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Abstract

Mechanical properties such as viscoelastic, rheological, and textural properties, particularly
adhesiveness and cohesiveness, play a significant role in the optimization of handling,
processing and drying of dewatered sludge. However, there is no currently standardized
methodology for quantifying these properties, leading researchers to adopt various tech-
niques based on economic feasibility, equipment availability, and research objectives. This
review systematically compiles and analyzes the most relevant experimental methodologies
for evaluating the mechanical properties of dewatered sewage sludge (DSS). This work
presents a general overview of the composition and structure of DSS, followed by a com-
prehensive bibliometric analysis that revealed literature gaps (particularly in adhesiveness
evaluation) and identified regulatory frameworks that incremented interest in researching
DSS’ properties in the broader push for sustainability. Consequently, a discussion of the
experimental set-ups, data treatment and visualization, advantages and disadvantages,
and mathematical models with their physical significance is presented for the different
techniques identified. The methods analyzed include oscillatory rheology, penetrometry
(cylinder and cone), uniaxial compression tests (TPA), shear testing (e.g., Jenike shear
test, Atterberg limit test, direct box shear test, triaxial shear test, unconfined shear test,
and vane shear test), tomography and slump tests. By comparing these techniques, this
study provides insights into the most appropriate approaches for sludge characterization,
emphasizing the need for a unified framework to standardize the evaluation of viscoelastic
and textural properties in DSS.

Keywords: sewage sludge; rheology; adhesiveness; cohesiveness; texture; viscoelasticity;
bibliometrics analysis

1. Introduction

Sewage sludge (SS) constitutes the primary by-product generated at wastewater treat-
ment plants (WWTPs), with global production estimated at 45-50 million tonnes of dry
solids per year. Outside Europe, this generation continues to grow annually due to rapid
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industrialization, urbanization, the expansion of sewer networks, and stricter treatment
standards [1-4]. This upward trend poses a significant challenge for municipal and in-
dustrial sectors in terms of management and final disposal, exacerbated by increasingly
stringent environmental regulations that limit emissions and demand higher quality of
treated residues, thereby driving the adoption of more efficient and sustainable handling
strategies. Among major economies, the European Union generates around 11 million
tonnes [5], while the United States produces 12.55 million tonnes [6], China 15.75 million
tonnes [7], Japan 2.35 million tonnes [8], and India 3.96 million tonnes of SS as dry solids
(DSs) annually [9].

Traditional SS management strategies focus on reducing water content to minimize
volume, stabilize organic matter, and prepare SS for disposal or valorization. Common op-
erations include thickening, mechanical dewatering, stabilization (e.g., anaerobic digestion,
liming), and thermal drying [10]. SS management may account for 20-65% of total WWTP
operating costs, with thermal drying alone representing 50-70% of sludge line energy
consumption [11,12]. Mechanical dewatering typically requires 0.12-0.26 kWh/kgps, while
thermal drying demands 3.8 kWh/kgpg, confirming drying as the most energy-intensive
operation in SS treatment lines [13].

As SS progresses through the treatment line, it undergoes a marked transition from a
dilute Newtonian liquid (0.5-1% of dry solids (DSs)) to a highly viscous non-Newtonian
suspension (1-10% DSs after thickening) [14,15], a pasty soft solid after mechanical de-
watering (20-45% DSs) [16-20] known as dewatered sewage sludge (DSS), and finally a
granular dry solid (>90-95% DSs) after thermal drying [21-23]. However, it is precisely at
the DSS stage (20-45% DSs) where rheological and textural properties become most critical
for process efficiency [24,25].

The understanding and quantification of the rheological, textural, and viscoelastic
characteristics of SS and DSS throughout its treatment line is critical for optimizing manage-
ment processes [20,26,27]. While standardized protocols exist in the literature for measuring
these properties in liquid SS [14,28-30], current knowledge on the mechanical, textural, and
viscoelastic characterization of highly DSS (20-45% TS) remains fragmented. Most studies
focus on limited property sets, test conditions, or sludge types, lacking a consolidated
framework that systematically compares experimental methods for capturing adhesiveness
and cohesiveness, their dependence on moisture content, composition, and condition-
ing, and their quantitative relationships to drying performance and full-scale operational
constraints [17,18,20-24,31-39].

This review aims to provide a comprehensive overview of the state-of-the-art tech-
niques available, serving as a valuable resource for scientists, engineers, and researchers. By
offering a detailed comparison of these methods, this article seeks to lay the groundwork
for future standardization efforts, ultimately leading to more consistent and comparable
results in sludge characterization. Recent reviews have mainly focused on the processing
of sludges in wastewater treatment processes [40]. Other reviews treating the rheology of
sludges mainly focus on modelling approaches, overlooking the measurement of several
properties [14,41]. These reviews are almost one decade old, and are focused on liquid
sewage sludge, so this work aims to update and present current advances.

Despite the abundance of experimental studies, no recent work has systematically
compared these methods specifically for highly DSS (20-45% TS), where rheological be-
haviour transitions from a Newtonian fluid to soft solid. Moreover, as highlighted by the
bibliometric analysis conducted in this study (Section 6), the field has reached a matura-
tion phase following rapid expansion between 2005 and 2022, indicating the need for a
consolidation review that bridges rheological, textural, and geotechnical approaches. Addi-
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tionally, adhesiveness, despite its critical role in drying operations, has been systematically
underrepresented in the literature (Section 9).

The following paper is structured as follows:

Section 2 examines the underlying properties, composition, and microstructure of
sewage sludge (SS) and the changes occurring throughout its treatment line. Section 3
presents the definitions of the studied properties, while Sections 4 and 5 focuses on micro
and macro mechanisms of adhesion and cohesion and rheological, textural, and viscoelastic
modelling of dewatered sewage sludge, respectively. Section 6 describes the methodology
used for the Literature Review Strategy, followed by Section 7, which presents the main
results of the bibliometric analysis. Section 8 provides an analysis of relevant works in the
field, supporting efforts toward method standardization and the development of predictive
mechanical descriptors for sludge management. Section 9 offers a comparative summary of
experimental methods for sludge mechanical characterization, and finally, Section 10 gives
an analysis of adhesiveness, an overlooked property in sludge mechanical characterization.

2. Composition and Structure of Sewage Sludge Through Its
Treatment Line

Liquid SS constitutes a complex heterogeneous colloidal system featuring a dispersed
phase of microorganisms, organic/inorganic compounds, fibres, and pollutants agglomer-
ated into granules/clusters that further aggregate into flocs, suspended within a continuous
aqueous phase containing dissolved electrolytes and salts. SS composition varies substantially
depending on wastewater origin (municipal /industrial), WWTP treatment processes, geo-
graphic location, and critically total solids content (TSC) [42—44]. Table 1 presents validated
typical compositions of raw SS in dry basis compiled from multiple global sources [45—49].

Water is the dominant component of SS, existing in four distinct forms that critically
govern dewaterability: free water, interstitial /capillary water, surface/adsorbed water, and
intracellular water. Free water remains chemically/physically unbound to flocs and exists
externally; interstitial water occupies floc interiors via capillary forces within inter-particle
pores; surface water binds via supramolecular forces to particle surfaces (also termed
adsorbed water); and intracellular water resides within microbial cells comprising the
floc matrix [50-53]. Free water is readily removed by mechanical dewatering (filtration,
centrifugation), while the latter three types of collectively termed bound water demand
substantial energy inputs via thermal drying, microwaves, or advanced disruption meth-
ods [1,25,54,55]. Figure 1a schematically illustrates this water distribution within SS flocs.

Microorganisms account for approximately 5-20% of the organic fraction of SS, while
extracellular polymeric substances (EPSs) constitute the dominant matrix, contributing
60-90% of total organic dry mass. Polysaccharides and proteins represent the primary EPS
components (70-80% combined), with proteins providing structural integrity /hydrophobic
bridging and polysaccharides forming the hydrophilic gel network [56—61]. Biological
aggregates (granules/clusters) arise from the accumulation of microorganisms, EPSs, mul-
tivalent cations (Ca?*, Mg?*, Fe3"), and soluble microbial products. The widely accepted
four-layer granule model stratifies structure as cell clusters (core biomass), tightly bound
EPSs (TB-EPSs) (cell-adherent), loosely bound EPSs (LB-EPSs) (diffuse matrix), and soluble
EPSs (S-EPSs) (free-floating exudates) [56,59,61], as illustrated in Figure 1b.

During dewatering, SS undergoes progressive structural consolidation as mechanical
forces selectively remove free and interstitial water, concentrating the bound water/EPS
matrix characteristic of DSS. DSS can be described as a highly concentrated, paste-like
material with a heterogeneous and porous internal structure [25,51,55,62,63]. At a typical
TSC of 20-45%, DSS is no longer a free-flowing slurry but a cohesive soft solid in which
densely packed flocs form a continuous network, interspersed with a system of residual
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micro and mesopores filled mainly with bound water [64-66]. The skeleton of this network
is largely formed by compacted EPSs and cell debris, giving the material an essentially
amorphous, gel-like character rather than a crystalline one [56,58,67]. After dewatering,
most of the remaining moisture is present as capillary/interstitial water within small
pores, surface/adsorbed water associated with hydrophilic EPSs, and water trapped within
partially damaged cells, so the fraction of truly free water becomes very small [50,52,68-70].
As a result of this concentration and structural rearrangement, the relative proportion of
organics (especially EPSs) increases, effective hydrophilicity remains high, and DSS exhibits
strong cohesiveness and adhesiveness, which directly affects its rheological and handling
behaviour [24,27,39,71]. A schematic of DSS structure is shown in Figure 1c.

During thermal drying, DSS undergoes profound textural and microstructural evo-
lution, transforming from a cohesive paste (20-45% TSC) to a friable, granular solid
(>85-95% TS) characterized by a densified, cracked matrix with significantly reduced poros-
ity [18,21,39,63,69,72-79]. Heat-driven processes induce EPS thermal denaturation, protein
aggregation (above 60-80 °C), polysaccharide caramelization/degradation, and Maillard
reactions between amino acids and reducing sugars, forming a rigid, amorphous carbona-
ceous skeleton riddled with shrinkage cracks and vapor-induced microfractures [80-82].
Residual moisture (<2-5%) exists primarily as vicinal water tightly associated with mineral
phases and humic-like residues, virtually eliminating all other kinds of water [65,73,83-86].
A schematic of dried SS structure is shown in Figure 1d.

Table 1. Raw sewage sludge min—max compositions.

