Peaty Sand — _

Humic & Very Humie

2.5

[
100% Sile + Sand 92 = 100% Clay
(2 - 2000 ym) Y Silt + Sand (=2 pm)

Shghtly Humic

Figure 4.4: Classification of samples by their weight percentage of organic material (after De Bakker
and Schelling, 1966; NNI, 1989). The red line indicates samples with a clastic component consisting of
42,5% clay, 42,5% silt and 15% sand, which is the composion of silty clay in the USDA classification
system (Schoeneberger et al., 2012). The percentages in red denote the organic fraction at the lithologi-
cal type boundaries.
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4.2.4 Cluster analysis

To investigate which groups of samples could be defined by their material characteristics,
how these groups link to lithological types, and how viscous compression behaviour varies
between different lithological types, a multi-step clustering approach was applied (Supple-
mentary B.3). First, K-means clustering was applied to the PCA-transformed data, using 25
random initializations to ensure robustness of the clustering results (Hartigan and Wong,
1979; Supplementary B.3). The output of K-Means served as initialization for a Gaussian
Mixture Model (GMM), enabling the identification of probabilistic cluster memberships
(Dempster et al.,1977; Supplementary B.3). As an alternative method, Density-Based
Spatial Clustering of Applications with Noise (DBSCAN) was considered (Ester et al.,
1996, Supplementary B.3). However, when using the commonly recommended elbow point
method and the dimensionality rule to determine parameters, DBSCAN produced numer-
ous small clusters and classified a significant portion of the data as outliers. To integrate
the strength of outlier detection observed in DBSCAN, a threshold of 0.99 for cluster
probability was applied within the GMM. This threshold excluded datapoints with a lower
probability of cluster assignment and instead labelled them as unclassified. Both K-Means
and GMM were applied across a range of two to ten unique clusters. To choose the optimal
number of clusters three statistical metrics were obtained to assess the quality of the cluster-
ing: the silhouette score, the BIC score and the Jensen-Shannon Divergence (JSD) score
(Supplementary B.4).

4.2.5 Regression analysis

To predict Ca, (multiple) linear regression of C, was applied on the material characteristics
using the entire dataset. In addition, separate regressions were performed for each cluster
defined by the earlier clustering analysis. For the full dataset regression, linear, quadratic,
logarithmic and non-linear models were tested for the independent variables. Model perfor-
mance was evaluated based on mean squared error (MSE) and the statistical significance of
the regression terms (p-values), while models with a significant amount of negative predicted
Ca values, which go against the nature of viscous deformation, were rejected. The regres-
sion model was left unchanged for the cluster-specific regression to evaluate the usefulness
of the full dataset regression per cluster. This approach allowed for assessing how well the
full dataset regression generalized to individual clusters, ensuring model consistency while

avoiding unnecessary complexity.

4.3 Results

Boxplots of the key material characteristics and viscous compression parameter (C,) values
for clay and peat as indicated in the dataset reveal distinct characteristic differences between
the clay and peat types indicated in the dataset (Fig. 4.5). Differences between clay and peat

are evident especially in terms of water content and void ratio, where peat exhibits signifi-
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cantly higher values and wider interquartile ranges than clay. Wet bulk densities and dry bulk
densities are generally lower for peat with low variability, consistent with its high organic
matter content which has a lower specific density. Finally, particle density is substantially
lower in peat, with a skewed distribution and both high-end and low-end statistical outliers,
whereas clay shows mainly low-end statistical outliers. Considerable differences between
clay and peat are found in the viscous compression behaviour. Clay has a median viscous
compression parameter value of 0.0088, with first and third quartiles at 0.0039 and 0.0149,
and a maximum value of 0.0682. Peat shows significantly higher values than clay for C,
, with a median of 0.0313 and first and third quartiles of 0.0261 and 0.0373 respectively.
Maximum and minimum C, values for peat are 0.0588 and 0.0043 respectively. The litho-
logical distributions of C, underline the fundamental differences in physical composition
and characteristics between clay and peat. These differences in material characteristics also
explain the differences in the viscous compression parameter values. The higher values of C,
seen for peat can be related to the high water content and void ratios, representing the large
pore volume which can be partially, yet more rapidly compressed through viscous compres-
sion. Furthermore, low bulk and particle densities reflect the hollow fibres, which in turn can

be compressed, unlike clay particles.

Faceted Boxplots with Clusters
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Figure 4.5: Boxplots showing the range of viscous compression parameter Ca and five material char-
acteristics per main lithological class indicated in the dataset. Dots indicate statistical outliers within

the shown class.

4.3.1 Material characteristics correlation

Strong — and obvious — positive correlations were found between water content and void
ratio (p = .93) (Fig. 4.6a), wet and dry bulk density (p = .99), and bulk density and particle

density (p > .8). The two groups of characteristics (water content/void ratio versus bulk/
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particle density) showed strong negative correlations with each other (p < -.7), apart from
void ratio and particle density, confirming the expected collinearity between material charac-
teristics. The viscous compression parameter (Ca) positively correlates with water content and
void ratio, and strongly negatively to all density characteristics.

The PCA results further reflect these dependencies. The PC1 axis clearly reflects the contrast
between the two characteristics groups: high PC1 values are associated with high water con-
tent and void ratio, while negative PC1 values were dominated by the high density values.
PC1 alone explains 85% of the dataset’s variance, with the first two PCs explaining 95% of
total variance (Fig. 4.6b; Supplementary B.1). All variables have small negative values on
PC2, indicating limited orthogonal variance. PC3 explains an additional 4.3% of the vari-
ance, accumulating to 99.3% in total.

Given this high degree of collinearity of material characteristics dimensionality reduction
was necessary to avoid redundancy and overfitting in clustering. Since principal components
eliminate collinearity while retaining nearly all variance, the first three principal components
(PC1-PC3) were used for clustering. The rotation matrix used to derive the PC values is
included in Supplementary B.1. Water content and dry bulk density were subsequently
selected as representative predictive variables for the regression models, as they (1) capture
the core contrast between the two correlated variable groups, (2) are commonly measured in
geotechnical investigations in a single, easy to execute test, and (3) showed clear and opposite
relationships with C..
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Figure 4.6: a: Correlogram of five material characteristics and the viscous compression parameter Ca
showing internal correlation. The correlation coeflicients are ordered using the First Principal Compo-
nent (FPC) method. Blue colours indicate a positive correlation, while red colours indicate a negative
correlation. b: Principal component analysis result of material characteristics of peat and clay samples.
'The first two principal components are shown on the x- and y-axes, together explaining 95% of the total

variance of the dataset.
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4.3.2 Sample clusters by material characteristics

After determining 9 different configurations of clusters with GMM,, the statistical as-
sessments were not unanimous on an optimal number of clusters (Supplementary B.4).
Nonetheless, based on these assessments, four clusters were chosen as most optimal to use
for further analysis. In total, 50 samples were not assigned to a cluster as a result of the
classification confidence threshold of .99. The four clusters show distinct differences in their
material characteristics, organic fractions and viscous compression parameter (Ca), (Table
4.2, Fig. 4.7, expanded ranges in Supplementary B.5).
Cluster 1 is characterized by relatively high bulk and particle densities, along with low
water contents and void ratios. It exhibits the lowest organic fractions and the smallest Ca
values of all clusters. The distribution of Ca has a particularly narrow interquartile range
and minimal spread between extremes, indicating a consistently low viscous compress-
ibility within this group.

- Cluster 2 has lower bulk and particle densities than Cluster 1, with moderate water con-
tents and void ratios. The organic fraction is higher, and the median Ca is more than four
times greater than that of Cluster 1, suggesting a clear increase in viscous compression
susceptibility. While the interquartile range of Ca remains moderate, the overall spread is
wider, indicating greater internal variation than in Cluster 1.

- Cluster 3 is marked by the lowest particle densities and contains the highest organic
fractions. Water content and void ratio values are also high. This cluster exhibits the
highest median Ca, with values more tightly distributed than in Cluster 2, though the
values are overall higher. These features suggest a strong association between high organic
content and increased viscous compressibility.

- Cluster 4 has slightly higher water content and similar wet bulk density as Cluster 3, but
has substantially higher void ratios and less variation in particle densities. Although the
organic fraction is similarly high, the median Ca is notably lower than in Cluster 3, with
least variation of all clusters. This suggests a relatively uniform material behaviour with
moderate viscous compression.

The calculated organic fraction values, in combination with Fig. 4.4, were used to infer the
dominant lithological composition of each cluster. As the full range (minimum to maxi-
mum) of organic fractions across each cluster spans nearly the entire spectrum of materials
shown in Fig. 4.2, the interquartile range (IQR) was used as a more representative basis for
classification. Based on the IQR, Cluster 1 corresponds to materials classified as clay, slightly
to strongly humic clays or peaty clays in Fig. 4.2. Cluster 2 aligns with clayey peat, and peats
containing a relatively high proportion of clastic material. Clusters 3 and 4 both represent
the highly organic peat class. Compared to Cluster 3, Cluster 4 is characterized by higher

particle density, a doubled void ratio, and a modest increase in water content.
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'The slightly higher water content in Cluster 4 is consistent with its higher particle density:
if we take hypothetical fibrous and decomposed peat samples with equal dry bulk densities
of 100 kg/m”’ and particle densities of 950 and 1500 kg/m”, their resulting porosities would
be 0.895 and 0.933, respectively. Assuming a water density of 1000 kg/m’, this corresponds
to water masses of 895 kg/m3 and 933 kg/m3 per cubic meter of wet soil, giving similar
water contents of approximately 895% and 933% (water mass / solid mass). The void ratio,
however, shows a much larger difference of 8.52 versus 14.00, reflecting the greater total pore
volume in decomposed peat with similar bulk densities. These characteristics are consistent
with more humified material, which is typically associated with higher bulk densities and
reduced compressibility (Mesri and Ajlouni, 2007; Huat et al., 2009; Berry, 1983; O’Kelly
and Pichan, 2013). The differences in median Ca values between Clusters 3 and 4 align with
this interpretation as decomposed organic matter is less prone to reorientation and viscous
compression due to smaller size of the particles and lower amount of water inside the struc-
ture. Given the overall characteristics of the clusters, we interpret and refer to them as the
following lithological classes: Cluster 1 will be referred to as ‘Clay’, Cluster 2 as ‘Clayey Peat’,
Clusters 3 as ‘Fibrous Peat’and Cluster 4 as ‘Decomposed Peat’.

4.3.3 Regression models

'The dataset shows a large variation of the viscous compression parameter, and also shows a
considerable range within each lithological class. This introduces uncertainty in determining
accurate ‘default’ parameter values for practical modelling cases where no laboratory tests
are available. To address this, multiple regression models were developed to predict C,, from
material characteristics, both for the full dataset and for the individual lithological clusters
identified earlier. Among the material characteristics, water content (W¢) and dry bulk
density (pa) showed the strongest correlations with C,, under logarithmic transformation, and

thus for the full dataset the best-performing regression model was:

C, = 0.0396 log WC + 0.0255 log p; — 0.1333 (4.2)

The model achieved an R” = .61 (p < .001), indicating a moderately strong fit. As expected, Ca
increases with increasing water content and decreases with increasing dry bulk density (Fig.
4.8a and b). The residual standard error (RSS) was 0.0088 (Fig. 4.9a). Larger residuals were
observed for high original Ca values, especially at high water contents and low bulk densities,
where predicted values tend to flatten around 0.040. In contrast, original values show larger
variability between approximately 0.020 and 0.060. The model tends to overpredict low C,
values. These patterns highlight the difficulty of accurately capturing the viscous compression
behaviour with a single regression model, especially of highly organic, water-rich peat layers.

Regression models were also applied to the individual lithological clusters to assess whether
predictions could be improved relative to the full dataset model and to better understand
the applicability of the global regression across different material types. All cluster-specific

regressions used a logarithmic transformation of both water content and dry bulk density,
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consistent with the approach for the full dataset. Negative predicted C, values were set to
zero as negative values are physically impossible. While these models did not necessarily
outperform the full regression in terms of predictive accuracy, they provided insight into
the dominant controls on viscous compression within each cluster (Fig. 4.8c and d). The

resulting regression equations are:

Caclay = —0.0060 log WC — 0.0491 log p; + 0.1675 (4.3)
Caclayey pear = 0.0108 log WC — 0.0206 log pg + 0.0581 (4.4)
Capeat-fivrous = 0.0566 log WC + 0.0622 log p; — 0.2529 (4.5)

Capeat—decomposea = 0.0263 log WC + 0.0400 logp, — 0.1268 (4.6)

Differences between clusters primarily concerned the relative contribution of each predictor.
In Clay and Clayey Peat, dry bulk density was the dominant factor influencing Ca, while
water content had limited explanatory power especially in Clay. In the Fibrous Peat and
Decomposed Peat clusters, both predictors contributed to the model, with dry bulk density
generally having a stronger influence.

However, the predictive performance of the cluster-specific models was generally lower than
that of the full dataset model. Only the Clay regression showed a moderately good fit, with
R? = 0.52 (p < .001) and an RSS of 0.0041 (Fig. 4.9b), outperforming the full model within
that class—though it occasionally predicted negative Ca values, which are physically unreal-
istic. The Clayey Peat model performed worse than the full dataset model, with R” = .14 (p
= .004) and RSS of 0.0103. Both Fibrous Peat and Decomposed Peat regressions had very
low predictive power (R* = 0.02, p =.50 and R* = 0.05, p = .01, respectively), and predicted
Ca values clustered around 0.040 and 0.030, despite large variation in measured values. These
results further support the use of the full dataset regression for general prediction purposes,

especially when cluster identity is unknown or when local calibration is impractical.

Alternative regression approaches were tested for the clusters to improve fit for the Clayey
Peat and Peat clusters, but none substantially increased predictive performance (R? < .20).In
summary, the full dataset regression provides a more robust and practical tool for predicting
the viscous compression parameter across all lithologies. For Fibrous and Decomposed Peat,
average values and ranges may be more reliable than regression-based predictions for use in

modelling and validation.
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4.4 Discussion

4.4.1 Material characteristics versus C,

A key point of discussion is whether material classes resulting from this dataset can be
used to improve predictions of viscous compression through straightforward preliminary
parameterisation, compared to the traditional soil texture classes. Our results separate the
dataset samples into more classes than the broad clay—peat division commonly assigned in
the field or laboratory, but fewer than the detailed organic soil classes presented in Fig. 4.4.
This indicates that organic content alone does not explain the observed variation in material
characteristics as effectively as our clustering approach, which instead groups four classes
of humic or peaty clay with largely similar properties. Within peat, however, the clustering
provides a particularly meaningful distinction by separating fibrous and decomposed peat.
'This shows that the state of the organic matter, when it dominates the material, is a critical

determinant of viscous compression behaviour.

'The distinction between fibrous and decomposed peat is noteworthy because it reveals con-
trasting compressibility behaviour. While fibrous peat shows higher Ca values, decomposed
peat exhibits lower Ca values despite its higher void ratios. This contradicts the common
assumption that greater void space leads to greater potential for compaction and viscous
compression. Interestingly, Ca values for decomposed peat are more comparable to those of
Clayey Peat, even though the two classes differ in most material characteristics. The main
consistencies are found in particle density, and to a lesser extent in organic fraction, both
of which show patterns aligned with Ca. One plausible explanation is that particle density
reflects the mobility of soil particles: denser organic particles, which retain less water within
their microstructure, are less prone to rearrangement and therefore less susceptible to viscous
compression (Le et al., 2012; van Elderen et al., 2025). This may be because denser particles

require a greater initial force to overcome inter-particle friction.

