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José Manuel Moreno-Maroto

Autonomous University of Madrid

Madrid

Spain

Editorial Office

MDPI

St. Alban-Anlage 66

4052 Basel, Switzerland

This is a reprint of articles from the Special Issue published online in the open access journal

Applied Sciences (ISSN 2076-3417) (available at: https://www.mdpi.com/journal/applsci/special

issues/Geomaterials Construction).

For citation purposes, cite each article independently as indicated on the article page online and as

indicated below:

Lastname, A.A.; Lastname, B.B. Article Title. Journal Name Year, Volume Number, Page Range.

ISBN 978-3-7258-0861-8 (Hbk)

ISBN 978-3-7258-0862-5 (PDF)

doi.org/10.3390/books978-3-7258-0862-5

Cover image courtesy of José Manuel Moreno-Maroto
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Preface

Welcome to this Special Issue on geomaterials, for which I have had the privilege to serve as

a Guest Editor. Geomaterials, often overlooked but crucial in our daily lives, play a pivotal role in

various fields, particularly in construction and civil engineering. They are the foundation upon which

our structures stand, the earthworks that shape our landscapes, and the resources that fuel innovation

in numerous industries.

This Special Issue delves into the world of geomaterials, exploring their diverse applications

and properties, and the innovative research being conducted in this field. Geomaterials are not just

abundant; they are strategically vital for the development of sustainable and resilient infrastructure,

addressing environmental challenges, and supporting the ever-growing demands of urbanization.

I would like to extend my heartfelt gratitude to all the authors who have contributed their

valuable research to this Special Issue. Your dedication and insights have enriched this collection

and provided readers with a comprehensive view of the latest advancements in geomaterial science. I

especially want to acknowledge the outstanding collaboration with Prof. Mark Tyrer, whose expertise

and dedication have been instrumental in crafting the Editorial paper that serves as the gateway to

this Special Issue.

In closing, I hope that this Special Issue inspires further exploration and innovation in the

realm of geomaterials. May it serve as a valuable resource for researchers, practitioners, and anyone

interested in the profound impact of these materials on our world. Together, we aim to shed light on

the significance of geomaterials and their transformative potential in various sectors.

Thank you for joining us on this journey through the world of geomaterials.

José Manuel Moreno-Maroto

Editor
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1. Introduction

The use of geomaterials spans long back into human history and relicts of man’s
endeavours remain as evidence of practical use of rocks and minerals for the benefit of
evolving societies. As a discipline, the formal study and practice of geomaterials has
evolved to be a distinct topic since the mid twentieth century. The practice of geotechnical
and civil engineering gave rise to a sub-discipline, focused on the engineering properties
of materials won from the earth (but largely excluding ores). Ore geology and production
metallurgy have become subjects in their own right, focused on the recovery and processing
of metals. Geomaterials, however, owe their early evolution to geotechnical activities which
were concerned largely with the physical, rather than chemical, properties of consolidated
and unconsolidated materials from the earth. Fookes [1] gives a substantial review of the
topic as he saw it in 1991. Since then, this field of activity has expanded considerably, to
include many new materials such as tyre crumb, ceramic wastes, combustion products
and many other anthropogenic materials, which are not primary products of the extractive
industries, but represent resource-efficient use of industrial by-products in much the same
way as, for example, natural aggregates. The field currently occupies a space between four
older disciplines and has become firmly established in its own right (Figure 1).

Figure 1. The discipline of geomaterials relates closely to other subjects.

In recent decades, our understanding of the importance of chemistry and microstruc-
ture in governing many engineering properties has grown, such that these aspects are
firmly embedded in the study and practice of geomaterials. Before looking at geomate-
rials in any detail, it is appropriate to examine the use of the word over recent decades.
Although the etymology of the word ‘Geomaterials’ is obvious, its first written use remains
elusive; however, it seems to have appeared regularly in the literature since the 1960s and
1970s. One of the earliest uses of the term (1964) appears in a report [2] by the Highway
Research Board of the Division of Engineering and Industrial Research, National Academy
of Sciences, National Research Council (USA) which discusses the mechanical behaviour
and properties of various materials found in geotechnical engineering, referring to them
collectively as “geomaterials.” Analysis of word use in publications over the twentieth

Appl. Sci. 2023, 13, 9129. https://doi.org/10.3390/app13169129 https://www.mdpi.com/journal/applsci1
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century allows an n-gram plot to be produced (Figure 2). This demonstrates the wide
adoption of the term ‘Geomaterials’ in the 1980s and establishment of a burgeoning field of
activity by the 21st century.