Proximate Analysis

Parameter Unit Value
Volatile matter
content % of TSC >0 i 80
Ash content 20 - 40
Ultimate Analysis
Parameter Unit Value
C 25 - 58
H 6 - 10.2
N % of TSC 1 - 9.9
S 0.09 - 0.45
(@) 10 - 20
Metals and Heavy Metals
Parameter Unit Value Average
Arsenic (As) 1.1 - 230 10
Barium (Ba) 40 - 1300 50
Cadmium (Cd) 1 - 3410 10
Cobalt (Co) 11.3 - 2490 30
Copper (Cu) 84 - 17,000 800
Cromium (Cr) 10 - 99,000 500
Iron (Fe) 1000 - 15,400 17,000
Lead (Pb) mg/kgrsc 13 - 26,000 500
Manganese (Mg) 32 - 9870 260
Mercury (Hg) 0.6 - 56 6
Molybdenum (Mo) 0.1 - 214 4
Nickel (Ni) 2 - 5300 80
Selenium (Se) 1.7 - 17.2 5
Titanium (Ti) 2.6 - 329 40
Zinc (Zn) 101 - 49,000 1700
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Surface water

(a)

Interstitial water

S-EPS
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= Cell Cluster

Intracellular water

(c) (d)

Figure 1. Structural evolution of sewage sludge during treatment adapted from [1]. (a) Water
distribution in raw sludge (free, interstitial, adsorbed, and intracellular). (b) Floc structure composed
of microorganisms and EPSs (TB-EPSs, LB-EPSs, S-EPSs). (c¢) Dewatered sludge structure. (d) Dried
sludge structure.

This progression eliminates paste adhesiveness but generates friability and dusti-
ness [80,81,87]. The resulting heterogeneous, low-porosity aggregate (no longer hydrogel-
like) facilitates storage/transport but introduces challenges for rehydration and certain
valorization pathways like palletization [12,88,89].

3. Rheological, Textural, Geotechnical and Viscoelastic Property Definitions

The mechanical behaviour of complex materials can be described through several
complementary frameworks, including rheological, viscoelastic, textural, and geotechnical
properties. These descriptors originate from different scientific disciplines, fluid mechanics,
materials science, food engineering, and soil mechanics, but they all aim to quantify how
a material deforms, flows, and resists mechanical stresses under different loading modes
and time scales. Because many structured materials, as the DSS, exhibit both solid-like and
fluid-like responses, their characterization generally requires multiple descriptors rather
than a single parameter [90-93].

3.1. Geotechnical Descriptors

Geotechnical properties describe the shear strength, bearing capacity, and stability of
soils and soil-like materials under various stress paths and drainage conditions. Classical
parameters include liquid limit (LL), plastic limit (PL), shrinkage limit (SL), cohesion
(¢), internal friction angle (¢), undrained shear strength (S,), slump (S), among others,
which are typically derived from direct shear, triaxial shear, vane shear, and unconfined
compression tests. These descriptors are central to evaluating slope stability, settlement,
and load-bearing performance in civil and environmental engineering applications.

Geotechnical characterization has been extensively employed when sludge is disposed
in landfills, used as cover material, or incorporated into soil-sludge mixtures and con-
struction [34-36,94-98]. Shear strength parameters obtained from direct shear, triaxial, and
unconfined compression tests provide critical information for assessing landfill stability,
designing embankments, and determining safe stacking heights. At the same time, compar-
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isons with conventional soft clays highlight the unique mechanical behaviour of sludge,
strongly controlled by organic content, bound water, and EPS-mediated structure.

3.2. Rheological Descriptors

Rheology is commonly defined as the science that studies the deformation and flow
behaviour of matter, encompassing both fluids and soft solids that may exhibit plastic or
viscoelastic responses under applied stress [94,99]. Key rheological parameters include
viscosity (1), shear stress (T), shear rate () and yield stress (0,), which characterize
the resistance of materials to deformation and flow under mechanical loading and are
fundamental for describing transport phenomena and mechanical stability in a wide range
of industrial and natural systems [94,99].

In the context of S5, rheological characterization has traditionally focused on steady
and transient shear measurements to determine apparent viscosity and yield stress, partic-
ularly for thickened sludge and concentrated suspensions [15,28,30,31,100-104]. However,
for DSS in the 20-45% TS range, the material progressively departs from classical Newto-
nian fluid behaviour and acquires soft-solid characteristics, making it necessary to pass
conventional rotational rheometry to oscillatory rheometry in order to measure the vis-
coelastic descriptors [55,92,102,105-107].

3.3. Viscoelastic Descriptors

Viscoelastic properties arise when a material exhibits both elastic and viscous responses
simultaneously. Elastic behaviour refers to the capacity of a material to store mechanical
energy and recover its original shape after deformation, whereas viscous behaviour involves
irreversible deformation accompanied by energy dissipation. In oscillatory mechanical
tests, viscoelasticity is typically described through the storage modulus (G’), representing
the elastic component of the response, and the loss modulus (G”), representing the viscous
component. Changes in G’ and G” as a function of stress or strain allow the determination
of the linear viscoelastic region (LVR), beyond which the elastic structure of the material is
exceeded, and the flow point (FL), defined as the stress at which the material starts to flow.
The ratio between these quantities, expressed as the loss tangent tan(6) = G” /G/, indicates
whether the material behaves predominantly as a solid-like or liquid-like system under
dynamic deformation conditions [92,105].

For sludge systems, oscillatory rheometry has shown that at low total solids content
sludge behaves mainly as a viscous fluid with G” > G/, whereas at higher solids contents,
particularly after mechanical dewatering, an interconnected floc network develops, leading
to a predominantly gel-like response where G’ > G” [24,86,108]. These viscoelastic descrip-
tors are therefore essential for interpreting structural changes along the treatment line and
for supporting the analogue mechanical models presented in Section 4.

3.4. Textural Descriptors

Textural properties provide empirical descriptors of the mechanical response of soft
materials subjected to deformation and are widely used in materials science and food
engineering to characterize structural resistance during compression, penetration, or ten-
sile deformation [93,99]. Typical descriptors include hardness, springiness, cohesiveness,
and adhesiveness, which collectively describe the resistance to deformation, structural
recovery, and detachment behaviour of a material. Unlike rheological and viscoelastic
descriptors derived from constitutive relationships, textural properties are generally opera-
tional descriptors obtained from specific mechanical tests and provide practical indicators
of structural organization and mechanical integrity [90-93,109].

In DSS, texture profile analysis (TPA), uniaxial compression, and penetration tests
have been adapted to quantify hardness, adhesiveness, and cohesiveness, particularly in
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the sticky phase where surface interactions and structural collapse strongly affect handling
and drying. These empirical descriptors are especially useful for correlating mechanical
behaviour with operational issues such as stickiness, caking, and loss of structural stability
during storage or thermal treatment.

3.5. Cohesion and Adhesion Descriptors

Cohesion and adhesion are fundamental to the mechanical behaviour of structured
materials. Cohesion refers to internal attractive forces (intermolecular interactions, capillary
effects, electrostatic forces) that provide structural integrity and resistance to fracture within
the material. Adhesion, in contrast, describes interfacial interactions with external surfaces,
governed by van der Waals forces, hydrogen bonding, and electrostatic mechanisms. The
balance between cohesive and adhesive forces determines failure modes: cohesive failure
occurs within the material, whereas adhesive failure occurs at the interface [110-114]. From
an experimental perspective, cohesion is typically quantified through shear, compression,
or tensile tests probing internal resistance, while adhesion is measured via detachment or
pull-off experiments determining interfacial separation forces.

In the specific case of DSS, the balance between cohesion and adhesion is strongly
controlled by moisture content and thermal history and governs the so-called sticky phase
that emerges at intermediate dry solids contents during drying. In this regime, sludge
behaves as a highly cohesive, plastic-rubbery material that simultaneously exhibits strong
bulk strength and intense adhesion to contact surfaces, leading to severe fouling, clogging,
and loss of dryer performance [18,21,63,71-78].

4. Microscopic and Macroscopic Mechanisms of Adhesion and Cohesion
in Dewatered Sewage Sludge

The macroscopic behaviour of dewatered sewage sludge is the result of several coupled
microscopic mechanisms acting within the floc network and at the sludge-surface interface.
At the microscopic scale, cohesion is mainly controlled by floc connectivity, EPS-mediated
bridging, capillary forces, electrostatic interactions, and the distribution of bound water
within the porous sludge matrix [115-117].

During dewatering, the sludge evolves from a highly hydrated flocculated suspension
into a more compact paste-like matrix, as free water is removed and capillary and bound
water become progressively more dominant. This consolidation increases particle packing,
enhances EPS-mediated connectivity, and promotes the development of a mechanically
coherent network that resists deformation but also exhibits strong stickiness in the inter-
mediate solids range. A more connected and compact floc structure generally increases
internal resistance to separation and deformation, whereas structural disruption, hetero-
geneous water distribution, or weak interparticle bonding reduce cohesion and promote
localized failure [21,39,70,78,118,119].

Adhesion arises from interfacial interactions between the sludge surface and the con-
tacting material and is strongly influenced by surface water, organic matter, fine particles,
and the presence of mobile EPS-rich layers. In sludge systems, EPSs can enhance or weaken
attachment depending on its composition and distribution, the surface properties of the
contacting material, and the ionic conditions of the medium. For example, EPS interac-
tions with hydrophilic and hydrophobic surfaces have been shown to control binding
behaviour, while cationic bridging and hydrogen bonding can strengthen EPS-EPS and
EPS-surface interactions. In DSS, this combination promotes the formation of a sticky
interfacial film that enhances attachment to metal surfaces, probes, and processing equip-
ment. As solids content increases during dewatering and drying, the relative balance
between cohesive strength and adhesive tendency changes, producing the well-known

https://doi.org/10.3390/adhesives2030015


https://doi.org/10.3390/adhesives2030015

Adhesives 2026, 2, 15

8 of 48

sticky phase in which the sludge is simultaneously deformable, surface-active, and difficult
to handle [115,120-122].

At the macroscopic scale, these microscopic interactions are expressed through measur-
able textural and mechanical responses such as hardness, cohesiveness, adhesiveness, yield
behaviour, and shear resistance. However, no single technique captures all of these features
simultaneously. For this reason, texture profile analysis, penetration, compression, shear,
and rheological tests should be viewed as complementary methods that probe different
aspects of the same multiscale phenomenon. In the present review, adhesiveness and cohe-
siveness are therefore treated as central descriptors that connect sludge microstructure with
operational behaviour during pumping, drying, storage, and transport [24,26,35,122,123].

5. Rheological, Textural and Viscoelastic Modelling of Dewatered
Sewage Sludge

The rheological behaviour of DSS can be effectively modelled using analogue mechan-
ical models, which represent complex flow, deformation, and recovery responses through
intuitive combinations of idealized mechanical elements: springs (elasticity), dashpots (vis-
cosity), and friction sliders (yield stress) [124,125]. These models provide physical insight
into DSS behaviour during handling, pumping, and processing operations [27,126,127].
Figure 2 presents the hierarchical progression from single-element fundamentals, through
two-element viscoelasticity, three-element consolidation and relaxation, culminating in the
comprehensive four-element Burgers model.