To evaluate the practical relevance of the observed Ca values in our dataset, it is essential to
place them in the context of existing reference values used in land subsidence assessments.
A comparison with values from Dutch geomechanical practice, listed in NEN-EN 1997-1
(NNI, 2016), and from delta-scale land subsidence modelling in the Mississippi Delta (Ke-
ogh et al., 2021, derived from NNI, 2006) provides insight into how our Ca values influence
subsidence calculations (Table 4.3). Although the NEN-standard values were designed to
provide lower and upper bounds for settlement calculations rather than to reflect natural
variability, they still offer a useful benchmark against which to situate our results. In contrast,
our dataset is intended to capture the statistical distribution of Ca values and to explore
explanatory trends, thereby offering a broader and more representative frame of reference.
Bulk density values correspond relatively well between the NEN-standard and our classes,
but the agreement in Ca values is far less consistent. The NEN-standard Ca values for clay,
sandy clay, and organic clay classes fall within the range of our Clay class, while the Mis-

96



Assessing the viscous compression parameter for land subsidence modelling from material characteristics

sissippi Delta C, values for clay and silty clay loam textures are slightly lower, which might
reflect a higher silt percentage compared to the Dutch samples. In contrast, the C,, ranges
of Clayey Peat, fibrous peat, and decomposed peat extend well beyond the NEN-standard
C, values, in some cases by a factor three. These differences suggest that our classes provide
a more refined framework for identifying compressibility variations within peat layers than
is possible using current standard categories alone. They also imply that current assessments
may underestimate viscous compression in organic-rich subsurface layers, potentially leading

to substantial underestimation of long-term land subsidence.

Table 4.3: Characteristic values of the viscous compression parameter and wet bulk densities from clus-
tering, and the standard used for geotechnical risk assessments in industry (NNI, 2016) and Mississippi
Delta subsidence modelling (Keogh et al., 2021). Values for the clustering represent the inter quartile
range of the lithological class. Values for both the standard and the Mississippi Delta represent the low
and high averages. The NNI standard provides an indication of consistency (loose, average, compact)
per subsurface texture which has been merged in this table for the benefit of the comparison with the
clustering results.

Clustering Dutch Standard Mississippi Delta

Subsurface Daer Ca Paer Ca Paer Ca

Texture (kg/m’) -) (kg/m’) + 5% (<) £25% (kg/m’) )
Clay 1523 - 1769 0(‘)(.)813 j 3_ 1400 - 2000 06(.)(())13 3_ 1800 Oééggj 6_

Sandy Clay - - 1500 - 2100 0.(()).(())%79— - -
mor e

Organic Clay 1523 - 1769 0(‘)?313 j 3_ 1300 - 1600 0(‘)(')(())55_ - -

Clayey Pear 1114 — 1243 06(.)532; 4_ - - - -
Y T L )

A key question left unanswered is how much of the observed compaction originates from
viscous compression, as this determines the broader interpretation of the results. One way
to assess the relative contribution of viscous versus virgin compression is by examining their
ratio in the isotach model. Originally, Mesri and Godlewski (1977) defined this ratio as C./
Cae, where C. is the coeflicient of compression and Ca. the coefhicient of secondary compres-
sion, both based on the void ratio — logarithm of stress curve. These parameters correspond
to CR and C,, respectively, which are based on the strain — logarithm of stress curve, and
the relationship remains valid (Den Haan and Kruse, 2007). A high CR/C, ratio indicates
that virgin compression accounts for a larger share of total compressibility, while lower ratios
reflect a stronger influence of viscous compression. Importantly, the ratio represents relative

susceptibility rather than absolute dominance of one process over the other.
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To illustrate this, we take the mean values for Clay and Clayey Peat (Fig. B8): if Ca increases
from 0.008 to 0.031 while CR increases from 0.18 to 0.40, the ratio falls from 23 to 17.
Although viscous compression contributes relatively more in the second case, virgin com-
pression still accounts for a substantial absolute share of total compaction. The contribution
in decomposed and fibrous peat are derived in the same way and results in ratios of 17 and
13. Typical ratios reported by Mesri and Godlewski (1977) are ~50 for granular soils, ~25
for inorganic clays, ~20 for organic clays, and ~17 for peat. Den Haan and Kruse (2007)
turther proposed an S-shaped curve describing how CR/C. evolves with increasing wet
bulk density (Fig. 4.10). Applying this ratio to our dataset reveals two main observations
(Fig. 4.10). First, samples within the Clay cluster tend to show significantly higher CR/C,,
ratios than predicted by the reference curve, implying that these materials are less prone to
viscous compression than according to Den Haan and Kruse (2007). Second, decomposed
peat diverges from the expected pattern of decreasing ratios with decreasing wet bulk density.
Moreover, while decomposed peat and clayey peat show similar C, values, a comparable
relationship is observed between fibrous peat and clayey peat for the CR/C, ratio. The higher
ratios of decomposed peat align with the lower mean C, values for this class compared to
fibrous peat at similar bulk densities. Two hypotheses may explain this behaviour. One is that
decomposed peat particles, being denser and containing less internal water, are less prone to
rearrangement, so more of the compaction occurs through virgin compression of macropores.
An alternative explanation is that once a material is more susceptible to virgin compression,
this limits the extent to which viscous compression can develop. Testing this hypothesis
would require consolidation experiments under increasing stresses with intermittent phases

of viscous COI’an'CSSiOD.

4.4.2 Practical application

'This study demonstrates that regression across the full range of material characteristics can
provide meaningful estimates of the viscous compression parameter to use in modelling
when laboratory determination is in process or unavailable. However, predictions at the ma-
terial class level remain subject to uncertainty, particularly for peat. In highly organic samples
with low dry bulk density and high water content, variability remains large, suggesting that
simple empirical models should be applied cautiously. For practical purposes, class-based
representative values are therefore recommended. For clayey peat, fibrous peat, and decom-
posed peat, upper and lower limits of 0.060 and 0.020 for C., respectively, can be used as
best- and worst-case scenarios to guide design and assessment. Relative to the median C,
values of each material, taken as representing 100% viscous compression per logarithmic
time unit, the upper limit corresponds to approximately 203%, 156%, and 205%, while the
lower limit corresponds to 68%, 52%, and 68% for clayey peat, fibrous peat, and decomposed

peat, respectively.
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4.4.3 Future research

'This study can serve as starting point for prediction of other geotechnical model parameters,
for example the virgin compression ratio CR or the recompression ratio RR. With this data-
set, one similar to it, or using the material characteristic ranges resulting from this study one
can determine mean values for these parameters and look into regression estimation similar
to the method presented here. Another improvement can be made by incorporating more
data into the analysis, for example from other countries than the Netherlands, to validate the
usage of the results in various conditions and potentially discover new relationships between
material characteristics and viscous compression. Furthermore, our results spike the question
which changes in viscous compression occur when organic subsurface layers undergo decom-
position, as we indicate a clear distinction between the viscous compression of fibrous and
decomposed peat. This might have a critical impact on the long-term settlement assessments
for mitigation options. If C, values for peat are higher than currently assumed, but decrease
over timescales of decades due to decomposition, the viscous compression occuring over a
1 year period will be larger than previously predicted, up to twice the amount for normally
consolidated peat using the values from Table 4.3. Contribution of viscous compression
over a 10 or 100 year period might be equal or lower than presumed in current assessments
because of the reduction of C, with decomposition and, therefore, viscous compression rate
over logarithmic time decreases rather than stays constant.

50’ L] [
40 -
= 30/ : R Class
3 . . C|ay
9_ . * Clayey Peat
X 50! o * Decomposed Peat
(&) = Fibrous Peat
104
0_
1200 1600 2000

Wet bulk density [kg/m’]

Figure 4.10: Ratio between virgin compression parameter CR and viscous compression parameter Cq
as a function of dry bulk density. The black curved line indicates the relationship found by Den Haan
and Kruse (2007) on samples from Sliedrecht, the Netherlands.
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4.5 Conclusion

Our research aimed to determine lithology-based variation of viscous compression param-
eter Ca values used in compaction models for land subsidence assessments, and to evaluate
whether simple material characteristics can help the determination of viscous compression
parameter values for different soft substrate lithologies. An extensive dataset of compression
tests on peat and clay enabled the identification of four distinct lithological classes based on
water content, wet and dry bulk densities, particle density, and void ratio: Clay, Clayey Peat,
Fibrous Peat, and Decomposed Peat. Median viscous compression parameter (C,) values
increase with increasing organic fraction from 0.0074 for Clay to 0.0296, 0.0384 and 0.0293
for Clayey Peat, Fibrous Peat and Decomposed Peat respectively. The lithological class-
specific Co median values and ranges are an improvement compared to existing standard
values. Prediction of the viscous compression parameter can be done relatively well when
using the entire dataset (R? = .61, p < 0.001) as opposed to fits per individual lithological
class. Predictions for Clay are still significant (R* = .52, p < .001), whereas predictions for
Clayey Peat and Fibrous Peat and Decomposed Peat show low significance (R” < 0.15, p >
.01) with near horizontal fits. These fits provide an adequate average which should be used in
combination with minimum and maximum Ca values of 0.020 and 0.060, corresponding to
approximately halving and doubling of the amount of viscous compression over time. Lastly,
we highlight that an adaptable viscous compression parameter for peat with shifting material

characteristics over time, e.g., due to decomposition, can advance modelling precision.
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5.1 Introduction

Viscous compression is an important yet not fully understood component of land subsidence
due to compaction of shallow soft subsurface material. Viscous compression causes long-
term irreversible compaction regardless of overpressure in pores after a stress increase, and
thus it can also happen under constant effective stress. The process occurs through ongoing
reorientation of soil particles (e.g., Le et al., 2012; van Elderen et al., 2025). Viscous com-
pression is particularly significant in soft subsurface layers consisting of clay and peat as the
elongated shape of their particles and water-holding internal structure could make reorien-
tation impactful. Viscous compression is also referred to as ‘creep’ or ‘secondary compression’
(e.g., Den Haan, 1994).

One of the most important characteristics of viscous compression is its time-dependency.
'The viscous compression rate is generally observed to decrease logarithmically with time
under constant stress conditions (e.g., Buisman, 1940; Terzaghi, 1943; Bjerrum, 1967; Den
Haan, 1994). Compaction models therefore assume that the viscous compression strain
develops linearly when put against logarithmic time. Isotach models present this constant
strain development with logarithmic time as a set of intrinsic timelines, isotachs, which
are considered as linear, parallel and equidistant (e.g., Den Haan, 1994). A single isotach
represents a unique strain rate observed for a given sample- or layer-specific stress-strain
combination. The intrinsic time linked to an isotach is a conceptual measure that expresses
how long the current stress would have needed to act to produce the observed strain. Each
isotach represents an amount of intrinsic time ten times larger than the isotach above it (Fig.
5.1b). Intrinsic time is a concept which represents the time a subsurface layer or sample
would have needed to acquire the current compaction state if the current stress conditions
were applied without ever changing since deposition or formation. So, when intrinsic time
for a layer or sample for a specific stress condition is calculated to be 10000 days, it means
that if the material would be deposited or formed today and subjected to this specific stress

condition, it would take a layer or sample 10000 days to get the current compaction state.

A layer or sample is considered overconsolidated when its current effective stress is lower
than its preconsolidation stress, which may result from past higher loadings, or when time-
dependent processes such as viscous compression or aging have increased its apparent stiff-
ness. The intrinsic time of this layer or sample will consequentially be high. The amount of
overconsolidation is expressed by the overconsolidation ratio (OCR): the ratio between the
preconsolidation stress (the apparent maximum stress the material has experienced so far)
and the current stress. For overconsolidated stress conditions, the current stress is lower than
the preconsolidation stress leading to an OCR > 1. In a stress-strain diagram (Fig 5.1b),
overconsolidated conditions occur in the grey part where current stress is lower than precon-
solidation stress. When loading increases and exceeds the preconsolidation stress the mate-

rial becomes normally consolidated. Rapid deformation linked to the created overpressure

104



Viscous compression rates in soft subsurface materials for overconsolidated conditions

of the porewater, called consolidation, occurs immediately after stress application. While a
part of consolidation is elastic, most of the deformation is inelastic (Fig. 5.1b). For normally
consolidated stress conditions the current stress equals the preconsolidation stress, and OCR
is equal to 1.This situation is represented in the right part of Fig. 5.1b. OCR can also be less
than 1, occurring when the stress increase is faster than consolidation, for example with fast
sedimentation rates. Both normally consolidated conditions and overconsolidated conditions
occur in the field. Normally consolidated conditions can be seen when soft layers are loaded
by embankments or artificial fills. The drained peatlands and clay areas in the Netherlands,
being drained for ~1000 years (Van der Ven, 1994/ Erkens et al., 2016) can be considered
to be under overconsolidated conditions. Subsurface layers in drained peatlands and clay
areas have been subjected to low loads over long timespans, which would mean that the
viscous compression is far advanced along its logarithmic time path, i.e. the layer has a high
intrinsic time. When intrinsic time is high, modelled rates will decrease significantly and
mathematically approach zero for these overconsolidated conditions, (OCR > 1). Several
laboratory experiments have shown that over time the behaviour of viscous compression
can change, seen as a steepening of the logarithmic time — strain curve (Fig. 5.1a). If this
happens, then more viscous compression occurs compared to the theoretically established

logarithmic compaction over time.
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Figure 5.3: Time-strain (a) and stress-strain (b) diagrams showing the compaction of a peat sample
(in blue) after a single stress increase from overconsolidated conditions to normally consolidated condi-
tions, exceeding the preconsolidation stress. With developing viscous compression the sample becomes
overconsolidated again. The viscous compression includes the temporary steepening strain development
during tertiary compression in the time-strain diagram (between 10 and 100 days) and the correspond-
ing greater distance between isotachs in the stress-strain diagram. The red lines indicate isotachs. Strain
is the change in height relative to initial sample height [-].

The time-dependent character of viscous compression in this study is described according to
the Bjerrum-isotach model (Bjerrum, 1967; Den Haan, 1994) as it is worldwide one of the
most commonly used for subsidence calculations (e.g., Bakr, 2015; Mesri and Funk, 2015;
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Keogh et al., 2021). The model calculates linear strain, i.e., the normalized height loss relative
to the starting height that results from an applied stress to a body of material. The total linear
strain is made up of both elastic strain and visco-plastic strain €w (-), of which the latter is
calculated as:

&p = (CR — RR) log:—':’ + C, logTL (5.1)
4 ref

where CR is the virgin compression ratio (-) and RR is the recompression ratio (-), o, is the
vertical effective stress (kPa), o, is the preconsolidation stress (-),  is the intrinsic time (days),
and 7ref is the reference intrinsic time (days) commonly set to 1 day. CR and RR represent
the amount of linear strain from consolidation, water expulsion resulting from porewater
pressure differences, following an effective stress increase above and below the preconsoli-
dation stress respectively (Fig. 5.1b). The first term in the equation therefore describes the
plastic virgin compression occurring beyond the preconsolidation stress, while the second

term describes viscous compression.