Figure 2a illustrates the simplest rheological element, the Hookean spring representing
instantaneous, fully reversible elasticity. Under applied stress o, the solid undergoes
proportional deformation e = o/ E, where E is the elastic modulus characteristic of the solid.
Upon stress removal, complete strain recovery occurs instantly with no time-dependency.

The Newtonian dashpot, shown in Figure 2b, represents pure viscous flow without
elastic recovery. Applied shear stress ’fi—‘t’ produces a steady-state shear rate % = %, where
is the constant viscosity.

Figure 2c shows the friction slider (Bingham element), representing yield stress be-
haviour characteristic of structured materials. Below critical yield stress o, (friction block
locked), no deformation occurs (¢ = 0). Above o, the slider unlocks, enabling plastic
irreversible deformation o = o..

The Maxwell model, shown in Figure 2d, combines a spring (E) and dashpot ()
in series to represent viscoelastic fluid behaviour with stress relaxation. Total strain is

de _ o

the sum of elastic ¢ = ¢E and viscous 5 = ; components. During a creep test, where

o = constant = 07, the Maxwell model gives ¢ = & + 2.

U
Figure 2e illustrates the Kelvin—Voigt model, featuring a spring (E) and dashpot (1) in

parallel to represent retarded elasticity. Both elements share identical strain %, but equal
stress partitions o = Ee + 17%. Under constant stress o0y, strain approaches equilibrium
asymptotically to ¢ = Eop(1 — efgt).

Figure 2f depicts the Bingham model, consisting of a friction slider (critical yield stress
0c) in series with a Newtonian dashpot (plastic viscosity 7). Below o, the slider remains
locked (no flow: % = 0). Above o, flow initiates following ¢ = o, + e with permanent
plastic deformation with no elastic recovery.

The Terzaghi-Voigt model is described in Figure 2g, extending Kelvin—-Voigt viscoelas-
ticity with series elastic compliance. A Voigt element (E; || #) in series with spring or
Terzaghi element E; captures both instantaneous elasticity (E; + E;) and retarded viscous
response through dashpot 7. The stress equation can be expressed as o = (E; + E;) %.
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Figure 2. Hierarchical mechanical-analogue rheological models for characterizing DSS. (a) Hookean
spring Model (Ideal elastic solid). (b) Newtonian dashpot Model (Ideal viscous liquid). (c) Friction
slider Model (Ideal frictional solid). (d) Maxwell Model. (e) Kelvin-Voigt Model. (f) Bingham
Model. (g) Terzaghi-Voigt Model. (h) Zener Model. (i) Bingham-elastic Model. (j) Burgers Model.
(k) Burgers-Ludwik Model.

The Zener model (Standard Linear Solid) is shown in Figure 2h, comprising spring
E; alone in parallel with a Maxwell arm (E; — 7). This configuration yields partial stress
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relaxation with the equilibrium modulus E,; = E; + E;. The stress-strain relation is
EiEp

El +E2 °

The elasto-viscoplastic Bingham model is presented in Figure 2i with additive strain

o+ A%‘t’ = Epe + 17%, where relaxation time A = Ell and Ey =

decomposition ¢ = €& + . Elastic strain & follows Hooke’s law (¢ = E ¢°), while
viscoplastic strain e” activates above yield o, following Bingham flow e# = % foro > oc
oref =0foro < 0.

The Burgers model, shown in Figure 2j, associates the Maxwell (E; — 1772) and Kelvin—
Voigt (E; || #71) models in series. It models irrecoverable and delayed deformations due to the
viscous effects of the material, serving also as a quantitative model for polymer behaviours.
Its essential advantage lies in simultaneously presenting relaxation and creep phenomena
within a single product, combining instantaneous elasticity (E; + Ep) delayed elastic recovery
(Kelvin arm), permanent viscous flow (#;), and retarded viscous dissipation (772).

Finally, the Burgers-Ludwik model shown in Figure 2k extends the Burgers configuration
by including additional nonlinear elements to capture strain hardening or rate-dependent
viscosity, enabling a more comprehensive representation of complex sludge rheology.

Taken together, the hierarchical organization of rheological, textural, and viscoelastic
models highlights both the diversity of approaches and the increasing complexity required
to accurately describe dewatered sewage sludge behaviour. However, beyond their the-
oretical formulation, it is equally important to understand how these models have been
adopted and evolved within the scientific community. In this context, a bibliometric analy-
sis provides valuable insights into research trends, influential contributions, and mapping
networks in the field.

6. Literature Review Strategy

A systematic search was performed in five stages as proposed in the literature [128,129].
The main steps are as follows:

1. Identification of the need for information (sources and access): The scope of the
information need and the relevant domain of knowledge were first defined. The
study focused exclusively on scientific contributions (SCs) addressing sludge rheology.

Scopus® and Web of Science®

were selected as the primary data sources, as they
are widely recognized as the most comprehensive and reliable databases for chem-
ical and environmental engineering, encompassing more than 95% of the scientific
literature [130,131].

2. Planning: A search equation was proposed (“sludge” AND “rheology”) to describe
the field with no restrictions.

3. Search and processing of information: Searches were performed in the “Title—
Abstract-Keywords” field in Scopus® and in the “Topics” field in Web of Science®,
which serves an analogous function.

4.  Analysis and enhancement of the information: The bibliographic dataset was ana-

lyzed using the following tools and procedures.

(a) Tree of Science [132] was used to classify documents as roots (seminal works),
trunks (core contributions forming the backbone of knowledge in the field),
branches (describing recent research lines), and leaves (newest contributions
in the field). This classification supported the qualitative evaluation of the
literature and facilitated assessment of the intellectual structure of the field.

(b)  Bibliometrix®, 5.0 an R package for bibliometric analysis [133], was employed
to remove duplicates and generate a single, cleaned database. The package
provides advanced analytical and categorization capabilities, surpassing those
of CiteSpace® 7.0 and VOSViewer® (version 1.6.20) for certain tasks [134].
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(c) Although Bibliometrix® enables the construction of bibliometric networks (e.g.,
keyword co-occurrence or citation networks), its visualization capabilities are
limited. Therefore, networks were computed using Bibliometrix® and subse-
quently exported to VOSViewer® for enhanced visualization. VOSViewer® is
a dedicated tool for constructing and visualizing bibliometric networks and
includes text-mining functionalities [135,136].

(d)  Export to Python. Selected outputs from Bibliometrix® were exported as
numerical arrays and further processed, analyzed, and visualized using Python
3.14 to improve the clarity and customization of graphical representations.

(e) Field clean up and standardization.

i. Author-provided keywords are inherently heterogeneous, as different
terms may be used to describe identical or closely related concepts. To
address this issue, keywords were analyzed, catalogued, and consoli-
dated through the construction of a thesaurus of synonyms, enabling
more accurate identification of thematic trends.

ii. Author affiliations were standardized, as institutional names were some-
times reported inconsistently or in different languages across publications.

iii. Author disambiguation was performed to mitigate errors arising from
identical surnames and initials, which can compromise automatic
counting and attribution procedures.

5.  Results report and communication: Processed data is organized, analyzed and key
findings are reported to the scientific community.

Steps 2 through 4 were repeated iteratively, as new keywords were added to the
search equation, which enhances the quality of the search as the initial equation might omit
important terms [137-139]. The iterative process was stopped once the top 10 authors, the
top 10 journals, and the total number of retrieved documents exhibited changes of less than
5% with respect to the previous iteration as proposed for bibliometric studies [137].

7. Bibliometrics Results

The bibliometric results will be presented in five subsections: First, an overview of
the field is provided, highlighting general characteristics and the most influential sources.
Next, leading contributions and authors are examined using impact metrics such as local
and global citations for publications, and the h-index and g-index for authors, followed by
an analysis of author collaboration patterns. The intellectual structure of the field is then
explored through a detailed examination of author keywords. The last subsection addresses
the social structure of the research area, identifying the most productive countries and
institutions and mapping international collaboration networks. A Supplementary File is
provided with the SCs included in the analysis. Table S1 presents the keywords and their
identified synonyms for disambiguation.

7.1. Main Characteristics

From step 3 of the workflow, 1559 SCs were found, with 999 coming from Scopus
and 561 from Web of Science. After using the Tree of Science® and Bibliometrix® tools for
removing duplicates, there were a total of 1132 unique documents. A manual inspection
revealed no more duplicates. A total of 93% of the documents are written in English, with
the remaining 7% written in languages such as: Chinese, German, French, Czech, Spanish,
Polish, Japanese, among others.

The SCs were published in 367 different sources (journals, books, conference proceed-
ings), with 2710 different authors, presenting 12.4% international co-authorship. A total of
82% of the documents are articles, 13.6% are conference papers and the remainder are a
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mix of reviews and book chapters. The analyzed works span the period from 1961 to 2026,
with the field exhibiting an average annual growth rate of 3.61%.
SCs over the years: (a) shows the number of articles published each year and the
mean number of citations each article received; (b) presents the cumulative publications
in the field and the average citations each article received when divided by year. Figure 3
presents several indicators of the annual scientific contributions. At the top is the published
contributions each year with the total citations they have received. As seen, the field
was initiated around 1961 with a work focused on obtaining a mathematical model to
describe the relationship between shear rate and shear stress for digested SS [140]. The field
stayed dormant, with papers published before 2000 comprising less than 10% of the total
number of contributions. Moreover, since the early 2000s, the number of publications has
risen sharply, as seen at the bottom of Figure 3. This increased interest from the scientific
community might have been driven by the publication of the United States” Environmental
Protection Agency guidelines to comply with local regulations [140] and several European
regulations from 1991 through 2001 [141-144].
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Figure 3. SCs over the years: (a) shows the number of articles published each year and the mean
number of citations each article received; (b) presents the cumulative publications in the field and the
average citations each article received when divided by year.

On the other hand, when analyzing the mean citations per article (black line, top
Figure 3) the biggest peak is seen in the year 1998 due to the publication of several seminal
articles [145-147], while the second peak is from 1967’s only paper [148]. However, once
the average citations are normalized per year (green lollipops in the bottom of Figure 3),
it is seen that SCs have more or less the same values, and that recent works have been
more impactful.
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Articles (Cumulative)

The life cycle of a research field is a bibliometric concept describing the temporal evolu-
tion of a scientific domain, typically modelled as a logistic S-curve that progresses through
emergence (slow initial growth), exponential expansion (rapid knowledge accumulation),
and saturation (maturation as core problems are solved) [149-151]. Figure 4 presents the
life-cycle analysis for the research field, which has good fit with the proposed model
(r2 =0.999). As visualized in Figure 4a, the field underwent a prolonged latency phase
prior to the year 2000, characterized by sporadic output, before entering a period of expo-
nential expansion that defined its “golden age” of discovery. This rapid accumulation of
knowledge culminated near the inflection point (September 2021), which aligns closely
with the peak annual production observed in Figure 4b (around March 2021). Currently,
the dynamics suggest the field has already undergone its maximum growth velocity and
is transitioning into a maturity or saturation phase, approaching a theoretical saturation
constant of approximately 1909 publications (which could happen around 2058). This
deceleration implies that while the domain remains active, the era of explosive growth
has concluded, likely shifting the community’s focus from foundational exploration to
consolidation and specialized application.
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Figure 4. Bibliometric life-cycle analysis of the research field. (a) Cumulative growth of scientific
production fitted to a logistic model illustrating the saturation capacity (K = 1909), 50%,90 and 99% of
the saturation capacity (dashed lines), growth rate (b = 0.126), and the inflection point (tg). (b) Annual
publication dynamics comparing observed frequencies (dots) with the logistic derivative curve (solid
line), identifying the transition from exponential growth to a post-peak maturity phase around the
year 2022 (dashed line).

Table 2 presents the number of publications, the total citations, h and g indexes and the
number of publications for the top 6 sources in the field. Water Research is the source with
the largest number of contributions and total citations, accounting for more than 11% of the
contributions in the area. Interestingly, despite being the top journal with less contributions
and total citations, publications in Biochemical Engineering Journal receive an average of
41.75 citations, making it the journal with the third highest average citations in the field.
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Table 2. Top sources by h index, g index, total citations and number of publications.

Source Editorial hIndex glIndex Total Citations Number of Publications
Water Research Elsevier 47 77 6257 106
Bioresource Technology Elsevier 34 53 2972 64
Water Science and Technology IWA 23 42 1963 73
Chemical Engineering Journal Elsevier 20 28 1066 28
Science of the Total Environment Elsevier 13 21 548 21
Biochemical Engineering Journal Elsevier 11 16 668 16

To capture the most influential sources, Bradford’s law describes the core jour-
nals of a research field, by classifying sources according to their productivity [152,153].
Figure 5 presents Bradford’s law for the analyzed sources, showing that the journals listed
in Table 1 constitute the core set of publications. Zone 1 corresponds to the core journals
which together account for 31% of the total scientific output. Zone 2 comprises journals with
intermediate productivity, publishing more than three but fewer than eight contributions,
and represents approximately 32% of the publications. Taken together, these two zones
encompass over 60% of the total output, indicating that the majority of SCs are concentrated
within only 74 out of the 367 sources.
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Figure 5. Bradford’s law for the different sources.
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7.2. Most Relevant Contributions

Table 3 presents the most impactful contributions by total citations and citations per
year. These works include reviews on treatment and rheology of SS [29,30,154,155], as well
as experimental studies investigating different treatment possibilities such as microwave
irradiation [156]; using iron ions to enhance dewaterability [157]; investigating thermal,
ultrasonic and ozone pre-treatments to enhance biodegradability [158]; and measuring
rheological properties of different EPS forms in activated SS [147] or soybean-processing
wastewater [159].

Table 3. Most impactful contributions by total citations and average citations per year.

Title Reference  Total Citations  Citations per Year
ng microorganisms use hydrophobicity and what does [154] 561 43.15
this mean for human needs?
Effect of ultrasonic, thermal and ozone pre-treatments on
waste activated sludge solubilisation and anaerobic [158] 491 23.38
biodegradability
Thermal hydrolysis for sewage treatment: A critical review [155] 365 33.18
Formation and Characterization of Aerobic Granules in a
Sequencing Batch Reactor Treating Soybean-Processing [159] 288 13.09
Wastewater
Hydrophob{c /hydrophilic properties of activated sludge [147] 271 9.34
exopolymeric substances
Rheological characterisation of municipal sludge: A review [14] 234 33.43
Fe(Il) catalyzing sodium percarbonate facilitates the
dewaterability of waste activated sludge: Performance, [157] 227 16.21
mechanism, and implication
Mlcrowave—amd pretreatmen.t:. A potential process for [156] 215 19,55
enhancing sludge dewaterability
State-of-the-art: rheological characterisation of wastewater [30] 710 875
treatment sludge
Activated sludge rheology: A critical review on data [29] 202 14.43

collection and modelling

Interestingly, the two most cited works [154,158] are not present in the Core Journals iden-
tified in Zone 1 of Bradford’s law, instead being published in Frontiers in Cellular and Infection
Microbiology and Chemical Engineering and Processing: Process Intensification, respectively.

7.3. Authors” Analysis

Table 4 shows the most impactful authors by g-index, h-index, total citations, number
of publications, and average citations per document. Nicky Eshtiaghi is the author with the
greatest number of publications and total citations, and highest h and g indexes. However,
he is the fourth most impactful author when measured by the average citations of their
documents. Moreover, despite having less publications, Slatter P.T, Surampalli Rao, and
Brar Satinder present high average citations per document, indicating the higher local
impact of their SCs.

Figure 6 shows the co-citation network for the top 50 authors most cited. Three differ-
ent clusters can be identified, with the authors mentioned in Table 4 taking a central role in
bridging connections between different clusters. As expected, Jean Cristophe Baudez (in
red) and Nicky Esthiaghi (in green) are the biggest nodes in the network, indicating that
they are highly influential in the research field.
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Table 4. Most impactful authors.

Author hIndex glIndex Total Citations Plil‘tl)ililcl:\iiro(;fs Average Citations per Document

Eshtiaghi Nicky 21 40 1644 43 38.2

Baudez Jean
Christophe 21 38 1562 38 411
Slatter P. T. 15 20 1106 20 55.3
Surampalli Rao Y. 11 12 657 12 54.8
Brar Satinder K. 11 12 635 12 52.9
Dentel Steven K. 16 17 567 17 334
Lee Duu-Jong 11 15 514 15 34.3
Parthasarathy 12 18 510 18 283

Rajarathinam

meng fg
ros%r gers
‘ h
guibaud g
ik
collivigmarelli mc
.ratkt
& Mmikkelsen Ih _ '* Wilihx
. l*z N ’
slatter pt w cqi afgo e
v Yo 0 - Gahses &’
campbell hw g - k’* : pevere a sheag gp "W‘

dentelsk

g battistoni p &

<

Figure 6. Co-citation network for the field. Different colours represent different clusters of authors
being co-cited together.

7.4. Keywords Analysis

Figure 7 presents the top 20 most used authors’ keywords. The most used key-
words are “sludge” (1006 occurrences) and “rheology” (966 occurrences), suggesting the
field has focused on the mechanical behaviour and flow properties of complex biological

v

suspensions, supported by the presence of technical parameters like “viscosity”, “yield
stress”, and “flow kinetics”. This core thematic cluster is supported by secondary focus
areas in “wastewater treatment” (447) and “polymer” (289) science, indicating interest
for optimizing treatment processes through chemical and physical interventions. The
use of “computational fluid dynamics” suggests efforts for mathematical modelling of
non-Newtonian fluids to enhance bioreactor efficiency and SS dewatering technologies.
Figure 8 shows the keyword co-occurrence network. The co-occurrence network
analysis reveals a highly interconnected scientific structure characterized by two primary
thematic clusters that bridge fundamental rheology with process engineering. Cluster 1 (in
red) represents the “Methodological Core,” anchored by nodes “rheology” and “sludge”.
Auxiliary terms like “yield stress” and “viscosity” connect the main topics to operational
factors such as “anaerobic digestion” and “suspensions.” This suggests that rheological
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characterization is the fundamental lens through which SS behaviour is interpreted, con-
necting to Cluster 2 (blue), which mainly contains some techniques used for characterizing

5SS like “dewatering”, “adsorption”, “and “particle size”.
sludge 01006
rheology 0966
wastewater treatment 0447
polymer 0289
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Figure 8. Keyword co-occurrence network.

In contrast, Cluster 3 (green cluster) functions as the “Application-Driven Domain,”
focusing on the kinetics and efficiency of treatment infrastructures. Cluster 2’s primary
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v 7

elements like “wastewater treatment”, “wastewater”, “waste disposal”, “water purifica-
tion” and “bioreactor” link to potential industrial applications, especially considering the
connection to “computer fluid dynamics” from Cluster 1.

Figure 9 presents the thematic evolution of the field, separated in time slices containing
an equal number of scientific contributions. This evolution reveals a progressive transition
from general bioprocess observations toward highly specialized rheological modelling.
In the early periods (1961-2007), research was primarily focused on bioreactor behaviour
and mathematical modelling, whereas from 2009 through to 2018 the field shifted towards
rheology and wastewater treatment as central themes driving innovation. Since 2019,

“sludge”, “wastewater treatment” and “rheology” have once again become the motor
themes of the field, signalling consolidation towards applications.

1961-2007 2008-2013 2014-2018 2019-2022 2023-2026

polymer
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rheology sludge
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Figure 9. Thematic evolution.

In the most recent era (2019-2026), the field exhibits significant thematic branching,
where the central “sludge” node has given rise to specialized sub-domains such as “sludge
digestion”, “physicochemical properties” and “polymer” science. Modern research tra-
jectories now integrate complex techniques like “computational fluid dynamics (CFD)”,
showing interest in applying mathematical modelling to enhance operational sustainability

of global wastewater infrastructures.

7.5. International Collaboration

The analysis of global scientific production reveals a highly stratified landscape domi-
nated by a few key nations. China emerges as the primary contributor with 484 publications,
significantly outperforming other high-output countries such as the USA (152), Australia
(145), and France (142). Collectively, these four nations account for approximately 51% of the
total scientific output (1797 publications). These nations, alongside Italy (77 publications)
and Germany (53 publications), face medium to high water risk and scarcity [160], which
might explain the interest for researching sludge treatment technologies and techniques.

Figure 10 presents the map of scientific collaboration. This map underscores the
importance of strategic bilateral partnerships in advancing scientific knowledge. USA and
Canada are the countries with the highest number of collaborations (15). Other significant
nodes of interaction include Australia’s robust connections with France (11) and the United
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Kingdom (5), as well as the USA’s emerging link with Turkey (8). Despite the high volume
of independent production in China, the collaboration data suggests that Western nations
currently maintain more integrated and high-frequency cross-border research pipelines,
which has been seen in other fields [161].

Figure 10. Country collaboration map.