According to geotechnical standards, the viscous compression parameter C., i.e., the slope
coefficient of viscous compression (Fig. 5.1a), is determined by fitting trendlines to the tail
of log time-strain curves per loading step beyond the preconsolidation stress in incremental
oedometer tests, i.e., under normally consolidated conditions (Fig. 5.2). To get a singular C,
value per sample the average of all C, values fitted per loading step beyond the preconsolida-
tion stress is taken. C, denotes the relative strain (i.e., height change divided by the initial
height) between two isotachs (Fig. 5.1b). The intrinsic time which these isotachs represent,

for a given stress condition at loading step n, is calculated as follows:

CR —RR
!
R Opc Ca
1 = tref
On=1
CR —RR
OJ 1 Ca 5
n—
T o=y O (5.2)
On

T, = T, + At,

Where 71 is the initial intrinsic time for the end of the first load step based on the load of
the first load step (o,,) and the preconsolidation stress (c,,), 7res is the intrinsic time of the
reference isotach and typically is 1 day, 7n1 is the intrinsic time at the end of the previous
load step, Aty is the duration of the current stress condition and o, is the effective stress for
loading step n (kPa). Intrinsic time for the first loading step in an oedometer test uses OCR

instead of the current and previous effective stresses.

Oedometer test measurements of clay for overconsolidated stress conditions have shown
modest, but noticeable viscous compression over time, while isotach models predict negli-
gible to effectively zero viscous compression over time for the same overconsolidated condi-
tions, and thus underestimate the compaction seen in measured laboratory data and field
data (Deltares, 2024). Although only tested for clay, this discrepancy may also occur for peat.
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As a result, it remains a challenge to accurately predict long-term compaction response of
subsurface layers in overconsolidated conditions, for example in drained peatlands. Data from
oedometer tests shows considerable viscous compression over time at low stresses, implying
that the slope of logarithmic viscous compression is steeper than theoretically anticipated.
The steepening of the logarithmic time — strain curve sometimes observed in laboratory
experiments (Fig. 5.1a) could explain the elevated levels of viscous compression compared
to the theoretically established logarithmic compaction over time under overconsolidated
conditions. In modelling terms: the viscous compression parameter C, has increased. This
contradicts the fact that in models C, is a static parameter applicable to all stress and in-
trinsic time conditions. Normally, C, is determined from a single loading step at normally
consolidated conditions (OCR = 1) in oedometer tests, but when C, varies with stress level
and intrinsic time, then values determined under normally consolidated conditions may not
be applicable for overconsolidated conditions, and isotachs are either not linear, parallel, or

equidistant.

Researchers have considered the observed steepening of viscous compression over
logarithmic time as a new compaction phase, called ‘tertiary compressior’, occurring
superimposed on viscous compression (Edil and Dhowian, 1979; Den Haan and Edil,
1994; Augustesen et al., 2004; Feng et al., 2021; Fig. 5.1a). During tertiary compression,
isotachs (red lines in Fig. 5.1b) may diverge, bend, or become non-equidistant, of which
the latter is visualised in Figure 5.1b; the distance in strain between the 10- and 100-day
isotachs is greater than between the 100- and 1000-day or the 1- and 10-day isotachs.
These studies show by means of laboratory experiments on fibrous and amorphous peat
samples as well as clay samples that isotach distortion may occur for any stress condi-
tion. Yet, in peat, under normally consolidated stress conditions and after relatively small
loading increments, acceleration of viscous compression occurs more quickly but less
intense compared to peat under normally consolidated stress conditions with large stress
increments or overconsolidated stress conditions. This means that the rate of this tertiary
compression depends on both the stress under which it occurs and the intensity of the
stress increase which initiated it. In other words, viscous compression is determined not
only by material characteristics as discussed in Chapter 4, and organic matter decomposi-
tion as mentioned by for example O’Kelly and Pichan (2013) and Feng et al. (2021), but
also by the stress and OCR.

'The relationship between viscous compression and stress has been investigated extensively.
One of the first is the consolidation theory of Terzaghi (Terzaghi, 1943) that focuses on the
relation between the viscous compression parameter C, and coeflicient of consolidation C,
which is the amount of consolidation after a log increase in stress. This theory assumes that
different subsurface material types each show a specific combined sensitivity to consolidation
and viscous compression, referred to by Terzaghi as primary and secondary consolidation

respectively. In other words, viscous compression can be estimated when only the consolida-
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tion behaviour is known. This assumption is represented by a constant ratio C./C. , being
respectively 0.02, 0.04, 0.05, and 0.06 for granular soils, inorganic clays, highly organic clays,
and peat (Mesri, 1973, Mesri and Godlewski, 1977, Tavenas et al., 1978, Graham et al.,
1983). Higher values indicate a relatively large contribution of viscous compression to total
compaction. The implication here is that since C. is stress-dependent, C, must be so as well.
Mesri and Godlewski (1977) found from compression experiments that the C,/C. ratio also
shows no time-dependence, hence both C. and C, need to change in the same way with
stress, time and strain. Important to state is that Mesri and Godlewski (1977) assume that
consolidation and viscous compression happen in sequence, often referred to as hypothesis
A in this context (Degago et al., 2011), whereas the work in this thesis assumes that viscous
compression occurs simultaneous with consolidation and continues after consolidation is
finished, in literature referred to as hypothesis B. The assumption of sequential consolida-
tion and viscous compression (hypothesis A) inherently implies that viscous compression
depends on the duration of consolidation, the overpressure of the porewater, and thus the

applied stress.

Swelling in oedometer tests has been proven to distort the isotachs, which are suggested to
become non-linear and curve towards the elastic compression line (the RR line in Fig. 5.1b)
(Vergote et al., 2021, 2022; Deltares, 2024). This theory is important to consider for viscous
compression under overconsolidated conditions as overconsolidated subsurface layers have
often experienced swelling before sampling. Furthermore, during sampling stress is removed
from the sample, leading to swelling and potential distortion of how compaction is measured
in the laboratory compared to the behaviour in the field. Given the variety in isotach distor-
tion possibilities, it is uncertain how distortions should be implemented in current isotach-
based models.

To be able to analyse the variability of viscous compression for different stress conditions and
assess if modelled viscous compression for low stress situations can be improved, this chapter
aims to determine the viscous compression parameter C, at overconsolidated conditions
for soft subsurface materials: clay and organic clay, clayey peat, and peat. Alternatively, im-
proved modelled viscous compression under overconsolidated conditions can potentially be
acquired by using other C, values determined under normally consolidated conditions than
is currently done. To compare this to values determined under overconsolidated conditions,
assessing variation of C, under normally consolidated conditions is needed. Two research
questions are defined to achieve the research aim: 1) what is the best estimated value of C,
for sample-specific stresses under overconsolidated conditions (i.e., OCR > 1), and 2) to
what extent can the measured viscous compression under overconsolidated conditions be
approximated better in isotach models using the maximum (and minimum) Ca values per

sample which are determined from laboratory tests under normally consolidated conditions

(i.e.,, OCR=1)?
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For the first research question, we hypothesized that all or a part of the tested samples show
increasing C, with increasing OCR and intrinsic time under overconsolidated conditions,
exceeding the range of C, values observed under normally consolidated conditions. Higher
C., values result in more modelled viscous compression which matches the measurements of
viscous compression under overconsolidated conditions better than when using C, values
determined under normally consolidated conditions. For the second research question, we
expect C, to exhibit variability under normally consolidated conditions, with maximum C,
values that would have a significant effect on model results of viscous compression. Aside
from the possibility that C, differs with stress level at normally consolidated conditions (e.g.,
Mesri and Godlewski, 1997) variation is also expected because the regression window is
determined via an algorithmically optimal breakpoint per loading step rather than a visually
determined breakpoint leading to different C, values. To test these hypotheses, we analysed
a large dataset of geotechnical oedometer test data (stress, strain, and time) and their cor-
responding geotechnical subsidence modelling parameters (RR, CR, and C.) for peat and
clay from the Holocene subsurface of the Rhine-Meuse delta and back-barrier coastal zone
of the Netherlands. As we focussed on the viscous compression, we disregarded elastic and
virgin compression in this study and analysed only the tail of each oedometer loading step.
For every loading step in each oedometer test, trendlines were fitted to the tail of compres-
sion over time, using a linear trendline for overconsolidated conditions and a logarithmic
trendline for normally consolidated conditions. First for overconsolidated conditions, linear
back casting is needed to determine C, from the slope of compaction over time since intrin-
sic time is still unknown if C, has not been determined yet. So, an iterative solution is needed
in which C, is adjusted until it consistently satisfies both the data trend and the intrinsic
time calculation. Secondly, by applying a logarithmic trendline to all normally consolidated
loading steps we were able to determine the variation of C, under normally consolidated
conditions (Fig 5.2) for the second research aim. Comparing C, values between loading
steps of the same oedometer test shows the way C, changes between overconsolidated and
normally consolidated conditions and with intrinsic time.

5.2 Materials and methods

In this section first the equations to determine strain under normally consolidated and over-
consolidated conditions are presented, which are used to derive C,. Subsequently, the dataset
structure and the procedure for determining C, from oedometer tests therein is described,
including the comparison of C, values across difterent loading steps of single samples. Fi-
nally, the method for validating the obtained C, values using a simplified isotach model is

presented.
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5.2.1 Description of the dataset

'The dataset used for this project consisted of data of 437 oedometer tests performed on peat
and clay samples from the Rhine-Meuse delta and coastal plain of the Netherlands. Oedom-
eter tests measure compaction in terms of sample height over time and record the applied
stress (Fig. 5.2a). Typically, the oedometer test consists of eight loading steps, which increase
in load apart from one mandatory unloading step and a sequential reloading step. The total
amount of loading steps can differ. The height decrease (or increase) was transformed into
linear strain by dividing the height change since the beginning of the oedometer test by
the initial height. Furthermore, water content, wet and dry specific weight, particle weight,
and void ratio were recorded in the database as well as the preconsolidation stress, and
geotechnical compaction parameters RR, CR and C,. This dataset-registered C, is normally
determined from the first occurring normally consolidated loading step and is from here on
referred to as ‘reference C..

5.2.2 Determination of C,
Since the derivation of C, relies on a reformulation of Eq. 5.1, the equation is first rewritten
such that it gives the strain difference Aevsime resulting only from viscous compression, as the

first term is constant over time, over time period At=ts-t::

T, + At
T, + t, T, + ty Tref
Ay time = Cqy <log Trer — log Trer ) = C, log;—i
re. re
Tref (5.3)

Agv,time = Ca' (log%f“) = Cﬂ 10g (1 + i_f)

First, the normally consolidated conditions are considered. This is defined as o,, = o, or OCR
=1 and intrinsic time 7 = 1 day. With intrinsic time 7 = 1 day, Eq. 5.3 can be expressed as:

Aeytime = Cq log(1 + At) (54)

and C, is equal to the slope of the tail of a logarithmic time-strain curve. This is the part
of the time-strain curve after stress has been increased, elastic strain has been completed,
overpressure of porewater has dissipated, and further strain is only due to time-dependent
viscous consolidation. When the sample is under normally consolidated conditions the in-

trinsic time is equal to the measurement time.

When overconsolidated conditions are considered, defined as o, < o, or OCR > 1, intrinsic
time is calculated according to Eq. 5.2, and = >> At. As a result, 2 0. For very small values
of 2%, the logarithmic term can be approximated as log (1+7) = 737, and Eq. 5.3 can be
simplified to Eq. 5.5:

Aty ime = Co —— = alt (5.5)

@ 231,

. . C. .. . . . ..
with a being equal to . In this situation, viscous compression has progressed significantly

over time, i.e., the intrinsic time is in the order of hundreds to thousands of days, while At
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during a single loading step of the oedometer tests is typically 1 day. This results in measure-
ments exhibiting linear behaviour, and with very small strains developing over time, repre-
sented by a. Since 7 is calculated using Eq. 5.2, slope (a) of the linear tail of a time-strain

curve is calculated with C, following:
Ca

a = CR—RR
a, Ca (56)
23 1, , 21

Th-1 oy,

A numerical solution for C, can then be found using a non-linear solver of Eq. 5.6 using

time-strain step data for overconsolidated conditions.

5.2.3 Determination and comparison of C, from the dataset

Linear regression was performed on the tail of the time-strain curves of each loading step
per oedometer test to calculate the C., using eq. 5.5 & 5.6 for overconsolidated loading steps
and eq. 5.4 for normally consolidated loading steps. A steeper slope of the viscous compres-
sion curve indicates a higher C,, value (Fig. 5.1a). In the ideal case that viscous compression
is a perfect logarithmic process, both methods would have the same C, value as a result. The
RR and CR values per test, and OCR values per step per test are retrieved from the dataset.

Given the large number of samples and steps, correct determination of the starting point
of the tail of the time-strain curve was automated. Automation was achieved using the
‘segmented’ function from the ‘segmented’ R package (Muggeo, 2003). This function fits
a desired number of linear regression models to predict the data. The result is a so-called
segmented or broken-line relationship providing a predefined ‘npsi’ number of break-

points, which describe the most likely point in time where the linear relationship changes

slope, which are indicated as red dots in Fig. 5.2b and c. The number of breakpoints ‘npsi’

was looped from 1 to 4. The most optimal npsi was determined by the lowest residual
sum of squares (RSS) of the last segment and the corresponding last breakpoint was
taken as starting point of the tail and regression could be performed (the blue lines in
Fig. 5.2b and 5.2¢). This optimal breakpoint time value had to be 210% of the total step
duration to ensure a significant time period is taken over which slope a is determined or
an NA value would be returned instead.

For samples under normally consolidated conditions, a transformation of time to the loga-
rithm of time is needed, because the ‘segmented’ function can only apply linear fits while a
logarithmic fit is needed to extract C, according to Eq. 5.4. Next, the mean, maximum and
minimum C, value of all normally consolidated loading steps was calculated to use in the
comparison with C, value derived per overconsolidated loading step of the same oedometer
test.
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Figure 5.2: a) Time-Strain diagram showing the 7 loading steps and 1 unloading step after 12 days of
an example oedometer test, including stress and OCR per step (initial preconsolidation stress = 78.4
kPa). The second and eighth step are indicated in red and detailed plots are shown in panel b and c. The
first and last 1% of the total time of these steps has been removed to prevent disruption of segmenta-
tion by consolidation and adjustment errors. b) Time-Strain diagram for overconsolidated conditions
(OCR > 1).The red dots indicate the breakpoints obtained with algorithmic segmentation of the data.
The linear regression of the last segment is used to determine slope ‘@’ used in Eq. 5.6. ¢) Logarithmic
time-strain diagram for normally consolidated conditions (OCR = 1). The red dots indicate the break-
points obtained with algorithmic segmentation. C, was determined through logarithmic regression of

the time-strain curve, which is here presented as a linear line in the semi-log plot.

The measured (log) time-strain data from the oedometer tests was partitioned based on the
loading step break indices, indicating points in time when a loading event occurred. The data
from the first and last 1% of time per step was removed to eliminate any possible interference
in the measurements right before or after the loading event which can dominate the seg-
mentation. Assuming a standard length of 24 hours per step as prescribed in ASTM D4186-
06, NEN 5118 and NEN-EN-ISO 17892-5 (ASTM, 2006; NNI,1991; ISO, 2017) the 1%
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time removed from the load step duration equals approximately 15 minutes. The intervals
between successive loading steps are in the order of 1-3 days, while the total oedometer test

duration is often more than a week.

5.2.4 Isotach model validation

To evaluate the plausibility of the C, values resulting from the overconsolidated loading step
regressions, we used different C,, values to predict compaction rates using the isotach method
for a case-study oedometer test and compared the predicted with the measured compaction.
Four different C,, values for the specific oedometer test were used for the predictions:

the reference C, value listed in the dataset

the maximum C, value under normally consolidated conditions

the minimum C,, value under normally consolidated conditions

the C, determined per individual loading step under overconsolidated conditions

For the RR, CR and OCR the values initially listed in the dataset were used.

5.3 Results

C., values for overconsolidated conditions (OCR > 1) were generally higher than for normally
consolidated conditions (OCR = 1) (Fig. 5.3). Note that C, under overconsolidated condi-
tions was determined from a linear trendline and under normally consolidated conditions
from a logarithmic trendline. The individual C, values per loading step within an oedometer
test vary up to one order of magnitude higher between overconsolidated and normally con-
solidated conditions. The C, values obtained under overconsolidated conditions tend to first
increase with further increase in OCR (more overconsolidated), and decrease for OCR > 3,
and often exceed typical laboratory C, ranges reported for clay and peat in literature (deter-
mined under normally consolidated conditions). Median C, values start to decrease for the
highest OCR bins (OCR > 3).These trends emphasize the relevance of a separate estimation
of C, for different overconsolidated conditions across different OCR regimes.

113

n
-
[
=
="
1]
=
()




Chapter 5

0.51
0.44
l
|
0.31
- Method
= B linear
8 log
0.21
0.11 I
: .
% N B
0.0

1.0 1.0-15 1520 20-3.0 3050 5.0-10.0
OCR range [-]

Figure 5.3: Combined violin and boxplot of C, values determined per loading step in oedometer tests,
grouped by the overconsolidation ratio (OCR) of each step. To show the bulk of the data, C, values
were clipped at 0.5. The violin shapes represent kernel density estimates, where wider regions indicate a
higher frequency of C, values within that OCR group. Boxplot elements (median, interquartile range)
are overlain to highlight central tendency and dispersion. Increasing OCR is linked to an increase in Cq
value, but decreases for high OCR values (> 3) which show a slightly decreasing C, value.

5.3.1 Linear-derived C, values per overconsolidated loading step

The values of C, determined for overconsolidated conditions (OCR > 1) using the linear
method show a general increase with rising step-specific OCR (Fig. 5.4a). However, the
range of C, also increases, without a clear trend across the full dataset. To further explore
this variation, the results were grouped by lithological class similarly as used in Chapter 4;
Clay, Clayey Peat, Fibrous Peat, and Decomposed Peat. This reveals that overconsolidated
samples classified as Peat tend to exhibit higher C, values with increasing OCR, whereas
Clay samples show a more moderate trend (Fig. 5.4a).

C. values under overconsolidated conditions will not necessarily be equal between samples
consisting of the same material when subjected to the same OCR condition. Thus, to prevent
misinterpretations it is better to normalize absolute C, values under overconsolidated condi-
tions with the reference C,, value of the dataset instead. This preserves the overall increasing
trend with step-specific OCR, while reducing the apparent spread in the data (Fig. 5.4b).
Near OCR =1, i.e., very slightly overconsolidated conditions, the intrinsic time is short and
C, values are lower than the reference C, values. All four lithological classes exhibit similar
normalized patterns, with most values sitting at 100 — 10000% of the reference C,, value(Fig.
5.4b).
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The intrinsic time offers additional insight into time-dependent compression: C, values
under overconsolidated conditions tend to peak around an intrinsic time of ~200 days (Fig.
5.4c). This trend is observed across all lithological classes. A similar trend is observed in the
normalized C, values (Fig. 5.4d), suggesting that the highest intrinsic times do not necessar-
ily coincide with the largest OCRs.

While the patterns in Fig. 5.4c and 5.4d summarize all data, individual sample analysis is
used to test whether C, values under overconsolidated samples consistently show a parabolic
pattern with increasing intrinsic time. This is illustrated in Fig. 5.5, which presents three
representative samples with the most loading steps with overconsolidated conditions. For
sample 203, C, values under overconsolidated conditions first increase and then decrease
with increasing intrinsic time. Not all samples in the dataset show the parabolic pattern of C,
with increasing intrinsic time as can be seen for samples 208 and 209 which show a decreas-
ing C, value with increasing intrinsic time. This is likely the case because of the iterative

character of calculating intrinsic time and adjusting the C, value.

5.3.2 C,values perloading step under normally consolidated conditions

The mean C, values determined for normally consolidated conditions per test closely match
the reference C, values originally listed in the dataset (Fig. 5.6a). Compared to lower refer-
ence C, values (< 0.02), our method generally returns slightly higher values, while for higher
reference C, values, our method returns lower Cavalues. Differences between the two are
likely due to variations in the fitting window of the regression and the high possibility that
not all steps above the initial preconsolidation stress (PcS) steps were included in the dataset

value’s calculation.

To assess within-test variability, the minimum and maximum C, values from individual nor-
mally consolidated loading steps (OCR = 1) were compared to the mean C, value computed
over all normally consolidated loading steps per individual oedometer test (Fig. 5.6b). The
reference C, values more closely resemble the maximum C, values obtained per oedometer
test. Figure 5.6b shows two clear envelopes: one above and one below the 1:1 ratio line,
delineated by upper and lower bounds on the observed range estimated to be 1.875 and
0.28 times the mean value. The practical impact of this variation is considerable, given that
in current practice C, is also determined from a single loading step. For example, a 1-meter-
thick subsurface layer is predicted to undergo 1 cm of viscous settlement in one year using
the mean C, value for the calculation. When the maximum value is used, the prediction of
viscous compression could increase up to approximately 1.875 cm, while the minimum value
would result in just 0.28 cm in the most extreme case. Over 10 years, the corresponding es-
timates would be 2 c¢m, 3.75 cm, and 0.56 cm, respectively. This highlights the importance of
accurately constraining Ca variability as it directly affects long-term subsidence predictions.

115

n
-
[
=
="
1]
=
()




Chapter 5

(€D "S1yq) Lreyuoworddns o ur
pauasaxd are syders [ng ‘90T > © PIZIBWION PUE ‘€70 < ¥ 3e paddipd axe s1amInQ "e3ep oy3 Jo Ynq oy3 Aeniod syders) -owr dIsuInUL paje[nded oy Jsurede
159 I9JOWIOPI0 JWES Y} JO IMN[BA V7 DUIAI 33 Jo aFeyuaosad se pazipewsou panord (p) ‘Owm drsurnur pare[nores ayy sureSe panord (9) YOO 2ys IsureSe 151
1919WIOPIO0 SUIES Y} JO INJBA ¥ 3IUIAI Y} Jo 9e3uadrad se pazirewsou panofd (q) YOO dyp 3surede panrord (v) :ssepd [esrdojoyny £q paraysnyd pue days Surpeof
1919wopao 1ad poyrow uorssaxdar reaury oy Jursn dais Surpeo] 1od PaALIdP (1< YD) SUORIPUOD (D)) PIEPHOSU0IdA0 Jopun sajduwres 10] san[ea oy "G 2Ly

[sAep] 2w a1suuLy [sAep] sy aisuu)
So+2L €0+21 LO+2] G0+31 £0+8} LO+3)
ok = . 0o
[=] -
M L] L]
= L 0
mw -
B 8
- ! (@] =
1ead snoigiq . 2 904 = +0 o
1Bad pasodoss(] e " o 0
jead AakelD o ¥ o g
ABID » ) =3
1318N)2 =3 _a
0001 2 0 w
a <
o D
L] W R
o= ']
loooor = €0
(p ©
[lyoo Flyoo
0k £ I 0L € L
ok = . 000
=]
3 ;
£ s00 o
@
g E:
b b 2 =
Jead snoigi4 = s e = o
1Ead n@moaw_o%mm 4 m O
1ead A2fBlD » S0 ©
fe|T) e . m =]
18)sn|2 =3 =3
000k 2 0zo G
é z
o “ r——
2 g0 T
= -
= . ;
00001 = 0e0
a a (q 4

116



Viscous compression rates in soft subsurface materials for overconsolidated conditions

al by
#3500
06 g
w3000
=]
£
B 2500
=]
- 04 8 2000 - Sample ID 203
13 5 E%ampbe D ?08
c: 1500 = Sample |D 208
J
=
0.2 & 1000
E
5 500
=
0 50 100 150 200 0 50 100 150 200
Intrinsic time [days] Intrinsic time [days]

Figure 5.5: Evolution of C, values for overconsolidated (OC) loading steps (OCR > 1) per oedom-
eter test for three peat samples: (a) plotted against the calculated intrinsic time per step, (b) plotted as
percentage of the reference C, value of the same oedometer test against the calculated intrinsic time.
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Figure 5.6: (a) The reference C, values given in the database per oedometer test plotted against the
mean of all C,, values for normally consolidated (NC) loading steps per oedometer test. The dashed 1:1
line indicates perfect agreement. (b) Maximum and minimum C,, values of normally consolidated load-
ing steps per oedometer test plotted against the mean of all C, values for normally consolidated steps
determined with regression per oedometer test. Upper and lower dashed lines delineate maximum and
minimum possible C, values seen for individual, normally consolidated loading steps as a function of
the mean C, value of all normally consolidated loading steps.

5.3.3 Comparison of isotach model predictions using differently derived
C,values to measured compaction

'The most critical implication of differentiating C, values with intrinsic time lies in the impact
on isotach-model-based subsidence predictions. To illustrate this, a representative sample
from the dataset was selected for forward calculation of viscous strain. This sample, classified
as Clay, had a water content of 54%, a dry bulk density of 1020 kg/m?, particle density of
2285 kg/m? and a void ratio of 1.24. The recompression ratio (RR) and virgin compression
ratio (CR) were 0.033 and 0.233, respectively, with a preconsolidation stress of 78.4 kPa.
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'The oedometer test consisted of eight steps in total, of which the first three steps using loads
below the preconsolidation stress (overconsolidated conditions), and the fifth and sixth step

comprising the unloading and reloading cycle.

'The second loading step was analysed as this step had a longer duration and which allows
intrinsic time computation based on the first loading step as a reference. The OCR was 2.25,
which is representable for conditions where observations and model results differ (Deltares,
2024), with an effective stress of 34.8 kPa. Four different C, values were used for model

simulation of the viscous compression over time:

Reference dataset C,, based on normally consolidated conditions: 0.0110
Step-specific C, for overconsolidated conditions: 0.0351
Maximum C,, for normally consolidated conditions: 0.0137
Minimum €, for normally consolidated conditions: 0.0080

Figure 5.7a shows the measured strain data and the calculated strain curves over time using
the four C, values. The lines of the reference (yellow) and max C, value (blue) are not visible
in this figure since they plot at virtually the same location as the min C, line (green). A dis-
tinct offset is observed in total strain between the measurement data and the model results,
caused by the differences between measured and calculated elastic strain. To isolate viscous
behaviour, the tail of the loading step is highlighted (Fig. 5.7b). In this region, the choice of
C., value significantly affects the predicted strain.

All model runs underestimate the measured viscous strain. However, the model using the
step-specific C, value for overconsolidated conditions performs best, predicting approxi-
mately 56% of the observed viscous strain. In contrast, the model using the reference C, value
results in predicting just 0.000008%, of the observed viscous strain and results using the C,
values determined for normally consolidated conditions (both maximum and minimum) also
severely underestimate viscous strain, effectively predicting negligible compression.

The cause of this discrepancy lies in the calculated intrinsic time. For the reference and C.
values for normally consolidated conditions, intrinsic times range from 137,000 days (~375
years) to over 651 million days (~2 million years), making the 2-day measurement window
(= At) insignificant in the context of Eq. 5.3. These large intrinsic times originate from the
combination of the RR, CR and C, values leading to a high exponent of OCR in Eq. 5.2.
'The result is a drastic increase of intrinsic time using the reference, maximum and minimum
C. cases, while calculated viscous strains approach zero. In contrast, the intrinsic time as-
sociated with the step-specific C, value is 101 days, making the 2-day measurement period

relatively meaningful and allowing viscous strain to accumulate in the model result.
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Figure 5.7: Measurements from an oedometer test (black dots) and isotach model outputs with differ-
ent C, values (coloured lines). OC refers to the overconsolidated conditions C,, NC indicates normally
consolidated conditions. (a) Time-strain plot where the green line overlies the yellow and blue lines
with similar values on this scale, and the red dashed box indicates the zoom in to isolate viscous behav-
iour, (b) Time-logarithmic strain plot with strain normalized to the strain at two days after the loading
event. The coloured boxes on the right correspond to the coloured curves. VC strain is the strain due to
viscous compression measured in the oedometer test or calculated by the model over the shown time

period.
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5.4 Discussion

This study systematically evaluated C, values derived for overconsolidated and normally
consolidated conditions, respectively through linear and logarithmic regression methods,
across 437 oedometer tests. The outcomes were compared with the reference C, values listed
in the dataset. For normally consolidated conditions (OCR=1), distinctive variation was
observed between maximum and minimum C, values per loading step per oedometer test.
'The relationship between Co, OCR, and intrinsic time reveals limitations of the standard
approach in overconsolidated regimes (OCR > 1), with implications for isotach-based settle-
ment modelling.

5.4.1 Implementation into the traditional isotach model

'The C, values for overconsolidated loading steps vary significantly per step and often exceed
the ranges established for normally consolidated conditions. This suggests that isotachs might
not always be equidistant for overconsolidated conditions, which is a departure from the
conceptual isotach model presented in Fig. 5.1, which assumes linear, parallel, and equidis-
tant isotachs. Under these conditions, viscous compression may not show the expected linear
behaviour over logarithmic time. Variable C, values can be used within a C,-isotach model
if C, is regarded as a time- and stress-dependent parameter. This would imply altering the
spacing between isotachs from the traditional equidistant, linear form to a non-equidistant

or curved pattern.

A critical assumption when using C, derived either for normally consolidated or overconsoli-
dated conditions in modelling is that the slope of the viscous compression—log(time) curve
remains constant. Under normally consolidated conditions (OCR = 1), this assumption
holds, because the intrinsic time is effectively reset when the load exceeds the preconsolida-
tion stress. In this case, the oedometer test captures the full intrinsic time interval and the
derived C, is representative for the complete isotach behaviour at the load-step specific stress

and time conditions (Fig. 5.8a).

In contrast, for overconsolidated conditions, oedometer tests only cover a small portion of
the intrinsic time, as has been shown by for example Fig 5.7 with intrinsic times in the
hundreds to millions of days. When C, is estimated using the linear method, the slope of the
viscous compression curve is captured only for the short time window observed and there-
fore corresponds to a short period on the intrinsic time scale (Fig. 5.8b). If the calculated
linear-derived C, is larger than for the C, determined for normally consolidated conditions,
the strain over logarithmic time curve will not be linear but show an increasing slope. For the
calculation of intrinsic time a constant slope of the viscous compression curve is assumed,
and hence the calculated intrinsic time using the overconsolidated C, will underestimate
the full intrinsic time if the rate of viscous compression changes along the intrinsic time
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axis, which is one of the possibilities causing the mismatch between measured and modelled

compaction for overconsolidated conditions.

a) b)
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Figure 5.8: Conceptual strain-time diagram for two oedometer test scenarios: (a) normally consoli-
dated conditions (OCR = 1), and (b) overconsolidated conditions (OCR > 1). The black lines represent
the theoretical mechanistic compaction following the isotach concept, showing what the strain devel-
opment of a sample would look like if the applied stress in the examples was applied uniformly since
the original deposition or formation. The strain development includes elastic and virgin compression,
and their extent is indicated by the horizontal dashed line. Thick red lines indicate the portion of the
strain—time curve actually measured during the oedometer test. The dashed diagonal red line indicates
the linear strain development with log time due to viscous compression as measured during the oe-
dometer test, based on which C, is determined. Vertical dashed lines denote key time points: Ty is the
theoretical reference time (e.g., 1 day), the moment when consolidation should be completed and after
which only viscous compression occurs; T;* is the reference time calculated iteratively with the C, value
for overconsolidated conditions and shows that intrinsic time lowers with increasing Co when RR and
CR remain constant; and Z.q is the final time point of the measurement interval, used to compute the
intrinsic time. The end of the black strain curve on the right represents a temporary accelerated viscous
compression case commonly indicated as tertiary compression. This is, however, only one of the possible
continuations of the strain curve after the end of measuring.