The bibliometric analysis of authors” keywords provides a coherent framework to con-
textualize the structure of this review by revealing both the dominant research axes and the
existing gaps in the field. The prevalence of the term sludge (although inherently influenced
by the search strategy) highlights the necessity of establishing a clear and rigorous defini-
tion of sewage sludge and its transformation along the treatment line, which is addressed
in Section 4. Furthermore, the strong prominence of rheology-related terms confirms that
the mechanical behaviour of sludge constitutes a central research focus, thereby justifying
the inclusion of Sections 5 and 6, where rheological, textural, and viscoelastic modelling
approaches are systematically presented to interpret and predict sludge behaviour un-
der operational conditions. In alignment with this modelling perspective, the presence
of keywords associated with characterization techniques supports the development of
Sections 7 and 8, dedicated to experimental methods for assessing mechanical and rheo-
logical properties. Finally, the absence of terms such as adhesion in the keyword landscape
reveals a critical blind spot in the literature. Finally, the absence of terms such as adhesion
in the keyword landscape reveals a critical blind spot in current research. This omission
underscores the importance of Section 9, which specifically addresses adhesiveness as an
overlooked yet significant property in sludge mechanical characterization.

8. Experimental Methods for Mechanical and Rheological Characterization
of Dewatered Sewage Sludge

From the literature bibliometrics results, a wide variety of experimental techniques
have been employed to characterize the rheological, textural and geotechnical behaviour of
DSS. These methods originate from different disciplines, classical rheometry, food texture
analysis, soil mechanics or empirical consistency testing; and are therefore based on distinct
loading modes, measurement principles and data reduction procedures. In the following,
the main tests reported for DSS are described in a systematic manner, detailing their
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physical working principle, measured variables, historical origin and main strengths and
weaknesses when applied to DSS.

For clarity and consistency throughout this review, the following terminology will
be used. The terms adhesion and cohesion are employed when referring to the physical
phenomena and interfacial or internal interactions in a general sense. The terms adhesive-
ness and cohesiveness are used when referring to the corresponding parameters measured
by textural or empirical tests, such as penetration, texture profile analysis, and uniaxial
compression, where probe detachment, structural recovery, or internal resistance are evalu-
ated. When a method directly measures a force or resistance, the specific technical term
associated with that test is preferred, such as adhesive force in probe-based or pull-off
methods, detachment force in surface adhesion tests, shear strength in direct shear, triaxial,
vane shear, or unconfined compression tests, and yield stress in rheological or slump-
based methods. This terminology is intended to improve readability, avoid ambiguity, and
facilitate comparison among the different experimental methods discussed in this review.

8.1. Atterberg Limit Tests

The Atterberg limit tests were originally developed by Albert Atterberg in 1911 to
classify fine-grained soils and clays according to their consistency and plasticity range [162],
initially defining seven qualitative limits: upper viscous flow limit, lower viscous flow
limit), sticky limit, rolling limit, cohesion limit, water tightness limit, and shrinkage limit.
They are based on the empirical observation that cohesive materials undergo a progressive
transition from a liquid to a plastic and finally to a semi-solid state as water content
decreases. In their classical form, rationalized by Casagrande [162,163], the tests determine
three characteristic water contents: the liquid limit (L), the plastic limit (PL), and less
frequently the shrinkage limit (SL), which delimit these consistency states and allow the
computation of simple plasticity indices (PI = LL — PL) [163].

The LL can be measured using two standardized methods: the Casagrande cup
method and the cone penetrometer method. The Casagrande cup method involves the
use of standardized equipment to ensure consistent measurement (ASTM D4318) [164].
Basically, the test consists of spreading a sludge sample in a standard-size cup and then
cutting a groove in the centre. The cup is dropped repeatedly and the number of blows
required to close the groove is measured. Once the groove has closed, the water content of
the sample is measured at 105 °C [165].

The procedure is repeated at several different water contents. The number of blows is
plotted against water content on a semi-logarithmic graph, and the liquid limit is obtained
by interpolation as the water content corresponding to 25 blows. The Casagrande cup
apparatus is shown in Figure 11a, and a typical representation of the test results is presented
in Figure 11b.

The cone penetrometer method (ASTM D3441-16) [166], preferred for its superior
reproducibility, employs a standardized stainless-steel cone (80 g mass, 30° apex angle,
specific height). Sludge samples at varying water contents are tested by releasing the cone
to fall freely for 5 s onto the sample surface, with penetration depth recorded immediately
after; results are plotted (penetration vs. water content in a semi-logarithmic graph), and
the liquid limit (LL) is determined by extrapolation at exactly 20 mm penetration [167]. The
cone penetrometer apparatus is shown in Figure 12a, and the general results obtained from
the test are shown in Figure 12b.

Finally, the plastic limit (PL) is determined manually by forming an 8 g sludge patty
into a 3 mm diameter thread by rolling it on a ground glass plate until it crumbles longitudi-
nally at a length of 25-30 mm. The sludge must be rolled for at least 2 min at 80-90 strokes
per minute; if the thread remains cohesive and the diameter is less than 3 mm after these
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strokes, the sludge is still in the plastic state and its water content exceeds the PL. The
Figure 13 resumes this experimental method.

In DSS, these tests have been widely applied to characterize plasticity and geotechnical
stability [34-36,94,95,168,169]. Reported values indicate that digested sludges tend to
exhibit higher plasticity than primary sludges, reflecting differences in organic structure
and water retention capacity. Liquid limit (LL) values commonly exceed 80% and may
surpass 100% in deeply DSS, whereas plastic limit (PL) values are often reported within
the range of approximately 50-90%, leading to elevated plasticity indices [96]. These values
are generally higher than those of conventional mineral soils and are strongly influenced
by treatment processes and organic fraction.
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Figure 11. The Casagrande cup method: (a) Casagrande apparatus; (b) Casagrande classic results.
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Figure 12. The cone penetrometer method: (a) cone penetrometer; (b) cone penetrometer classic results.
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Figure 13. Plastic limit test.

Despite being simple and rapid, Atterberg limit tests present limitations when ap-
plied to DSS. Their empirical nature, operator dependence, and sensitivity to organic
heterogeneity reduce reproducibility, and the results do not directly represent mechani-
cal behaviour under operational conditions such as pumping or stacking. Therefore, in
sludge systems, consistency limits should be interpreted as qualitative indicators of worka-
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bility and structural state, best used in conjunction with rheological and strength-based
measurements [94,163,167].

8.2. Slump Test

The slump test, originally outlined in British Standard 1881 and now used for assessing
the workability and consistency of fresh concrete [170], modelled by Murata [171], has been
adapted to characterize the flowability and yield stress of concentrated SS, including DSS,
providing a simple empirical index of “solid-like” vs. “fluid-like” behaviour [172].

In its standard form, the test employs a metallic, open-ended, truncated cone (Abrams
cone) with a base diameter of 200 mm, top diameter of 100 mm, and height of 300 mm.
The cone is placed on a flat, rigid surface and filled vertically with the sludge sample in
three or more layers; each layer being lightly tamped to minimize the inclusion of large air
voids. Once filled and levelled, the cone is carefully lifted vertically at a controlled speed,
allowing the material to deform freely under gravity. The difference between the initial
cone height and the final height of the slumped specimen (slump height) is then recorded
and used as an index of consistency and yield stress.

To facilitate analytical modelling, Pashias et al. [173] replaced the truncated cone by a
right circular cylinder (typically 200 mm in diameter), simplifying the description of the
stress distribution and the relationship between slump and yield stress. Building on this
framework, Baudez et al. [174] further modified the apparatus by adding a cylindrical hat
on top of the sample, on which calibrated masses can be placed, together with a vertical
guide axis to ensure purely vertical loading. This adapted configuration, which has been
successfully applied to DSS, enables both the conventional slump measurement and the
application of additional normal stress to promote controlled collapse of highly cohesive,
paste-like materials. A schematic representation of the modified slump test proposed by
Baudez et al. is shown in Figure 14.

axis

Added
masses

Cylinder

Initial reading

Final reading ==——————

Hat

DSS Sample

Figure 14. Baudez slum test evolution.

According to the theoretical framework established by Pashias et al. [173] and refined
by Baudez et al. [174], the shear stress 71 can be calculated from the measured slump height

(S) using:
S=H—(hy+h)
S=H+z— 271<1+1n(pg(H”0))>
08 21y
with
29 = —0
07 7pR2
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where H, hg and hy are the initial height.

The method has been successfully applied to SS with solids contents typically ranging
between 5% and 15%, where the material exhibits viscoplastic behaviour [172,174,175]. In
this range, correlations between slump-derived shear stress and conventional rheometric
measurements have shown satisfactory agreement, validating the method as a practical
alternative for field and laboratory applications.

The main advantages of the slump test lie in its simplicity, low cost, and suitability
for in situ rheological assessment without sophisticated instrumentation. However, its
empirical nature, sensitivity to geometry and lifting procedure, and limited applicability
at very high solids contents (where structural collapse may be incomplete) restrict its use
to moderately concentrated sludge. Therefore, while highly useful as a rapid shear stress
indicator, the slump test should be complemented by controlled rheometric measurements
when detailed viscoelastic characterization is required.

8.3. Direct Box Shear Test

The direct box shear test or just direct shear test, developed in the early 20th century for
soil mechanics and standardized as ASTM D3080 [176], measures the peak shear strength
and frictional properties of cohesive or granular materials under controlled normal stress,
through the Mohr—Coulomb failure criterion, using undisturbed or remoulded samples
confined in a split shear box [177,178].

The sample is placed in a shear box assembly, which includes two metal plates,
porous stones, retaining screws, a gripper disk, and a loading cap to apply normal stress.
Available in circular or square configurations, the shear box limits the specimen’s horizontal
deformation while allowing shear failure along the horizontal plane where the plates meet.
A schematic of the experimental setup is shown in Figure 15.

Normal Force (N)

Vertical
displacement
measuring

metre

Porous stones

Force
. measurin
Horizontal asuring
. metre
displacement
measuring
metre
Shear surface (A)

Shear Force (T)
Metal plate

Figure 15. The direct box apparatus.

Figure 16 illustrates the typical results obtained from the direct shear test. For each
imposed normal stress (07 < 02 < 03), the shear stress (7) initially increases with
shear displacement until reaching a peak value (Tf) , corresponding to failure along the
predefined horizontal plane. In some materials, this peak may be followed by strain
softening toward a residual shear stress, whereas in more ductile systems the curve may
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exhibit gradual strain hardening. The peak shear stress recorded for each applied normal
stress is used to construct the Mohr—Coulomb failure envelope. By plotting 7¢ versus 0y, a
linear relationship is typically obtained, expressed as:

Tf = ¢ + optan(g)

where c is the apparent cohesion and ¢ is the internal friction angle. The intercept of the
linear regression with the shear stress axis corresponds to cohesion (c), while the slope of
the line equals tan(¢) and o, is the normal effective stress (0;). These parameters describe
the shear strength of the material under drained conditions and are fundamental for
geotechnical stability calculations, including slope stability and bearing capacity analyses.
The test therefore allows the mechanical characterization of DSS in terms of their resistance
to shear under controlled normal loading.
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Figure 16. The direct box test results. (a) Shear stress—displacement curves under different normal
stresses. (b) Mohr-Coulomb failure envelope: shear stress at failure vs. normal stress.
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The direct box shear test is not typically applied directly to pure SS due to its paste-like
rheology and high compressibility but is extensively used when DSS serves as a component
in engineered mixtures and construction materials [97,179-181]. These applications lever-
age the test’s ability to quantify Mohr—Coulomb parameters essential for the geotechnical
performance of SS-based products.