'This mismatch between total intrinsic time and calculated intrinsic time for overconsolidated

conditions helps explain two notable findings:

1. Why the intrinsic time calculated using C, for overconsolidated conditions is several
orders of magnitude lower than when using the reference values as seen in Fig. 5.7b.

2. Why some C, values for overconsolidated conditions tend to first increase and then

decrease with increasing (calculated) intrinsic time as seen in Fig. 5.4.

Understanding how variable C, values work, requires recognizing that an increase in C, leads

to a slower decrease in the viscous compression rate over time when the isotachs become
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more widely spaced. However, this does not necessarily imply a change in the actual viscous
compression rate itself, which depends on the position of the stress—strain state relative to
the isotachs (Fig. 5.1). Ideally, our results would enable a revised version of Fig. 5.1 in which
the spacing between isotachs is governed by C, values relative to the intrinsic time. However,
due to the described discrepancy between the actual and estimated intrinsic times, it is cur-

rently with our data not possible to correctly space the isotachs in such a diagram.

Our findings may align with a model that incorporates curved isotachs after swelling rather
than strictly parallel as described by (Vermote et al, 2022). As mentioned earlier, isotach dis-
tortions can be non-equidistant spacing, but also include bending of the isotachs. As bending
is proposed to lead to a denser grouping of isotachs near the elastic compression line in Fig.
5.1,it could also lead to higher viscous compression rates for a specific stress-strain condition
shortly after swelling. Isotachs can also becoming non-equidistant as a result of swelling:
swelling reduces the effective stress, i.e., increases OCR and intrinsic time, but according to
our results intrinsic time increases differently than predicted by the isotach model. Bending
can lead to denser grouped, i.e., varyingly spaced, isotachs near the elastic compression line,
and a stress reduction would lead potentially to a smaller increase of intrinsic time and a
smaller reduction of viscous compression rate. Curved isotachs thus may provide an accurate
explanation of viscous compression in overconsolidated layers, although a hybrid framework
using both bent and non-equidistant isotachs could prove most effective as it serves both the
effects of viscous compression rate changes over long time periods and of swelling. Further-
more, our findings share similarities with the elasto-viscoplastic model for clay compression
(MIT-SR) designed by Yuan & Whittle (2018; 2021). The model incorporates a compres-
sion rate-sensitivity parameter, which allows the viscoplastic strain rate to be dependent on
the internal state of the material which allows characterisation of isotach behaviour as well
as temporary strain rate behaviour. In other words, the viscous compression over time is
dependent on the strain rate history and thus the past compaction and stress conditions. This
aspect of MIT-SR is similar to the dependence of C, on OCR shown by our analysis.

5.4.2 Applicability of a variable C,-isotach model in subsidence settings

A variable C,-isotach model might be used to explain the persisting subsidence seen in
agricultural drained peatlands where low stress-high OCR conditions prevail. An illustrative
example is presented in Massop et al. (2024) where the deformation of multiple subsurface
layers within the topmost 1.4 meters of a drained peatland has been monitored using subsid-
ence platens over a period of more than fifty years. Their observations revealed consistent
compaction over time of all layers, with annual compaction rates decreasing with depth from
4.8 mm/year at the surface to 1.0 mm/year at 1.4 meters below the surface.

Throughout the studied period, mean lowest groundwater levels per year fluctuated between
0.3 and 1.1 meters below the surface, depending on the season. It is remarkable that the

anchors at depths of 1.2 and 1.4 meters showed sustained subsidence despite remaining fully

122



Viscous compression rates in soft subsurface materials for overconsolidated conditions

saturated. These saturated layers also experienced periodic elastic compression and rebound as
a result of the seasonal groundwater level fluctuations with a range of ~1 meter (Van Asselen
et al., 2025). The sustained subsidence of the deeper anchors happened under conditions
of relatively stable surface water management since 1970, and in absence of loading events.
This implies a near-constant effective stress regime, conditions under which the standard
isotach model with reference C, values determined under normally consolidated conditions
predicts extremely slow viscous compression of buried layers due to large intrinsic times.
However, the observed continuous deformation of the saturated layers with about 1 mm/year
challenges this expectation. If one assumes a variable C,, subsidence rates can stabilize and
subsidence continues for decades, even under near-static effective stress conditions, in this
case aligning closely with the field data.

This same mechanism may also explain sustained subsidence in build-up peatland settings,
such as the city centre of Gouda, the Netherlands, where most historic buildings are founded
on deep sand layers, but public spaces such as streets and parks continue to subside (Kooi
and Melman, 2024). These areas have an artificial fill layer that serves as a foundation (Van
Asselen et al., 2018), which is commonly underlain by compressible subsurface layers. In
these urban environments, groundwater levels are maintained close to the surface to prevent
subsidence and foundation damage as much as possible. Under conditions of constant effect
stress, i.e., long after the last loading event (e.g., road reconstruction), traditional models
predict limited deformation. However, ongoing subsidence of roads and public spaces (Kooi
and Melman, 2024) suggests that long-term modelled compaction due to time-dependent
viscous processes is underestimated. The variable C,-isotach model helps resolve this discrep-
ancy by capturing a more dynamic evolution of compression rate as a function of both OCR
and time since loading.

5.4.3 Future research

To advance our results into a variable Co-isotach model and potentially later into a practi-
cal and more applicable method, future research should focus on pinpointing the temporal
evolution of Cy, and how it varies with stress level and OCR. A central objective would be to
determine when during a laboratory or field test C,, begins to change, and how this transition
relates to the material’s mechanical state. This research can function as an extension of the
existing curved isotach concept by allowing for variable isotach spacing, for time periods long
after the last alteration of effective stress. Incorporating curved, non-equidistant isotachs that
reflect changes in viscous strain rate over time will require a fundamental modification of the
isotach model. Long-duration oedometer tests of mostly peat, but also clay samples, will be
critical to this effort, as they are needed to capture the gradual evolution of viscous compres-
sion over months to years. These oedometer tests would provide the empirical data necessary
to describe and model time-dependent changes in C,, more accurately, possibly by combining
Ca determination from individual loading steps, both above and below the preconsolidation

stress, representing the viscous compression rate at different moments along the intrinsic
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timeline. This first needs to be tested and evaluated but could provide a starting point for

turther development.

To ensure the framework’s validity and applicability, experimental results must be directly
linked with field data. This includes subsidence measurements in drained peatlands, charac-
terized by their high OCR and low stress, as well as in build-up settings where surface load-
ing conditions are more variable. Such a coupling between in-situ monitoring and laboratory
tests where boundary conditions are kept as similar as possible will be key to validating the

revised isotach model and establishing reliable guidelines for geotechnical practice.

5.5 Conclusion

This study presents an alternative for determining the viscous compression parameter (C,
) under overconsolidated conditions, which is typically done under normally consolidated
conditions to improve model predictions of viscous compression under overconsolidated
conditions. For overconsolidated conditions (OCR > 1), there is a discrepancy between mea-
surements and model results. By analysing a large dataset of oedometer tests, we show that
when C, is derived from overconsolidated loading steps in oedometer tests using an iterative
method, the parameter values often deviate substantially from reference values determined
at normally consolidated conditions (OCR = 1). Very overconsolidated cases (OCR > 5) can
produce values 100 times as high. These deviations are related to increasing OCR and intrin-
sic time, revealing that C, is not constant over time, but rather evolves with the stress history
and duration of viscous compression. Using the mean, minimum and maximum C, values
obtained for normally consolidated loading steps instead of the reference C, value cannot
solve the discrepancy between measurements and model results seen for overconsolidated

conditions.

Our findings deviate from the assumption of equidistant isotachs and suggest that the
spacing of isotachs might vary over time, particularly for long-term viscous deformation.
The applied linear back-casting method to determine Ca captures part of this evolution
but underestimates the intrinsic time, which complicates correct implementation into the
current isotach model. Variation in isotach spacing would have significant implications for
predictive modelling cases, where low-stress and stable loading conditions prevail. Observed
continuous subsidence in such settings, previously difficult to predict with constant-Ca iso-

tach models, can be better understood through a variable Ca-isotach model.
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Viscous compression of soft subsurface materials is an important and critical process con-
tributing to the globally-relevant land subsidence, given the long time period over which it
can continue under constant stress conditions in the subsurface. A defining characteristic of
the process is that it does not cease when external conditions change: changes in load, adjust-
ments in groundwater levels, or shifts in effective stress may alter its rate, but the underlying
microstructural evolution continues. This persistence stems from time-dependent rearrange-
ment of the solid matrix and, in organic soils, from gradual biochemical modification of the
organic material, allowing deformation to accumulate long after consolidation has ended.
Because of this, the process has been a topic of great interest since the formulation of the first
consolidation theories in the first half of the 20 century (Terzaghi, 1923; Buisman, 1940;
Taylor and Merchant, 1940; Terzaghi, 1941). Though theory and practice have come a long
way since then, major issues are still left unsolved. One of those issues is viscous compression
of soft subsurface layers, in particular of peat and organic clays, instigating incorrect viscous
compression predictions by subsidence models under low stress conditions in the field in
combination with the high compressibility and large heterogeneity of peat and organic clay
(Mesri et al., 1997; O’Kelly and Pichan, 2013). Improving our understanding and predic-
tion of viscous compression of these organic constituents is a considerable challenge given a
lack of mechanistic knowledge on viscous compression with varying material characteristics
and incomplete understanding of how material characteristics drive the variation of viscous

compression in models.
In the light of these challenges, the aim of this research was:

to advance the mechanistic understanding of viscous compression and its role in long-term compac-
tion behaviour in order to help improving the predictive capacity of land subsidence models in peat

and organic clays.

In this chapter, the main conclusions of the thesis are summarised based on the research
subobjectives (SO). By combining the key findings on mechanistic understanding of viscous
compression and the relation with decomposition, a variable viscous compression parameter
is introduced and discussed. This variable viscous compression parameter may also have
implications for modelling and therefore the benefits and limitations of this adaptation are
discussed. Lastly, remaining research questions and emerging scientific challenges from this
project are considered for future research.

6.1 Main conclusions

Chapter 2 focuses on the mechanistic understanding of viscous compression, related to SO
1: Identify the mechanisms and processes that cause viscous compression in organic-rich

subsurface layers with special attention to their large spatial variability in material charac-
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teristics. In clays, three main mechanisms leading to viscous compression are identified: mi-
cropore water expulsion, changes in the adsorbed water layer, and particle interactions. These
processes also occur in peat, but the relative importance differs due to the fibrous organic
structure of peat. Intracellular water and fibre interlocking introduce additional resistance to
particle movement compared to resistance between clay particles, and water adsorption plays
a smaller role than in clay because of the lower surface valency and hydrophobic organic
components. Six key controls of viscous compression in peat were identified: fibre content
(or decomposition state), progressive decomposition, clay fraction, temperature, pore water
pH, and ion concentration. The variability in types of control (physical, biological or chemi-
cal) shows that viscous compression in peat is a multidisciplinary phenomenon.

Chapter 3 demonstrates how compaction alters the decomposition rate for peat with varying
degrees of decomposition and devices a conceptual model to explain the bidirectional inter-
action between viscous compression and decomposition, answering SO 2: Determine and
quantify the influence of the organic matter decomposition state on viscous compression.
Laboratory experiments showed that compaction alters porosity, which in turn modulates
microbial respiration and decomposition. In fibric peat, porosity reductions strongly suppress
basal respiration rates, whereas in decomposed peat the effect of porosity reduction is smaller
under equal loading conditions. As a result, initially the degree of decomposition controls the
amount of compaction, with a lower degree of decomposition leading to a higher compac-
tion, while at the same time the amount of progressive decomposition is affected by this
compaction, limiting present and future decomposition as porosity decreases. The relative
contribution of consolidation and viscous compression to the total compaction also shifts
with the degree of decomposition: consolidation dominates in fibric peat, while viscous
compression becomes more important in decomposed peat. This pattern reflects the oxic,
drained conditions that decomposed peat is or has been subjected to, and under which both

decomposition and irreversible consolidation have occurred.

Chapter 4 provides a classification of material characteristics and a prediction for the viscous
compression parameter based on those material characteristics, linked to SO 3: Translate
the improved mechanistic understanding into improved predictive capacity of subsidence
models through more representative parameterisation. Samples used in oedometer tests
were classified based on their material characteristics (i.e., Clay, Clayey Peat, Fibrous Peat,
Decomposed Peat) and subsequently the classes were compared by their viscous compression
parameter values. The results revealed that viscous compressibility generally increases with
organic content, with fibrous peat showing the highest viscous compression parameter (C,)
value. Water content and dry bulk density predict C, well for clastic material, but for peat
(>25% OM), variation is larger and predictions of C, less precise. Notably, decomposed peat
shows a lower C, than fibrous peat and thus is less susceptible to viscous compression. These
results show that decomposition causes measurable changes in material properties directly

linked to compression behaviour.
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Chapter 5 examined the influence of stress state and history on viscous compression, covering
SO 3: Translate the improved mechanistic understanding into improved predictive capacity
of subsidence models through more representative parameterisation, and also contributes
to SO 1. Conventional isotach models assume a constant C, and parallel isotachs, but oe-
dometer tests show that C, varies substantially with overconsolidation ratio (OCR, the ratio
between the preconsolidation stress and the current stress) and time, sometimes by orders
of magnitude. This demonstrates that isotachs are not equidistant, particularly under low-
stress or high-OCR conditions, and challenges the predictive reliability of standard models.
The results indicate that viscous compression evolves with stress history and intrinsic time
(total time needed at current stress to get to the current compaction state), often leading to

underprediction when conventional assumptions are applied.

Together, these findings enhance our understanding of the mechanisms and processes
underlying viscous compression, including the contribution of decomposition. The broader

implications of this enhanced understanding are discussed in the next two sections.

6.2 Mechanisms and processes causing viscous compression

Fibres and decomposed organic particles form a large part of the solid structure of peat and
within that structure each fibre or particle has numerous contact points with other fibres/par-
ticles. In this characteristic lies the essence of viscous compression of peat, which, similar to
clay, originates from reorientation of fibres/particles to an approximately horizontal position
when stress is applied and is the only active deformation mechanism when effective stress is
stable. The surfaces at the contact points between fibres/particles generate friction, which is
dependent on the type and state of the organic material, potential existing bonding forces,
the presence and thickness of an adsorbed water layer, pH, and ion concentration (Chapter
2). The size of fibres is typically larger than that of decomposed organic matter (particles),
resulting in more contact points for fibres and a higher total friction force working against
movement. This is why fibre content and the degree of decomposition both control viscous
compression. At the same time, porewater needs to move to allow particle reorientation. Be-
cause viscous compression happens irrespective of overpressure, it is argued that this moving
porewater escapes mostly from micropores through water diffusion. As temperature controls
the diffusion rate it is an important boundary condition for viscous compression.

The development of viscous compression is traditionally approximated over time by a simple
logarithmic equation. It is observed that the slope of this logarithmic curve is not constant
(Chapter 5), and this divergence of behaviour is seen more often and more pronounced in
fibrous peat than in decomposed peat and clay (Augustesen et al., 2004; Mesri and Ajlouni,
2007). Instead of following a single logarithmic trend with continuously decreasing strain

rates, some samples exhibit a clear steepening of the strain—intrinsic time curve. This tem-
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porarily accelerated viscous compression may be interpreted as the mechanical result of
evolving microstructure: either loss of fibre stiffness and decreasing intra-particle strength
through progressive decomposition, or localised pore collapse through shifts in thermal ac-
tivity, or both. Possibly, progressive decomposition and thermal activity together can explain
the occurrence of accelerated viscous compression in both peat and clay. Temperature, pH
and ion concentration are important for thermal activity in both clay and peat as well as
for progressive decomposition in peat. They also explain the difference in severity between
peat and clay, given that progressive decomposition is unique to peat and facilitates further

viscous compression.

This combination of mechanisms, processes and controls of viscous compression is not
entirely consistent with the concept incorporated in current isotach models used to predict
compaction. Their conceptualization is more static, which does not reflect material charac-
teristic changes, but in that aspect also lies the workable simplicity of the isotach models:
after the compaction parameters are determined in the lab, one would be able to model any
stress-strain combination and know what the effect of stress changes or progressive time
would be. Yet, compaction in low stress conditions proof to be difficult to predict (Chapter
5), because progressive decomposition can alter material characteristics and change the vis-
cous behaviour of peat. Furthermore, the isotach models were originally developed for high
stress case studies encountered in mainly construction, meaning they are not tailored to low

stress conditions.

At the field scale, subsurface profiles often contain mixtures of clay and peat or spatially
variable peat layers with variable fibre content, organic particle integrity, and degrees
of decomposition. Besides, boundary conditions such as pH and ion concentration can
differ between peat-clay mixtures and peat or clay. As a result, under the same stress
conditions such mixtures likely experience less viscous compression than peat, but more
than clay. The same is true for the occurrence and magnitude of temporarily accelerated
viscous compression, which would potentially be in between peat and clay. The interac-
tion between organic matter and clay particles on a structural level can cause a unique
mechanistic behaviour of viscous compression. Decomposed organic matter can bind
with clastic particles to form mineral associated organic matter (MAOM). This binding
is strong, leading to a lower susceptibility to further decomposition and mechanically a
MAOM particle reorientates as one entity. This differs from other forms of decomposed
material, such as dissolved organic matter (DOC) or not/partially decomposed particulate
organic matter (POC), which move largely independent of clastic particles. As a result,
long-term subsidence patterns may become highly variable, even within a single mapped

lithological unit, and even more difficult to approximate with the current models.

Combined, the insights of this thesis suggest that commonly used interpretations of viscous

compression, which treat solids as mechanically stable and the compression rate as governed
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solely by fixed material properties, may not fully represent the dynamic nature of organic-
rich soils. Incorporating evolving material properties and coupled decomposition-viscous
compression in models may help explain compression behaviour observed in Chapters 2, 3
and 5, and ultimately may improve the skill of these models in predicting viscous compres-

sion.

6.3 Interaction between viscous compression and organic
matter decomposition

Considering that viscous compression of peat and organic-rich clay is related to microstruc-
tural and bio-physical conditions, the question is whether decomposition may interact with
viscous compression, something which is not assumed in current models. The results of this
thesis show that viscous compression and decomposition are not strictly separate processes
as they are both continuous and pore scale-driven mechanisms that are likely affected by
each other over time. Both processes act under largely stable stress conditions, both depend
critically on porosity, and both alter porosity in ways that can either reinforce or constrain
the other. Consequently, this interaction between biochemical and mechanical processes may
be more relevant for long-term subsidence than previously recognised.

Critical is the distinction between degree of decomposition, i.e., the material state result-
ing from past decay, and progressive decomposition, i.e., ongoing biochemical break-
down during the process of compaction. The degree of decomposition is well known to
influence compressibility by altering fibre content, structure, and water retention (Landva
and La Rochelle, 1983; Price et al., 2005; Huat et al., 2011; Farrell, 2012). In contrast,
ongoing decomposition has long been considered too slow to affect compressibility
within typical laboratory timescales (Hobbs, 1986), and therefore its influence on viscous
compression has remained largely undetermined. Some earlier studies did suggest that
decomposition may contribute to long-term subsidence (e.g., Wardwell et al., 1983), but
without addressing possible implications for non-linear viscous behaviour or temporarily
accelerated viscous compression.

The findings in this thesis indicate that progressive decomposition, although slow, can
plausibly influence the microstructural conditions that govern viscous compression and
hence decomposition needs to be taken into account in the context of compaction. Po-
rosity emerges as the central mediator of this interaction as both processes are governed
by the distribution of pore space and simultaneously act to alter it. Under constant ef-
fective stress, viscous compression gradually reduces microporosity. At the same time,
decomposition removes material preferentially at pore—solid boundaries (Schliter et al.,
2022), slightly increasing local porosity or leaving it unchanged, but weakening particle

surfaces by removing easily degradable constituents. This weakening can increase the
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susceptibility of particles to internal microstructural collapse, reorientation, or deforma-
tion; these are all processes that contribute to viscous compression and even, when
sufficiently pronounced, to consolidation. Reduced pore connectivity at the local scale
further decreases hydraulic conductivity and permeability.

Collectively, these mechanisms share reciprocal influences: decomposition may facilitate
viscous compression by progressively reducing internal structural resistance (Fig. 6.1), while
(viscous) compression limits decomposition by reducing accessible surface area, and restrict-
ing nutrient and oxidant supply. Other biochemical by-products, for example the formation
of gas bubbles and microbial colonies that locally block pores (Beckwith and Baird, 2001;
Kellner et al., 2005), may further modulate the hydraulic and mechanical response. The
direction and magnitude of these interactions are likely site- and material-dependent, and
their quantitative contribution remains uncertain; nevertheless, they provide a mechanistic
basis for interpreting some of the non-linear and time-dependent behaviour observed in

Chapters 4 and 5.

These interacting mechanisms can explain why decomposed peat is generally less suscep-
tible to viscous compression than fibrous peat (Chapter 4; Hobbs, 1986; Price et al., 2005).
More decomposed material contains a larger proportion of resistant organic structures and
typically holds less water. The consolidation and shrinkage happening under the unsaturated
conditions needed for rapid decomposition lead to a more compacted or interlocked struc-
ture that reduces the susceptibility for further compression (right panel of Fig. 6.1), as also
suggested by Taccari and Zwanenburg (2019). These observations suggest steps in between
decomposition and volume loss: decomposition modulates material characteristics, which in
turn affect the physical processes that produce viscous compression and lead to volume loss.

The results on viscous compressibility in relation to the degree of decomposition therefore
point toward a framework in which mechanical and biochemical processes co-evolve, rather
than acting as independent and additive contributors to subsidence. Such a framework pro-
vides a possible explanation for observations of continued viscous compression over several
decades in settings where stresses and groundwater levels have remained stable. For example,
the multiple meters of peat beneath the historic city centre of Gouda mentioned in Chapter
1 have continued to compact for decades after the application of the last artificial land fill at
rates that exceed those predicted by conventional isotach models. According to these models,
viscous compression should decay to near-zero under constant load after several decades.
However, the interaction between viscous compression and anaerobic decomposition, either
through decomposition and changing viscous compression susceptibility or the steepening of
the strain curve with intrinsic time identified in Chapter 5, may provide an explanation for

the continuing subsidence over decades as observed in Gouda.
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While most commonly used conventional isotach-based models rely on a single, constant
viscous compression parameter (C,) value to represent viscous compression, the findings of
this thesis (Chapters 2-5) show that C, is likely not a fixed material property but evolves
with decomposition state, stress history, and intrinsic time. The latter is the concept that de-
scribes how material ages. In other words, the time a subsurface layer or sample would need
to reach the current compaction state given the current stress condition, corresponding to the
various isotachs and the distance from the 1-day isotach (Fig. 4.1). When C, evolves with
intrinsic time, viscous compression at a fixed stress does not always decrease along a simple
logarithmic curve. Instead, the strain-rate curve can steepen again as intrinsic time increases,
indicating renewed or accelerating viscous compression rather than continuously diminish-
ing rates (e.g., Den Haan and Edil, 1994; Augustesen et al., 2004). A similar conclusion is
drawn by Feng et al. (2021), who indicate from oedometer tests combined with LOI tests
that slow, linear compression, referred to as ‘tertiary consolidation’, observed during a high
stress (800 kPa) compression test is caused by a combination of pore drainage and progres-
sive decomposition. The question is whether they observe the same temporarily accelerated
viscous compression as is discussed in this thesis: the stresses applied in their tests were
considerably higher than observed in field conditions and cover only normally consolidated
conditions (OCR = 1), whereas the analysis in Chapter 5 shows increasing C, with increas-
ing intrinsic time for overconsolidated conditions (OCR > 1). Feng et al. (2021) divide the
compaction phases based on deformation over time rather than strain over logarithmic time,
where the former would show a logarithmic curve for viscous compression. This curve is
more difficult to partition than strain over logarithmic time since this deformation over time
curve will not show a linear part, thus knickpoints indicating accelerated rate are not as clear.
An alternative to a variable C, would be a change in the intrinsic time concept, where the
progression of time would not be linear with changes in stress. However, this alternative
could be overlapping with the variable C, idea, since C, is part of the calculation of intrinsic

time.

Implementing a variable C, under progressive decomposition (O’Kelly, 2017) would enable
coupling the mechanical progression of compression to changes in physical and biochemical
properties, for example, reductions in porosity and water content, or progressive decomposi-
tion of the organic matrix (Chapters 3 and 4). In practice, this would require linking the
viscous compression parameter to one or more state variables that reflect material condition,
rather than treating it as an external constant. This coupling would also need to account
for stress-dependent behaviour identified in Chapter 5, so that C, responds to changes in
effective stress and overconsolidation ratio as well as to the internal evolution of peat and
clay in the subsurface.

A central consideration in implementing such a variable parameter is the distinction between
the two commonly used formulations of the isotach model: the linear strain approach, which

uses C, for the viscous compression parameter and is used in this thesis as it is globally the
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most commonly used parameter, and the natural strain approach, which uses c for the viscous
compression parameter (Den Haan, 1994). In the linear strain formulation, C, represents the
slope of the linear strain—log(time) curve and is sensitive to the initial porosity and reference
stress conditions, making it dependent on the chosen strain reference frame. In contrast, the
natural strain formulation expresses viscous compression as a time-dependent strain rate (c)
relative to the current strain state, which allows for a more direct description of material
behaviour independent of initial geometry. A variable C, proposed in this thesis aligns con-
ceptually more closely with the natural strain framework. Incorporating a state-dependent
c value over a static ¢ value would allow viscous strain rates to respond directly to evolving
material properties, rather than indirectly through changes in void ratio or strain. The ap-
proach could also improve transferability of parameters between laboratory tests and field-

scale models, which has been a persistent limitation of conventional C,-based approaches.

Ultimately, implementing a variable viscous compression parameter would not only align
modelling practice with the mechanistic understanding developed in this thesis, but also
enables models to describe the change of viscous compression rate over time because of
shifting material characteristics or intrinsic time. While this requires probably difficult new
calibration strategies and long-term experimental data to constrain parameter evolution, it
offers a clear path towards improving the reliability of subsidence predictions in areas with
an organic-rich subsurface. Adopting a variable C, in modelling might also improve repre-
sentation of field-scale heterogeneity in compaction models. Peat rarely consists of uniform
layers, but instead shows considerable variation in fibre content, decomposition state, and clay
fraction at the metre to decimetre scale (Chapters 2 and 4). Under the current constant--
« approach, such heterogeneity is reduced to averaged layer properties, which masks local
variations in viscous behaviour and produces overly smoothed subsidence predictions. A
variable-C, (or ¢) formulation, in contrast, would allow different parts of the subsurface
to evolve at different rates depending on their composition (Chapter 4) and stress history
(Chapter 5). Clearer differentiation of C, would be particularly valuable for modelling areas
with interbedded peat and clay, where current models tend to misrepresent the cumulative
effect of small, locally concentrated zones of high viscous compressibility and clearer differ-
entiation can enable more detailed layering in models. Besides, interbedded layers potentially
show small-scale variation in OCR and thus variation in intrinsic time and viscous compres-
sion rates. However, taking both compaction and stress history into account would further
complicate parameterisation of the model as more characteristics would need to be tested,
while the main points of critique on the isotach model already are the complexity of its many
parameters and the expensive testing needed to determine their values for each individual
subsurface layer. The prediction of C, based on water content and dry bulk density presented
in Chapter 4 can on the other hand reduce the costs of determining isotach parameters
since only a relatively cheap drying test of a sample is needed. Modellers can also minimize
uncertainty by calculating the bandwidth of viscous compression over time using the sug-

gested upper and lower end C, values for highly organic subsurface materials. Decreasing
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this bandwidth can only be done by further analysis of predictive material characteristics
for a better estimation of C, or simply by measuring compaction with a oedometer test and

determining C, therefrom.

6.5 Future challenges and recommendations

The research presented in this thesis increased our understanding of viscous compression in
peat and organic clays, in particular on how viscous compression functions in combination
with decomposition and under various stress levels. Specifically, this work highlights that the
degree of decomposition, often not fully taken into account in current practice, determines
critical material characteristics, such as water content and structural strength, in turn af-
fecting viscous compression. Moreover, ongoing decomposition must be considered when
describing gradual changes in material composition and state over time. This is additional
to the fact that the viscous compression rate depends on intrinsic time, and therefore on
effective stress and preconsolidation stress. While the research has largely answered the
initial questions, considerable challenges remain. The most important challenges and recom-
mendations I envision to further improve the understanding and especially the quantitative
assessment of viscous compression are the following:

1. Integrated testing and modelling of physical and biochemical land subsidence processes. 'The
variable C, proposed in this thesis requires further support from tests and quantitative
measurements before it can be applied in practice. As a first step, the concept of vari-
able C, should be validated through simultaneous laboratory testing of compaction and
decomposition, for example long-duration oedometer tests (e.g., in the order of months)
which can also measure CO,/CH, concentrations similar to incubation tests used in bio-
logical research. This will allow quantification of how viscous compression rates change
with ongoing decomposition at different decomposition states (i.e., the experimental
setup of Chapter 3 applied in reverse order). In case time is restrictive, an acceleration of
decomposition through for example increasing oxygen or alternative electron acceptors.
A model based on these test results would enable researchers and practitioners to address
both land subsidence and decomposition simultaneously.

2. Incorporating fibre characteristics into behaviour classification and prediction of peat compac-
tion. A better understanding of how fibre characteristics in peat and organic clay deter-
mine their structural strength is needed to explain the variability in compressibility of
these subsurface materials. The lithological classification of samples based on material
characteristics defined in Chapter 4 shows that the state of decomposition distinguishes
the general viscous compression behaviour of peat. However, both fibrous and decom-
posed peat, as well as clayey peat, display considerable variability in viscous compression,
which may originate from differences in fibre characteristics. Previous findings (Chapter

2) suggest that large tensile strength and fibre size can hinder viscous compression. These
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properties vary with both the botanical origin of the organic material and its degree
of decomposition, thus can explain the relationship between viscous compression and
decomposition in more detail, and can potentially improve C, estimation. Using a more
sophisticated understanding and classification of fibre characteristics would allow for
more accurate differentiation of viscous compression behaviour. Such a field description
exists (Erkens et al., 2013), but is not used widely as it incorporates all material charac-
teristics possible and thus exceeds what is strictly necessary. Tensile strength and fibre
length could potentially serve as additional predictors for estimating the viscous com-
pression parameter, although they are more difficult to measure than water content or dry
bulk density. Building a dataset wherein both fibre content and size, tensile strength, and

isotach parameters from oedometer tests are present is essential to take this next step.