8.4. Vane Shear Test

The vane shear test is a standardized geotechnical method used to determine the
undrained shear strength of cohesive materials under undrained conditions. The method
consists of inserting a four-bladed vane into the material and rotating it about its vertical
axis at a controlled rate, thereby inducing torsional shear failure along a cylindrical surface
surrounding the vane [182]. The test assumes that failure occurs uniformly along this
cylindrical surface and that the material behaves as a purely cohesive medium under
undrained conditions.

The apparatus typically comprises a four-bladed steel vane attached to a calibrated
torque-measuring device. The vane is inserted into the specimen or in situ soil mass to a
specified depth, and torque is applied until peak resistance is reached. The undrained shear
strength (s,) is calculated from the maximum measured torque (T};) using the following
relationship for a standard vane geometry:

T

Sy = 3
nD2 4 7B

where D is the vane diameter and H corresponds to the vane height. This formulation
accounts for shear mobilized along both the cylindrical surface and the top and bottom
end surfaces. The vane shear test can be performed both in situ and in the laboratory,
and it is widely adopted due to its simplicity, rapid execution, and cost-effectiveness.
Figure 17 presents a schematic representation of the vane shear apparatus.
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. Height (H)

-
Diameter (D)
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Figure 17. Vane shear test apparatus.
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In the context of DSS and faecal sludge, the vane shear test has been extensively ap-
plied to determine undrained shear strength for assessing landfill disposal suitability [183],
monitoring dewatering efficiency in centrifuge, belt press, and filter press systems, and eval-
uating chemical conditioning effects [184]. Beyond static strength determination, the test
has also been used to investigate thixotropy, yield stress evolution, and material sensitivity
in faecal sludge, particularly for pit emptying operations (e.g., VIP latrines), estimation
of pipeline restart pressures, and assessment of storage stability, often complemented by
field validation using pocket shear metres [169,185]. Additional studies have confirmed its
relevance for biosolids geotechnical assessment, thermal drying transitions, and composite
material strength characterization [98].

The principal advantage of the vane shear test lies in its ability to measure undrained
shear strength without significant sample disturbance and without requiring complex
confinement systems. However, its interpretation assumes uniform shear along the failure
surface and purely cohesive behaviour, conditions that may not strictly apply to heteroge-
neous, fibrous, or partially structured sludge systems. Furthermore, rate dependence and
structural breakdown during rotation may influence the measured strength, particularly in
highly thixotropic DSS. Consequently, while highly suitable for rapid undrained strength
estimation, vane shear results should be interpreted with consideration of material structure
and testing rate.

8.5. Triaxial Shear Test

The triaxial shear test is a standardized geotechnical method widely used to deter-
mine the shear strength parameters of cohesive and semi-solid materials under controlled
confinement [186]. The stress conditions imposed on a DSS sample during a triaxial com-
pression test are illustrated in Figure 18. A confining pressure (c¢) is applied by pressurizing
the fluid (generally water) surrounding the sample within the triaxial cell.

Applied Force (F)

Vertical
displacement
measuring
metre (e1)

Pressurized Water Porous disc

Rubber membrane
Shear surface (A)

uu Pore water pressure (u)

ww Deviation stress (q=F/A)

ww Confining stress (oc)

&m Major principal stress (01-0¢+q)

Manometer

—— Volume metre

Draining valve

Figure 18. The triaxial apparatus.

An additional stress component, known as the deviator stress (g), is generated by
applying an axial deformation (g1) to the DSS sample. This loading increases the stress in
the vertical direction, producing the axial stress (1), which represents the major principal
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stress. The axial stress therefore results from the combination of the confining pressure
and the applied deviator stress. A schematic representation of the apparatus is shown
in Figure 18.

Depending on drainage conditions, the test may be conducted as consolidated drained
(CD), consolidated undrained (CU), or unconsolidated undrained (UU). The resulting stress
paths allow the derivation of shear strength parameters, cohesion (c) and internal friction
angle (¢), through Mohr—Coulomb failure envelopes obtained from tests performed at
multiple confining pressures, typically expressed as:

Tf = ¢+ 0'tan(¢)

where Ty is the shear stress at failure and ¢’ is the effective normal stress. Figure 19 shows
an example of the obtained results in the triaxial test.

--- Mohr—Coulomb failure envelope‘ -

Deviator stress T (kPa)

[e)
1}

O3a O3 Oia O3c O 03,

Shear Displacement (mm)

c

Figure 19. The triaxial test results.

In sludge-related research, the consolidated undrained (CU) configuration is most
frequently adopted to simulate landfill burial and confined storage conditions. In sludge-
containing municipal solid waste, triaxial testing has revealed a strain-hardening response,
characterized by a progressive increase in deviator stress with axial strain rather than
a distinct peak failure [181]. Variations in sludge content significantly influence shear
strength parameters, primarily through modifications of the internal friction angle under
confinement [35,36].

Similarly, in soil stabilization studies, triaxial testing has been employed to evaluate
the evolution of shear strength in sludge-derived mixtures prepared under controlled
compaction conditions [187]. These studies demonstrate that the method is effective for
identifying strength enhancement mechanisms associated with cementitious bonding, as
well as strength reductions when excessive sludge-derived material acts predominantly as
a void-filling phase.

Although the triaxial test provides robust and reproducible measurements of con-
fined shear behaviour and allows rigorous stress-path control, its application to highly
deformable DSS remains challenging. Specimen preparation, membrane installation, and
consolidation require sufficient structural integrity, which may not be achievable in highly
plastic or weakly structured sludge. Moreover, large volumetric strains and pore pressure
redistribution may complicate interpretation. Consequently, while particularly relevant
for landfill stability assessment and stabilized sludge systems, the direct applicability of
the triaxial test to fresh, highly plastic DSS is more limited compared with rheometric or
texture-based techniques.

8.6. Unconfined Compression Test

The unconfined shear test, commonly referred to as the unconfined compression
test (UCS), is a standardized method used to determine the undrained shear strength of
cohesive materials under zero lateral confinement. In this test, a cylindrical specimen is
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subjected to axial compression at a constant strain rate while no confining pressure is ap-
plied. The apparatus consists of a vertical loading frame equipped with rigid compression
platens, a load cell for force measurement, and a displacement-controlled mechanism to
impose constant axial strain, as shown in Figure 20. Standardized specimen geometries
are adopted to ensure uniform stress distribution and minimize end-restraint effects. In
sludge-related applications, specimens are typically prepared at controlled water content
and dry density and may be saturated or subjected to soaking treatments to simulate
landfill exposure conditions.

Applied Force (F)

Load cell

Top cap

Vertical
displacement
measuring
metre (&1)

— Metal beams

Base platen

Loading pedestal

Figure 20. The unconfined compression test apparatus.

An example of unconfined test results is shown in Figure 21, in this graph, the peak axial
compressive stress (07) is recorded, and the shear strength (S,) is commonly estimated as

(%
Su:?‘l

assuming purely cohesive behaviour under undrained conditions.

The application of unconfined shear testing to SS has been widely reported in studies
addressing landfill stability and mechanical characterization [36,188-191]. Previous inves-
tigations have shown that the undrained shear strength of sludge strongly depends on
solid content, establishing a clear relationship between moisture reduction and mechanical
resistance [96]. Similarly, DSS has been reported to exhibit measurable undrained strength
comparable to soft cohesive soils when sufficient dewatering is achieved [36]. Mechanical
testing under axial loading has further demonstrated that sludge behaviour may transition
from ductile to brittle depending on organic content, structural conditioning, and degree of
consolidation [192].

The application of unconfined shear testing to SS has been reported in the literature
in order to characterize its geotechnical characteristics when is mixed with different ma-
terials [96,190,191,193]. Overall, the unconfined shear test provides a simple, rapid, and
reproducible method for evaluating the intrinsic cohesion and structural integrity of DSS.
Its experimental simplicity makes it particularly suitable for comparative studies assessing
strength evolution during dewatering, stabilization, or drying processes. However, the
absence of lateral confinement limits direct extrapolation to in situ conditions involving
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overburden stresses, and highly plastic sludge may undergo significant deformation before
reaching peak stress. Despite these limitations, the method remains a reference technique
for quantifying undrained shear behaviour in sludge-based materials.
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Figure 21. The unconfined test results.

8.7. Jenike Shear Test

The Jenike shear test was developed by Andrew W. Jenike in the 1960s to characterize
the flow properties of bulk solids for hopper and silo design. Originally introduced in
the framework of powder mechanics, the method is based on the determination of shear
strength under controlled normal stress conditions using a shear cell apparatus. In this test,
a consolidated sample is subjected to a predefined normal load and subsequently sheared
along a horizontal plane while maintaining constant normal stress [17].

Although shear testing had previously been described for evaluating powder stick-
iness during drying, its systematic application to DSS was first introduced by Peeters
in his doctoral work [17]. In this study, the Jenike-type shear protocol was adapted to
activated sludge and, for the first time, applied across the entire range of solids content
encountered during mechanical dewatering and thermal drying. This approach enabled
a continuous mapping of sludge consistency evolution, from fluid-like behaviour to the
plastic—rubbery “sticky phase” and finally to a granular dry state, thereby providing a
quantitative framework to identify the critical dryness interval associated with maximum
stickiness. This contribution represented the first extension of classical powder mechanics
concepts to sludge drying processes, establishing shear-based stickiness mapping as a
reference methodology for analyzing consistency transitions in DSS.

The Jenike shear concept was later modified to enable independent measurement of
sludge-to-wall adhesion and internal sludge cohesion during drying adhesion and cohesion
characterization [21]. In this adapted configuration, sludge was placed inside a cylindrical
shear cell resting on a heated stainless-steel plate and subjected to a controlled vertical
consolidation load. After partial drying to a target moisture content, a horizontal force was
progressively applied until sliding occurred. In the adhesion mode, shear failure developed
at the sludge-steel interface, whereas in the cohesion mode a circular ring created a defined
internal shear plane within the sludge cake. The shear stress was calculated from the critical
sliding load normalized by the contact area. A schematic of the modified apparatus is
presented in Figure 22.
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Figure 22. The Jenike test apparatus for DSS.

The shear stress developed at failure was calculated from the critical horizontal force
required to initiate sliding. After correction for the blank friction of the apparatus, the shear

stress T was determined as:
_ (m—mo)g
A

where m is the total applied mass required to induce sliding (kg), my is the blank mass

T

corresponding to the friction of the empty device (kg), g is the gravitational acceleration,
and A is the shear contact area (m?).

In the adhesion configuration, A corresponds to the contact surface between sludge
and stainless steel. In the cohesion configuration, A represents the internal shear plane
defined by the cylindrical ring.

By repeating the test at different moisture contents, the evolution of shear stress
as a function of dryness can be mapped, allowing identification of the maximum shear
resistance associated with the sticky phase.

8.8. Compression Tests: Uniaxial Compression and TPA

Compression testing constitutes a robust method for characterizing the mechanical
behaviour of highly concentrated and deformable materials such as DSS, for which con-
ventional shear rheometry may be limited by wall slip or premature fracture. In this test, a
cylindrical specimen is subjected to controlled axial deformation between two parallel rigid
plates while force and displacement are continuously recorded. From these measurements,
stress—strain curves can be derived, enabling the identification of elastic deformation, yield-
ing, plastic flow, fracture, and energy dissipation mechanisms. In Figure 23 the compression
test is schematized.

First Compression Second Compression

Normal force (N)

--- Start/End
---------- == Trigger

Figure 23. Compression test schematics.
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The uniaxial compression test may be performed as a single loading—unloading cycle
or repeated over multiple cycles depending on the objective of the analysis. Engineering
stress is calculated as ¢ = ALO, where F is the measured force and A the initial cross-
sectional area of the specimen, while engineering strain is defined as ¢ = % the initial
height. For large deformations, true stress—strain formulations may be adopted to account
for geometric changes during compression. The area enclosed by the loading—unloading
curve represents mechanical energy dissipation associated with viscous effects and internal
structural rearrangements, which are particularly relevant in sludge systems.

When conducted as a two-cycle test, the protocol corresponds to the classical Texture
Profile Analysis (TPA) [194,195], originally developed in food engineering to quantify
empirical textural parameters such as hardness, cohesiveness, adhesiveness, resilience,
and springiness. Hardness is defined as the maximum force reached during the first
compression; cohesiveness corresponds to the ratio of the work performed during the
second compression to that of the first; and adhesiveness is obtained from the negative
work measured during probe withdrawal. Although initially applied to food materials, this
approach has proven suitable for describing the structural state and handling properties of
DSS, particularly during the sticky phase [24,39].

In contrast, the uniaxial rheological framework formalized by Liang interprets the
same compression signal within a constitutive modelling perspective [26]. The loading—
unloading response is analyzed using visco-elasto-plastic analogue models combining
elastic springs, viscous dashpots, and plastic elements, enabling the identification of elas-
tic modulus, yield-like thresholds, viscous coefficients, and strain-hardening parame-
ters. Unlike TPA, which provides phenomenological descriptors, this approach allows
quantitative rheological parameter extraction and modelling of sludge behaviour under
compressive loading.

A general representation of the force-time response obtained during a double-
compression test is shown in Figure 24. The first and second loading cycles are clearly
distinguished, separated by a short recovery period. The maximum force reached during
the first compression (Fjs,y) defines the hardness, which reflects the resistance of the mate-
rial to deformation. The negative force recorded during probe withdrawal after the first
compression corresponds to adhesiveness, quantified as the absolute value of the negative
area under the curve of first compression, representing the mechanical work required to
detach the plunger from the sample surface.

A« 1oud : : A

= Compression : : 30%

' Recovery:

Compression [%]

mei ................ Y jTime [SI' 5

Figure 24. General results obtained from TPA tests.
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The positive areas under the force—displacement curves of the first and second com-
pressions (A; and Aj in Figure 24) are used to calculate cohesiveness, defined as the ratio
%. This dimensionless parameter reflects the ability of the material to withstand a second
deformation relative to its initial structural integrity. A value close to unity indicates limited
structural damage during the first compression, whereas lower values reveal structural
breakdown [194,196,197].

Although additional parameters such as gumminess, springiness, resilience, chewi-
ness, and fracturability can also be derived from the diagram, these descriptors are primarily
rooted in food science applications and are less commonly employed in sludge rheological
characterization [24,39,195].

Overall, compression testing provides a versatile framework for characterizing the
mechanical behaviour of DSS across a wide range of solid contents. When interpreted
through the TPA methodology, the test delivers simple and robust empirical descriptors,
such as hardness, cohesiveness, and adhesiveness, which are particularly useful for assess-
ing handling properties, stickiness, and structural integrity during drying and mechanical
dewatering. These parameters are well suited for identifying critical transitions such as the
sticky phase, where surface interactions and structural collapse govern process limitations.

In contrast, the uniaxial rheological modelling approach enables a more mechanistic
interpretation of the same experimental signal. By fitting the load—unload response to
visco-elasto-plastic constitutive models, quantitative parameters such as elastic modulus,
yield-like stress, viscous contributions, and hardening coefficients can be extracted. This
framework is especially valuable for simulating sludge behaviour under compressive
stresses encountered during storage, extrusion, transport, or landfill confinement.

Therefore, while TPA offers a practical and rapid tool for operational assessment of
DSS consistency and stickiness, the uniaxial rheological approach provides deeper insight
into the material’s constitutive behaviour.

8.9. Controlled Penetration Test (Sphere and Cone)

Controlled penetration tests are mechanical indentation methods used to evaluate
the resistance of soft materials to localized deformation. In this approach, a rigid probe is
driven into the material while the applied force and the penetration depth are recorded.
The resulting force-displacement response provides information on the material’s resis-
tance to deformation and reflects the combined effects of compression, shear, and flow
within the structure. Because the deformation is localized around the probe, penetration
tests are particularly suitable for characterizing soft solids, pastes, and gel-like materials
whose mechanical behaviour cannot be easily assessed using conventional bulk mechanical
tests [198,199], In Figure 25 the compression test is schematized.

The mechanical response measured during penetration strongly depends on the ge-
ometry of the indenter used. Probes with well-defined shapes, most commonly spherical
or conical, are employed to ensure reproducible stress distributions during indentation.
The contact area between the probe and the material evolves as penetration proceeds, influ-
encing the magnitude of the measured force and the deformation mechanisms activated
within the material. Consequently, the probe geometry and dimensions play a critical
role in penetration measurements and must be carefully selected when comparing results
between different materials or experimental conditions.

In sludge characterization, penetration tests are commonly performed using spherical
probes, allowing the extraction of several mechanical indicators from the force—penetration
curve. The maximum penetration force (Fj;x) is generally associated with the firmness
or resistance of the material to deformation, while the initial slope of the curve provides
an indication of the material stiffness during the early stages of indentation. Additional
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parameters, such as the work of penetration or the force evolution with depth, can also be
derived to describe the consistency and structural resistance of the sludge. An example of
the typical force-penetration response obtained from such measurements is presented in
Figure 26 [24,49,195,200,201].

Normal force (N)

-+ Start/End

Penetration
sphere

DSS Sample
Figure 25. Penetration test schematics.
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Figure 26. General results obtained from compression tests.

Compared with bulk rheological measurements, penetration tests provide a simple
and rapid way to assess the mechanical consistency of sludge using relatively small sample
volumes and minimal preparation. The method is particularly suitable for highly heteroge-
neous or partially structured materials where conventional rheometry may be difficult to
apply. However, because the deformation is localized around the indenter, the measured
response reflects local resistance rather than the bulk mechanical behaviour of the material.
Consequently, penetration measurements are often considered complementary to rheologi-
cal or compression-based tests, which provide a more global description of the material
structure and deformation behaviour.

8.10. Oscillatory Rheometry

Oscillatory rheometry is an advanced characterization technique used to investigate
the viscoelastic behaviour of complex materials. The test is performed using a controlled
rheometer, in which a small oscillatory deformation (strain-controlled mode) or stress
(stress-controlled mode) is applied to the sample while the resulting stress or deforma-
tion response is measured. Unlike steady shear tests, oscillatory measurements impose
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sinusoidal deformations that allow the simultaneous evaluation of the elastic and viscous
contributions to the mechanical response of the material [92,109,202,203]. This method
is particularly suitable for structured suspensions such as DSS, where both solid-like
and liquid-like behaviours coexist depending on the applied deformation conditions. In
Figure 27 the compression test is schematized.

Normal force (N)
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Plates
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Sample
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area (A)

Figure 27. Oscillatory rheology tests schematics.

In oscillatory tests, the viscoelastic response of the material is commonly described
using the complex shear modulus (G*), which is decomposed into two components: the
storage modulus (G’) and the loss modulus (G”). The storage modulus represents the elastic
contribution of the material, reflecting the energy stored during deformation and associated
with solid-like behaviour, whereas the loss modulus represents the viscous contribution,
corresponding to the energy dissipated as flow. The ratio between these two parameters,
often expressed as the loss tangent (tan 6 = G” /G'), provides an indicator of the dominant
mechanical response of the material. When G’ is higher than G” the material exhibits
predominantly elastic behaviour, while the opposite situation indicates a more viscous
or liquid-like response. In concentrated sludge systems, oscillatory rheometry typically
reveals a viscoelastic behaviour in which both contributions coexist due to the complex
network formed by microorganisms, organic matter, and inorganic particles within the
sludge matrix [23,24,38,39,86,195,204,205].

Several oscillatory tests can be performed to characterize the viscoelastic properties of
sludge. A strain sweep test is typically conducted first to determine the linear viscoelastic
region (LVE), where the structure of the material remains intact and the viscoelastic moduli
are independent of the applied deformation. Within this region, the measured rheological
parameters reflect the intrinsic structure of the material. Once the LVE is identified, a
frequency sweep test can be carried out by varying the oscillation frequency while keeping
the deformation constant. This test provides insight into the structural organization and
relaxation dynamics of the material, as well as the dominance of elastic or viscous contribu-
tions across different time scales. In addition, creep-recovery tests may be performed to
evaluate the time-dependent viscoelastic response under a constant applied stress, followed
by a recovery phase after stress removal. These complementary tests are commonly used
to describe the semi-solid rheological behaviour of sludge and to support the development
of viscoelastic models describing its mechanical response [23,24,38,39,86,195,204,205]. An
example of the typical rheogram response obtained from such measurements is presented
in Figure 28.