Scale down: measuring micropore and particle orientation over time. Conceptual models
of viscous compression focus on the reorientation of particles and the expulsion of
micropore water (Chapter 2). However, the timing of these processes remains partially
unclear and complicates the translation of understanding into practice. Locating and
quantifying structural changes during compaction, for example through visualization
using X-ray tomography, can help clarify when and where subsurface deformation oc-
curs, and which processes are responsible. Such visualization is particularly important
for tracking micropores and their size changes, but it can also capture structural changes
caused by shrinkage and swell. This would improve the integration of shrinkage and swell
and viscous compression in modelling. In addition, imaging data could support further
pore network modelling, which is essential for understanding hydrological behaviour of

peat and greenhouse gas emissions.

Scale up: determining and translating differences between conventional (small-scale) laboratory
testing, large-scale laboratory testing and in-situ measurements. Upscaling compressibility
parameters from laboratory experiments to field conditions has long been a challenge,
particularly for peat, where spatial heterogeneity of material characteristics and compress-
ibility complicates the prediction of long-term compaction over large areas. Larger-scale
testing equipment, for example for samples of 80 centimeters high with a diameter of 40
centimeters (Taccari and Zwanenburg, 2019) and/or extended testing durations in the
order of several months to years can better mimic field conditions, and their results can
serve as a bridge between conventional laboratory tests and in-situ measurements. For
example, the evolution of the viscous compression rate with intrinsic time (Chapter 5)
can be quantified under such conditions and then compared directly with long-term field
measurements of for example extensometers over multiple years.

Exploring the seasonality of viscous compression under annual temperature [fluctuations and
long-term climate change. Temperature dependency is a well-established aspect of viscous

compression and compaction, as in Chapter 2 is shown that higher temperatures increase
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the viscous compression rate. For this reason, strict temperature regulations are in place
for laboratory testing. However, little is known about how strongly viscous compression
responds to the relatively small soil temperature changes observed between seasons, typi-
cally between 5 and 15 degrees Celsius change over half a year in The Netherlands. This
question is particularly important in the context of climate change, which is expected to
raise mean annual temperatures and potentially amplify seasonal fluctuations. Because
higher temperatures also strongly increase decomposition rates, compression tests con-
ducted under higher temperature conditions (but similar stress conditions) could further
clarify how strong the facilitation of decomposition for viscous compression is, especially
for the range of current and predicted soil temperature changes.

Quantifying the effect of increasing salt porewater content on viscous compression. Continuous
groundwater extraction and sea-level rise are driving subsurface (groundwater) saliniza-
tion in many coastal regions, with largely unknown consequences for compressibility of
formally freshwater peat layers. Building on the lab experiment analysis by Lexmond et
al. (2024), which demonstrated the behaviour of shrinkage and swell under varying salt
porewater concentrations, a similar approach could be used to investigate how viscous
compression responds to increasing salinity in subsurface layers. Hypothetically, increased
salinity could lead to more viscous compression of peat and organic clays because of
reduced forces between particles, with an effect similar to dispersion. On the other hand,
water diffusion of salt water is slower than that of freshwater, hampering viscous com-
pression rates. Such insights would improve predictions of long-term elevation change in

coastal areas affected by ground- and surface water salinization.
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Supplement A:

000 20000 0800

A.1 Background information on sampling location

Figure Al: Elevation and peat thickness of The Netherlands with field site Assendelft marked by the
black star (after: Koster et al., 2018).
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Figure A2: Paleogeographic reconstruction of the area with field site Assendelft marked by the black
star (paleogeographic maps Vos et al., 2020).
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Figure A3: Subsurface build-up of the field site, Assendelft, The Netherlands, over time (after Van de
Ven, 1993).
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Legend
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Figure A4: Topographic map of the field site in Assendelft (so
DTM/0/6.5465/52.26738/3). Note that the elevation of all green and blue coloured areas is below
Dutch Ordanance Datum (~MSL).

Table A1: Soil profile description of the site (Date: 15/03/2024, GPS: N52°, 28.560, E4°44.401 (2 m
accuracy), Relative to Dutch Ordanance Datum (~MSL): -4 m.

0-20 Grey brown Clay -M2 Fresh roots, worm, old plant remains

20-30 Grey brown Clay-M2 Visible roots, degraded root remains, not fibrous %
30-40 Brown Peat Ground water, some roots, not many fibres E;
40-50 Brown Peat Sedge, reed, fibrous 20 % §
50-60 Brown Peat Reed, sedge, fibrous 20 %

60-70 Brown Peat Reed, sedge, fibrous 60 %, horizontal reed

70-80 Brown Peat Reed, sedge, alder wood, fibrous 60 %

80-90 Brown Peat Sedge, reed, traces of wood, fibrous 30 %

90-100 Brown Peat Sedge, alder wood (2cm), reed, fibrous 30 %

100-110 Brown Peat Reed, alder wood (2cm), fibrous %20

110-120 Brown Peat Reed, fibrous 30 %

120-130 Brown Peat Reed, wood, fibrous 40%

130-140 Brown Peat Reed, fibrous 40%

140-150 Brown Peat Sedge, traces of reed, wood, fibrous 30 %

150-160 Brown Peat Sedge, traces of reed, wood (1cm), fibrous 30 %

160-170 Brown Peat Sedge, reed, degraded wood, fibrous 50 %

170-180 Brown Peat Reed, sedge, fibrous 60 %
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Table A1l: Soil profile description of the site (Date: 15/03/2024, GPS: N52°, 28.560, E4°44.401 (2 m
accuracy), Relative to Dutch Ordanance Datum (~MSL): -4 m. (continued)

Depth [cm] Colour Texture Notes
180-190 NO SAMPLE
190-200 Brown Peat

Table A2: pH, bulk density (g/cm®), LOI, C content (gC/gDW), porosity and void ratio values of
control (C), 10kPa and 40 kPa samples from different degradation status (decomposed peat =DP, fibric

peat = FP, n=3).

PH

(-]
DPC 4.98 +0.59
DP10 4.90 £ 0.10
DP40 4.78 +0.12
FPC 6.94 + 0.06
FP10 6.70 £ 0.10
FP40 6.48 + 0.22

Code

Dry Bulk
Density
[g/cm3]

0.139 £ 0.025
0.195 + 0.038
0.185 +0.012
0.088 + 0.013
0.115 + 0.006
0.165 + 0.007

LOI
[%]
88.6 +1.63
83.1+3.64
79.9 £ 1.65
87.2 £ 0.68
89.9 + 0.80
89.6 + 1.00

C
[5C/gDW]
0.472 + 0.024
0.437 + 0.025
0.445 + 0.006
0.482 + 0.003
0.481 + 0.006
0.475 £ 0.015

Porosity
[-]
0.914 £ 0.011
0.873 £ 0.002
0.884 £ 0.018
0.939 £ 0.014
0.926 + 0.005
0.903 + 0.003

Void ratio
[-]
10.86 +1.52
6.99 +1.22
7.61+0.13
15.52 + 4.74
12.52 +0.83
9.31+0.34

Basal Respiration Rates Under Different Compaction Levels

[-D-Glucosidase PA Under Different Compaction Levels

BRR [ pgCgC'h7']

B - D - Glucosidase PA [ pmol-Product gDW-' h*' |
,

DPC Dl DP4O

FPC FPLO

FP40

DPC DPIO

DP4O FPC

FPi0 Frio

Figure A5: Absolute values of Basal Respiration Rates (BRR) and B-D-Glucosidase exoenzyme PA
from control (C), 10kPa and 40 kPa samples with different degradation status (decomposed peat = DP

and fibric peat = FP).
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A.2Theoretical calculation of pore size distribution

Calculation

Initial pore size distribution (PSD) of the subsurface material was determined by analysis of
the soil water retention curves (SWRC) measured by the Netherlands research programme
on greenhouse gas dynamics in peatlands (NOBV) at the same site for different depth
intervals; 10 — 20 cm, 35 — 45 cm, 50 — 60 cm, and 85 — 95 cm. The SWRC’s are measured
following an adaptation of the Wind evaporation method by incorporating an automated,
computer-controlled set-up for sample testing with height measurements of the sample sur-
face (Halbertsma and Veerman, 1994; Wind, 1968). The drying SWRC resulting from this
method was then converted to Van Genuchten-Mualem model parameters (van Genuchten,

1980).

The PSD was calculated based on the saturated moisture content, the drying SWRC and
the theoretical suction heads needed to drain specific pore sizes. This suction head is related
to a specific pore size through the effective pore diameter r of the largest water filled pore
using the Young-Laplace equation from the capillary tube theory (Bear, 1972; Danielson and
Sutherland, 1986; Goetz and Price, 2015):

r = 2y cosp (Al)

pgh

where 7 is the surface tension of water (N/m), 8 is the liquid-solid contact angle in degrees, »
is the density of water (g/cm’), 9 is the gravitational acceleration (m/s’), and h is the suction
head. Here, the surface tension of water at 15 °C of 73.50 - 10° N/m (Vargaftik et al., 1983)
is taken for 7, and 0° is taken for B to represent a fully wettable soil (Valat et al., 1991; Weber
et al., 2017). The effective diameter is an approximation of the actual as this method is de-
signed for tubes, whereas the irregular shape of pores in peat will deviate from the theoretical

drainage pattern based on the calculated effective diameter.

Results and Interpretation

The measured SWRC'’s indicated an increase in initial porosity from 0.711 at 10 — 20 cm
depth to 0.926 at 85 — 95 cm depth (Fig. A6). Initial porosities from the SWRC’s matched
the values determined for the oedometer samples. Initial pore size determination showed a
clear trend in micro- and macro-porosity relatively within this increase in initial porosity.
With increasing depth, microporosity (< 10pm) decreased significantly with depth from
35.4% between 10 — 20 cm to 8.4% between 85 — 95 cm depth, especially the pore volume
consisting of pores with a diameter smaller than 4pm (Fig. A6). Macroporosity (>300um)
on the other hand increased with depth significantly between the same depth intervals from
38.3% to 66.2%, while the mesopores (10 — 300um) did not show particular large changes in
contribution to the total porosity. These results correspond well to earlier findings showing a
lower average pore diameter with increasing degree of decomposition in the top part of the
soil (Gharedaghloo et al., 2018; McCarter and Price, 2014; Rezanezhad et al., 2010).
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Figure A6: Soil water retention curves for the peat meadow in Assendelft at four different depths
within the top meter of the subsurface. Four zones are indicated which represent pore size classes cal-
culated based on the Young-Laplace equation. The pore size boundaries are related to suction pressure
assuming full wettability and a water-solid contact angle of 0°.

It has been highlighted that decomposition is most effective in specific pore sizes (Mtam-
banengwe et al., 1956; Scott et al., 1996; Strong et al., 2004). Therefore, it is necessary to
interpret the changes in the pore size distribution as a result of the compaction. The pore size
distribution was expected to shift after compaction and porosity decrease during the oedom-
eter test. Actual pore size measurements were not performed, which means that changes to
specific pore classes followed from the division of compaction into consolidation and viscous
compression. Since consolidation mainly affects macropores and viscous compression affects
micropores (e.g., O’Kelly and Pichan, 2013; van Elderen et al., 2025), macroporosity was
expected to decrease more significantly in FP samples than in DP samples. The opposite
was true for the expected microporosity. Available literature is inconclusive concerning the
specific range of diameters considered as micropores (Bruand et al., 1996; Holden, 2009;
Weber et al., 2017; Zaffar and Lu, 2015). Hence, it remains unclear whether pores within
the optimal pore size range for decomposition with diameters between 15 — 60 pm are
compressed as a result of consolidation, viscous compression or a combination of the two.
It is likely that the relative contribution of the optimal pore size for decomposition between
15 — 60 pum to porosity has increased after compaction because of the large initial proportion
of >300 pm pores. These pores can be compressed partially, changing to an effective pore
diameter between 15 — 60 pm, increasing the ideal pore size contribution to porosity and
potentially boosting decomposition. Subsequentially, this principle is expected to be more

prominent in the FP than in the DP, since the proportion of macropores in FP is larger.

Not only compaction, but also decomposition can alter the pore size distribution over time.
Another documented result of decomposition besides GHGs emissions was the change of
OM surfaces from hydrophilic to hydrophobic and the production of hydrophobic acids and
its impact on mechanical compaction (Atanassova and Doerr, 2010; Kay and Goit, 1977,
Wau et al., 2020). The DP samples, which are in a further state of decomposition and pos-
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sibly more hydrophobic for that reason, show more compaction originating from viscous
compression compared to the less decomposed FP samples. The hydrophobicity of a surface
is represented in the contact angle (3, which increases with increasing hydrophobicity. For
the initial SWRC’s, we assumed full wettability of the peat, taking 0° for contact angle [.
However, literature stresses that the contact angle is heavily dependent on the decomposition
degree and the type of plant remains (Goetz and Price, 2015; Waniek et al., 2005; Weber
et al., 2017). The most extreme contact angles are seen for air-dried woody, herbaceous and
sphagnum peat samples have been shown to be hydrophobic and assume contact angles
>90° (Michel et al., 1999; Szajdak and Szatylowicz, 2010; Valat et al., 1991). Though such
oblique contact angles are unlikely to occur in wet samples, decomposition and the resulting
increased hydrophobicity of peat could lead to higher contact angles. Assuming a higher
contact angle effectively means a decrease in the wettability of peat. Also, the drainage pat-
tern will change as higher angles will result in lower suction pressures needed to drain a
specific pore diameter during a drying experiment, and pore classes will shift to the left
side of the SWRC (Fig. A7a-c). Hence, decomposed peats will deviate from the SWRC
(Fig. A6), and contribution of pores between 15 — 60 pm diameter to total porosity will be
different due to the hydrophobic character of the peat.

Adding to the importance of porosity and pore size distribution for decomposition is the
key material characteristic hydraulic conductivity that is determined by porosity and pore
size distribution and changed by compaction and decomposition itself. One of the limits
of decomposition is the nutrient availability and is determined by hydraulic conductivity
among others. Peat is known for a sharp decrease in hydraulic conductivity as the void ratio
decreases with compaction (Hayashi and Hatakeyama, 2021; Mesri and Ajlouni, 2007;
Tanaka et al., 2019). This occurs because tortuosity increases, which is the lengthening of the
flow paths for pore water (Gharedaghloo et al., 2018; Rezanezhad et al., 2010). As hydraulic
conductivity decreases, the supply of nutrients and oxygen needed for decomposition is also
reduced (McCarter et al., 2020), which is similar to limitation of viscous compression rates
following decreased hydraulic conductivity (van Elderen et al., 2024). Therefore, compaction
has a two-sided limiting effect on decomposition by reducing both pore space and hydraulic
conductivity. Decomposition also has a negative effect on hydraulic conductivity: gas bubbles
produced during decomposition can hinder flow as they are entrapped in the pore structure.
Furthermore, other byproducts of decomposition and bacterial colonies themselves can clog
pores and reduces flow (O’Kelly and Pichan, 2013).
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Figure A7: Soil water retention curves of Assendelft peat samples calculated following the van Ge-
nuchten - Mualem parameters after drying measurements using the adjusted Wind method. Samples
from four different depths were dried and measured. Zones indicating different pore size classes are

shown in shades of green. The graphs show changing suction needed to drain pores as result of increas-
ing wetting contact angle B due to decomposition of organic matter: a) f = 0°,b) p = 73°,¢) B = 88".
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Assuming the same SWRC as shown in Fig. A6, a shift in hydrophobicity and hence in
contact angle will cause a decrease in macropores at all depth intervals and an increase in
all other pore size classes (Fig. A8). Most prominent of these is the increase in the smallest
class, <4 um. Largest changes are seen in the case of the 85 — 95 cm depth interval, for
which <4 pm pores quadruple and macropores drop from 66.2% to 8.5% when changing the
contact angle from 0° to 88°. Consequentially, a larger part of the porosity is classified as, or
behaves as, micropores, and viscous compression of pores should become the main process
of compaction as water in these pores will not be expelled, following conventional capillary
theory under the more hydrophobic conditions. This principle confirms the trend seen in our
data.