In DSS systems, oscillatory rheometry has revealed a strong dependence of viscoelastic
behaviour on TSCs and the physicochemical structure of the sludge matrix [39,86]. At low
solids concentrations, sludge tends to behave predominantly as a viscous fluid, with G”
exceeding G'. However, as the solids content increases, particularly after thickening or
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mechanical dewatering, the structure becomes progressively more interconnected due to
stronger particle-particle interactions and the formation of a three-dimensional network
of flocs and organic matter. Under these conditions, G’ typically becomes higher than G”,
indicating a transition toward solid-like viscoelastic behaviour. This structural evolution
strongly influences sludge handling and processing operations, including pumping, mixing,
dewatering, and drying, making oscillatory rheometry a valuable tool for understanding
and predicting sludge behaviour in wastewater treatment processes.
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Figure 28. Oscillatory rheology tests general results.

Oscillatory rheometry is one of the most advanced and specialized techniques used
for the mechanical characterization of sludge. Its main strength lies in its ability to quantify
the viscoelastic properties of the material in a non-destructive manner, allowing detailed
investigation of the internal structure, relaxation mechanisms, and structural evolution
of sludge under small deformations. This makes the method particularly valuable for
developing rheological models and for understanding the behaviour of concentrated or
semi-solid sludge during processes such as mixing, dewatering, and drying. However,
compared with simpler mechanical tests such as penetration or compression, oscillatory
rheometry presents several limitations. The technique requires dedicated rheological instru-
mentation, careful control of experimental conditions (geometry, temperature, evaporation,
and sample preparation), and well-trained personnel to ensure reliable measurements and
proper interpretation of the results. In addition, sludge samples are often heterogeneous
and sensitive to structural disturbances during loading, which may affect the repeatability
of the measurements. Consequently, while oscillatory rheometry provides the most detailed
rheological information among the methods discussed, its application is generally limited
to laboratory environments and specialized research studies.

9. Comparative Summary of Experimental Methods for Sludge
Mechanical Characterization

To facilitate the comparison of the experimental techniques discussed in this section,
Table 5 summarizes the main methods used to characterize the mechanical behaviour of
sludge, together with the corresponding properties that can be obtained. The table highlights
the type of mechanical response probed by each method and indicates whether rheological,
viscoelastic, textural, geotechnical, cohesive, or adhesive properties can be determined.
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Table 5. Comparison of experimental techniques used to characterize rheological, textural, viscoelastic, and geotechnical properties of soft materials.

Family Method Ap[}lllliigoarll DS Mi;[r;;’sﬁ)lggrty De?(})]gfl;tfion Adhesion Cohesion Typug]lj{;aill'laergeters Relationship to Other Methods
Within the compression/textural family, penetration,
. ) . TPA, and uniaxial compression were grouped together
Penﬁtrat}on test 10-70% [39] Mechanical Local indentation Yes Yes Finax, penetration because all three impose controlled deformation on
(sphere/cone) consistency work, adhesion force  Dgg and therefore probe how the material resists in-
dentation or compression. The penetration test is par-
ticularly suited to assessing mechanical consistency
through local indentation and is more directly related
Hard to TPA and UCS through the imposed deformation
. Texture Profile . ; ardness, than through the exact stress field. TPA is the clos-
Cor:giiiillon/ Analysis (TPA) 15-45% [39] Textural properties consgrcelsl,:ion Yes Yes ;3}}‘1‘25511“’;1;‘1‘;55' est to uniaxial compression because both tests are
based on controlled loading, but TPA is interpreted
mainly in terms of textural descriptors such as hard-
ness, cohesiveness, and adhesiveness, whereas uniax-
ial compression is more often treated as a strength-
. oriented test that provides a stress—strain response
Uniaxial N Mechanical . Stress—strain curve,  ,n4 elastic modulus. For this reason, these meth-
compression test 15-45% [20] strength / texture Compression Yes Yes elastic modulus, ods should be considered complementary approaches
adhesion force within the compression/textural domain rather than
direct substitutes.
. i Within the geotechnical family, direct shear, Jenike
Direct shear test 20-45% [181,206] Shzigrsrtlﬁgrg; h Shear No Yes Cohes;(r)lnl(g)(, f)r ction shear, triaxi%ll shear, and vaneyshear were clagsiﬁed
b glely as shear strength tests, whereas UCS was classified
as a compressive-strength test. Although all of them
Yes . characterize DSS mechanical resistance, they differ in
Jenike shear test 7-90% [18] . Bu/lk dc}(\)he.— Shear (modified Yes COhesn{e strength, stress path, confinement, and failure mode, and should
sion/adhesion apparatus) adhesion stress therefore be regarded as complementary rather than in-
terchangeable methods. Vane shear is particularly suit-
. § able for very wet, cohesive DSS because it mobilizes
Geotechnical Triaxial shear test 25-70% [35] Geotechnical Conf}ned compres- No Yes ¢, ¢, stress path undrained resistance through rotational loading; tri-
strength sion/shear axial compression provides a more complete strength
description by controlling confinement and stress path;
. Unconfined direct box shear isolates frictional resistance along a
Unconfined No fixed TS compressive . predefined failure plane; and the Jenike shear test is es-
compression test interval strength, cohesion, Compression No No ¢, ¢, stress path pecially useful for mapping the sticky phase and identi-
(Ucs) stress—strain fying the onset of cohesion-related handling problems.
response Therefore, these methods should be viewed as comple-
. . mentary approaches to sludge strength characteriza-
Vane shear test 10-70% [18] Undrained shear Shear No Yes Undrained shear tion rat%]\erptﬁan direct substit%ltes. &

strength

strength
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Table 5. Cont.

Family

Application DS

Method Interval

Main Property
Measured

Type of
Deformation

Adhesion

Cohesion

Typical Parameters
Obtained

Relationship to Other Methods

Rheological

Oscillatory

rheometry 15-45% [23,39]

Viscoelastic
properties

Small oscillatory
deformation

Yes
(structural)

G',G", tan 5, LVE

Slump test 15-40% [207]

Flowability / yield
behaviour

Gravity
deformation

Yes

Slump height,
apparent yield stress

Within the rheological family, oscillatory rheometry
and the slump test were grouped together because
both aim to capture the deformation behaviour of DSS
under conditions that are relevant to flow and struc-
tural breakdown, although they do so at very different
scales. Oscillatory rheometry is the most fundamental
of the two, since it probes viscoelastic properties under
small-amplitude oscillatory deformation and yields
parameters. In contrast, the slump test is a simpler
and lower-cost approach that captures flowability and
yield behaviour through gravity-driven deformation,
providing practical descriptors such as slump height
and apparent yield stress. Therefore, these methods
are complementary rather than interchangeable: os-
cillatory rheometry provides a detailed viscoelastic
characterization, whereas the slump test offers a rapid
operational estimate of flow-related behaviour.

State
classification

No fixed TS

Atterberg limits interval

Visual transitions
and Mechanical
consistency

Flow

No

No

Liquid limit (LL),
plastic limit (PL),
shrinkage limit

Not directly comparable to strength tests; used to
classify consistency.
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(t0-

+ Adhesion
Cohesion

Penetration
Test

+ Mechanical consistency
* Local indentation

Rheometry

Methods were grouped by response domain rather than treated as interchangeable
tests, because compression-based, shear-based, rheological, and state-classification methods
probe different mechanical aspects of DSS; comparability is therefore meaningful only
within a shared family and solids window.

Figure 29 summarizes the main experimental approaches used to characterize the
mechanical behaviour of dewatered sewage sludge and highlights how each method
captures a different mechanical domain. The comparison map groups the techniques into
four complementary families: compression/textural methods, geotechnical shear strength
methods, rheological methods, and state-classification methods. It also shows the typical
solids-content ranges where each method is most often applied, illustrating the overlap
between methods and the gradual transition from soft cohesive material behaviour to
shear-dominated and consistency-based characterization. This overview is intended to
guide the reader through the logic of the review and to facilitate the selection of the most
appropriate method depending on the property of interest.

Controlled compressive deformation

l Shear strength
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Figure 29. Mechanical characterization map of DSS.

10. Adhesion: An Overlooked Property in Sludge
Mechanical Characterization

Despite the wide variety of experimental techniques used to characterize the me-
chanical behaviour of DSS, most studies have traditionally focused on rheological and
geotechnical parameters such yield stress, shear strength, or viscoelastic behaviour. In
contrast, adhesion has received comparatively little attention, even though it plays a central
role in many practical problems associated with sludge handling as mentioned before.

This imbalance in the literature partly originates from the historical development of
sludge characterization methods. Many commonly used tests, such as rheometry, shear
tests, or geotechnical strength measurements, were originally designed to quantify bulk me-
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chanical properties such as cohesion or flow resistance, rather than interfacial interactions
between the sludge and external surfaces. As a result, adhesion has often been considered
indirectly or described qualitatively as “stickiness”, without being systematically quantified
as a mechanical property.

However, as highlighted in Table 5, several experimental methods commonly used
for sludge characterization, such as texture profile analysis, uniaxial compression tests,
penetration tests, and modified shear tests, can provide direct or indirect measurements
of adhesive behaviour when the detachment force or the work required to separate a
probe from the material is quantified. These approaches offer promising opportunities to
better understand the mechanisms governing sludge stickiness during processes such as
dewatering, drying, and storage.

Consequently, future research on sludge mechanics would benefit from a more system-
atic integration of adhesion measurements into experimental characterization protocols. By
combining adhesion measurements with rheological, textural, and geotechnical analyses, a
more comprehensive description of sludge mechanical behaviour could be achieved, ulti-
mately improving the design and optimization of sludge treatment and handling processes.
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Abbreviations

The following abbreviations are used in this manuscript:

DSS Dewatered Sewage Sludge

TPA Texture Profile Analysis

SS Sewage Sludge

WWTPs  Wastewater Treatment Plants

DSs Dry Solids

SCs Scientific Contributions

EPSs Extracellular Polymeric Substances
CFD Computational Fluid Dynamics

TB-EPSs  Tightly Bound Extracellular Polymeric Substances
S-EPSs Soluble Extracellular Polymeric Substances

TSCs Total Solid Contents

LL Liquid Limit
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PL Plastic Limit

SL Shrinking Limit

S Slump Height

Su Undrained Shear Strength

@ Internal Friction Angle

c Cohesion

7 Viscosity,

T Shear Stress

0% Shear Rate

0o Yield Stress

G* Complex Shear Modulus

G Storage Modulus

G” Loss Modulus

LVR Linear Viscoelastic Region

FL Flow Point

tan(J) Loss Tangent

o Applied Stress

€ Proportional Deformation

E Elastic Modulus

Es Spring

Oc Critical Yield Stress

nd Dashpot

PI Plasticity Index

o Normal Effective Stress

T Maximum Measured Torque
O Confining Pressure

q Deviator Stress

CU Consolidated Undrained Sludge
ucs Unconfined Compression Test
Frtax Maximum Force reached during the first compression of TPA
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