Further investigation into pore size distribution after compaction and decomposition could
provide valuable insights into how microbial communities respond to changing pore archi-
tectures, as well as the feedback mechanisms between consolidation, viscous compression,
and decomposition. Future studies should also focus on pore-scale changes to better under-
stand how physical changes influence decomposition and vice versa in drained peatlands.
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Supplement B:

B.1 Principal Component Analysis (PCA)

This analysis was performed using the ‘prcomp’ function from the ‘stats’ package in R, which
standardizes the data before performing the decomposition (Venables and Ripley, 2002; R
Core Team, 2024). Its base requirement is a numeric or complex matrix with the values called
). This data frame was scaled and centered by subtracting the mean and dividing by the
standard deviation of each variable, ensuring all features contributed equally to the analysis.
In the function this is handled by assigning ‘scale’ and ‘center’ to TRUE. The covariance ma-
trix of the scaled data was then calculated to examine the relationships between the variables.
'This is different from the Pearson’s correlation coefficient which is also used separately in this
research. PCA was performed through the eigen decomposition of this covariance matrix,
where the eigenvectors correspond to the directions of the principal components and the

eigenvalues represent their respective contributions to the overall variance.

The data was projected onto the first two principal components (see Fig. 4.5). With three
components chosen based on the cumulative variance criterion, it was ensured that at least
95% of the total variance was retained (Table B1). To interpret the PCA results, scatter plots
of the first few principal components were used to visually explore potential clusters in the
transformed data space. A scree plot was also generated to evaluate the proportion of variance
explained by each component, while a biplot provided insight into how the original variables
contributed to the first two principal components (see Fig. 4.5). The principal component
values which are used for the clustering can be calculated using the eigenvectors shown in

Table B2, combined with the scaled and normalized values of the material characteristics.

Table B1: Importance of the principal components, including their standard deviation.

PC1 PC2 PC3 PC4 PCs
Standard Deviation 2.0628 0.7058 0.4638 0.1596 0.0780
Proportion of Variance 0.851 0.0996 0.0430 0.0051 0.0012
Cumulative Proportion 0.851 0.9507 0.9937 0.9988 1.0000

Table B2: Eigenvalues of the material characteristics per principal component.

PC1 pPC2 PC3 PC4 PC5
Water Content 0.45362 -0.38972 0.42183 0.62854 -0.26334
Wet Bulk Density -0.46509 -0.28225 0.40884 0.18347 0.70938
Dry Bulk Density -0.46366 -0.23135 0.49495 -0.38475 -0.58179
Particle Density -0.42726 -0.51899 -0.63258 0.32478 -0.20605
Void Ratio 0.42472 -0.66752 -0.09887 -0.56370 0.21564
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B.2 Organic fraction calculations

For the calculation of organic fraction the particle density was needed, but values listed in
the dataset were deemed to show ranges exceeding common end-member particle densities
for peat and clay. This might be the consequence of measuring partially unsaturated samples,
a result of sample storage, while assuming full saturation in the measurement and following
calculations. The particle density of the samples Ps was recalculated using:

oy = 1_p—dWC (B.1)

wc + 100

With pa being the dry bulk density and WC being the water content. Initial water content
and dry bulk density values were present in the dataset for all samples. Only for the oe-
dometer test data the water content and dry bulk density after the end of the test were also
available. Both the initial and final values result in a mostly linear pattern for the calculated
particle density as a function of the dry bulk density, apart from samples with very low final
dry bulk densities (Fig. B1). Particle densities calculated with the final dry bulk densities are
consistently higher than their initial counterparts (Fig. B2). As samples are kept in saturated
conditions during a test, the final particle density values are used for determination of the

organic fraction.

3000
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Figure B1: a) Calculated particle density as a function of the initial dry sample density reported for the
entire dataset. b) Calculated particle density as a function of the final dry sample density reported for
the oedometer test samples.
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Figure B2: Calculated initial particle density against calculated final particle density.

B.3 Clustering methods

K-Means Clustering

K-Means is a widely used partition-based clustering algorithm that groups data points into
a predefined number of clusters, K, based on the shortest distance between the data point
in question and the nearest cluster mean. The algorithm begins by randomly initializing K
centroids and iteratively refines them by assigning each data point to the nearest centroid.
The centroids are then updated by computing the mean of all data points in each cluster,
also called the mean of the Voronoi sets. This process continues until the centroids no longer
change significantly.

This method is applied by the ‘kmeans’ function in Rstudio and can be found in the stats
package (R Core Team, 2024). It requires several input variables, of which the following
have been used: a numeric data matrix %', a provided number of clusters or set of initial
cluster centres called ‘centers’, the maximum number of iterations ‘iter.max’, and the amount
of random initializations for the centres of clusters ‘nstart’, which is used when ‘centers’is a
number instead of a position matrix. The used data matrix is specified in the methods, as well
as the number of clusters. The maximum amount of iterations was left to the default setting
of 10, while the amount of initializations was set to 25. By default the algorithm of Hartigan
and Wong is used (Hartigan and Wong, 1979), though other algorithms can be chosen.

One of the main advantages of using K-Means to cluster data points is the relative simplicity
and straightforward way it works compared to other methods, which also leads to computa-
tional efficiency, especially for large datasets. However, the requirement to specify ‘centers’in

advance and its sensitivity to the initial placement of centroids can be seen as downsides of
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the method. Because of the sensitivity to initial placement, a significant number of random
starts is chosen to account for this potential problem. Additionally, K-Means assumes that
clusters are spherical and of similar size, which may not apply to all datasets. The combina-
tion of these two limitations may result in unreliable clustering of the data in comparison to
other methods (Fig. B3).

Gaussian Mixture Model (GMM)

Gaussian Mixture Modelling (GMM) is a probabilistic clustering method that assumes data
points are generated from a mixture of Gaussian distributions. Unlike K-Means, which as-
signs each data point to a single cluster, GMM provides so-called soft assignments, meaning
each data point has a probability of belonging to multiple clusters. Furthermore, GMM is
more flexible than K-Means as it can model elliptical clusters with different sizes and orien-
tations. GMM uses the Expectation-Maximization (EM) algorithm to iteratively to reach
convergence of the parameters of the Gaussian components, maximizing the likelihood of
the observed data (Dempster et al., 1977; Moon, 1996). The convergence limit also implies
that there is no maximum number of iterations used as user-defined number.

In Rstudio the ‘mclust’ function, found in the package with the same name, is used to com-
pute the GMM clusters (Scrucca et al., 2023). The following input variables have been used
for this research, though more input variables can be inserted: a numeric vector, matrix or
data frame of observations called ‘data’, an integer or integer vector specifying the amount
of desired output clusters ‘G’, and ‘initialization’ defining the starting positions of the cluster
centres. The output classifications of K-Means for a given number of clusters serves as the
starting positions for the GMM method. The combination of the two methods can lead to
improved clustering compared to output of the individual use of the methods (Fig. B3).

DBSCAN (Density-Based Spatial Clustering of Applications with Noise)

DBSCAN is a density-based clustering algorithm that groups data points based on their
density in a given region (Ester et al., 1996). Unlike K-Means and GMM, DBSCAN does
not require a desired number of clusters beforehand. Instead, it relies on two parameters: €
(the maximum distance between data points in a cluster) and minPts (the minimum number
of data points required to form a dense region). Data points are classified as core data points
when within a radius € the specified minimum number of data points is located. Border data
points are located within radius € of a core data point, but do not have enough data points
within their own radius. Noise is defined as the data points outside of the radius € of any
core data point. Next, clusters are created of a network of core and border data points with
inter-distance of radius € or smaller. Core data points of clusters are therefore separated by

at least radius &.
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The ‘dbscan’ function in Rstudio is part of the ‘dbscan’ package (Hahsler et al., 2019). It uses
three main input variables: data matrix %, radius € called ‘eps’, and the minimum amount
of data points required ‘minPts’. The last two are user-defined. For ‘minPts’ it is suggested
to start with a value of the number of dimensions in the dataset plus one (d + 1). Next, ‘eps’
can be found by using the function ‘kNNdistplot’ from the same package, which shows the
distance to the closest neighbour. The elbow point indicating a sharp increase in distance is

usually seen as the boundary with noise data points and the distance is taken for ‘eps’.

The key advantage of DBSCAN is its ability to detect clusters of arbitrary shapes and filter
out noise in comparison to for example K-Means (Fig. B4). However, DBSCAN struggles
with varying density clusters and can be sensitive to the choice of € and the minimum

amount of data points.

Trie labels
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3| @ Clusterl L
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Figure B3: Differences between K-means and Gaussian Mixture Modelling clustering methods and a
combination of the two when applied to a random dataset (Kubara, 2020). R-code showing the work-
flow and origin of the data is provided in Kubara (2020).
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Figure B4: Example of the difference between K-Means and DBSCAN clustering results for the Spi-
ralsquare data set (Liang et al., 2021). Note that the smaller red dots are considered outliers.

B.4 Cluster evaluation techniques

Silhouette score
The Silhouette Score is a metric used to evaluate the quality of clustering or the optimal
number of clusters by measuring how similar each data point is to its own cluster compared

to other clusters. For a given data point, the silhouette score s is defined as:

=_Lt-¢ (B.2)

max(a,b)

where a is the average distance to all data points within its cluster and b is the average dis-
tance from all data points in the closest neighboring cluster. The overall Silhouette Score for
a clustering solution is obtained by averaging the individual svalues of all data points; this
mean value is used to compare the quality of different cluster configurations. The silhouette
score ranges from -1 to 1, where values close to 1 indicate well-separated clusters, values near
0 suggest overlapping clusters, and negative values indicate misclassified data points. The

Silhouette Score may not work well for clusters of varying densities and shapes.

Using the format function ‘silhouette’ from the ‘cluster’ package in Rstudio it is possible
to calculate the Silhouette Score (Rousseeuw, 1987; Maechler et al., 2023). This function
requires two input variables: a vector in which the cluster codes are stored called %', and a
distance matrix ‘dist’ following from the command ‘dist’ found in the ‘stats’ package applied
to the used dataset (R Core Team, 2024). The cluster output of the GIMM was taken as input
for the %’ and ‘dist’ followed from the method described above.

'The Silhouette Score for our dataset was calculated for GMM results implementing two to
ten clusters. The progression of the score can be seen in Fig. BS. It shows that the best sepa-
ration of cluster is achieved when three clusters are used. Furthermore, using four clusters

would be better than using more clusters or using 2 clusters.
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Bayesian Information Criterion (BIC) Score

'The Bayesian Information Criterion (BIC) is a model selection criterion used to compare
different clustering outputs of K-Means and GMM. It balances model complexity and
goodness of fit, penalizing excessive parameters to avoid overfitting. The BIC score is com-
puted as:

BIC = klogn — 2 log L (B.3)

where & is the number of parameters in the model, n is the number of data points, and L is
the likelihood of the data given the model (Wit et al., 2012). A lower BIC score indicates a
better model, making it useful for selecting the optimal number of clusters. While effective,
BIC assumes that data follow an underlying probabilistic distribution, which may not always
be the case. Additionally, BIC tends to favor simpler models, sometimes underestimating the
true number of clusters (Wit et al., 2012).

The BIC score is automatically calculated by the ‘mclust’ function described in the GMM
paragraph. It can be accessed as one of the output list elements. Fig. B6 shows the BIC
Score (a) and the BIC Slope (b) per number of clusters. The BIC score decreases over the
entirety of the evaluated number of clusters, apart from the situation with 10 clusters. This
means that using nine clusters would be the best option. However, as the aim is to keep the
clustering simple, it is also possible to look at the BIC slope (Fig. B6.b) to examine the effect
of adding an additional cluster. This method shows that increasing the number of clusters
from two to three adds the most value. Further increasing the number of clusters is beneficial
up to five clusters, after which the added value of each additional cluster is <100.
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Figure B5: Average Silhouette Score for Gaussian Mixture Model cluster per number of clusters.
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Figure B6: (a) BIC Score per number of clusters and (b) BIC Score Slope per number of clusters

Jensen-Shannon Divergence

Jensen-Shannon Divergence (JSD) is a measure of similarity between probability distribu-
tions and is used to assess clustering quality by comparing the distributions of different
clusters. It is based on Kullback-Leibler (KL) divergence but is symmetric and always finite,
making it more stable. The JSD between two distributions P and @ is given by:

JSD (P 11Q) =  Dyy (P11 M) + 3 Dy, (Q 11 M) (B.4)
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where M=3 (P+Q) and Dz is the KL divergence (Endres and Schindelin, 2003). Given that
P(z) and Q(=) span the same domain, the KL divergence from Q to P is defined as (Kullback
and Leibler, 1951):

D (P11Q) = LP(x) logod (B.5)
A lower JSD value indicates that the clusters are more distinct. JSD is useful in applications
where data is represented as probability distributions, which is why it has been chosen to
assess the quality of the GMM results. The JS Divergence scores per number of clusters can
be seen in Fig. B7. Scores are relatively low up to seven clusters, indicating distinct clusters.
A relatively small increase in the JSD score can be seen from four to five clusters, which

shows a small preference for four clusters or less.
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Figure B7: Average Jensen-Shannon Divergence Score, calculated using the Kullback-Leibler Diver-

gence, for the entire dataset per number of clusters.

B.5 Cluster robustness

Insight in the robustness of individual clusters can be achieved when reviewing the clustering
results with three and five clusters. When three clusters are used, the Clay and Peat clusters
are largely retained, while the Clayey peat and Decomposed peat clusters are merged, indi-
cating that these clusters have most similar material characteristics algorithmically. When
five clusters are used, all clusters are retained in their current extent, except for the Clayey
peat cluster, which is separated at approximately 1100 kg/m3 tor the wet bulk density and
240% for the water content. This review of clusters points out that Clayey peat cluster is
most variable, but its overall material characteristics are more similar to peat than clay. The
fact that data points belonging to Clayey peat shift with a varying number of clusters is
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reasonable, given that these data points are at the tipping point between end-members clay
and peat. The fact that Clayey peat merges with Decomposed peat when three clusters are
used, highlights that its material characteristics mostly resemble end-member peat and thus
that organic matter is controlling characteristics even at relatively low contents.

B.6 Virgin and viscous compression ratios per lithology
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Figure B8: Ratios between mean virgin compression parameter CR and viscous compression param-
eter Ca values per lithological class. The blue arrow indicates virgin compression following a log-unit
increase in pressure, while the red arrow indicates viscous compression after a log-unit of time. The total
distance covered by the blue and red arrows is schematic representation of the total compaction. The

arrows are not to scale.
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