Figure 2. Use of the word ‘Geomaterials’ in English language books. Vertical axis is the fraction of
the books examined by the GoogleTM n-gram generator (21 July 2023. https://books.google.com/
ngrams/) per month, plotted against time.

Whilst the field of study is relatively recent, the practice dates back to the dawn of
civilization. Both brick and stone have been in widespread use for at least 12,000 years,
when bricks were initially hand moulded, often reinforced with plant fibres (commonly
straw) and baked hard in the sun (Figure 3). Early fired bricks have been found in Banpo
village [3], near Xi’an, China and these are 5500 years old. Brick making (both fired and
unfired) was widespread by the Bronze Age and in the great empires of antiquity (Babylon,
Assyria, Egypt, Persia, Phoenicia, etc.) whose people were skilled in both brick and stone
masonry. Of similar antiquity is the calcining of limestone to make quick lime (CaO) and
at a lower temperature, gypsum to make plaster. Both technologies were established in
neolithic times and have a history of use spanning 10,000 years. By classical times (Greece,
Rome), stone masonry was a major activity and many excellent examples of architectural
and decorative stone work survive today.

The history of cement spans two periods of development. Lime mortar in construction
was used since the Bronze Age and still survives to this day. Lime hardens by aerial
carbonation to form a calcium carbonate–hydroxide binder which although robust, is
moderately soluble. This left structures more susceptible to rain weathering than are their
modern counterparts, hydraulic cements. A step change was seen in the Greek and Roman
use of natural pozzolans (especially volcanic ash from Pozzuoli, Italy) that reacted with
the alkaline pore solution to precipitate calcium silicate hydrate (CSH) gel which is much
less soluble than lime mortar. The history and development of cement and concrete has
been reviewed regularly and two contributions provide comprehensive summaries of this
topic. Blezard [4] discusses the major developments in cement technology referring to the
Lepinski Vir settlement in Serbia (7600 years ago) which he felt was the domain of the
archaeologist, rather than scientist, but nonetheless contains the remnants of a ‘concrete’
floor. He also includes a photograph of an Egyptian mural from a site in Thebes, which
shows workmen filling earthenware jars with water that is then mixed with lime and used
as a mortar for stone masonry. Trout [5] gives an authoritative account of the development
of cements from antiquity to the present and both publications report important milestones
in the evolution of cement technology.
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Figure 3. Çatalhöyük, Anatolia, Turkey. This neolithic settlement shows extensive use of mud brick
construction from around 9000 years ago and is one of the best preserved neolithic/chalcolithic sites
in the world. Image by Murat Özsoy (1958) Wikimedia Commons.

In the 1700s, John Smeaton, Bridley Higgins, Louis Viscat and Joseph Parker each
made significant advances in producing hydraulic cements and in 1824 Joseph Aspdin was
granted a patent on ‘Patent Portland cement’. This was made by calcining limestone with
clay to produce cement clinker that could be ground and mixed with water to produce a
waterproof (‘hydraulic’) cement. Although Aspdin did not reach high enough temperatures
to advance the clinkering reactions to near completion, this paved the way to modern
cement production. Work by Le Chatelier in the 1880s into the chemistry of cements
firmly established the foundations of our understanding of cement production and use.
Developments throughout the late 19th and early 20th centuries saw industrialisation of
cement production on a global scale, such that by the mid-twentieth century, cement and
concrete were the preferred materials for construction in many projects.

Developments in processing technology greatly influenced the production and use of
geomaterials. The mechanical crushing, screening and washing of quarried stone drove
the expansion of aggregate production far beyond the use of naturally produced sand and
gravel, although mechanised recovery of natural aggregates also resulted in considerable
expansion of these industries. Similarly, mechanised cutting and dressing of stone for
construction and of slates for roofing developed throughout the industrial revolution,
driven by demand from new building in the late 18th and 19th centuries. At this time,
demand for roadstone expanded alongside the need for building, requiring both dressed
stone for road cobbles and compacted stone for their base layers. The introduction of
tarmacadam (late 19th century; J.L. McAdam, improved and patented by E.P. Hooley; 1902)
led to a rapid increase in road construction and asphalt-bound roadstone provided the
wearing surface layer of roads from the mid-twentieth century.

The current practice of geomaterials concerns the influence of material properties on
their engineering properties in service. This spans the geotechnical concerns of slope stabil-
ity and earthen construction to the processing and durability of rocks and minerals in the
myriad of applications for which they are used. Mechanical and thermal property studies,
on which the discipline was built, have been supplemented by a much increased under-
standing of how chemistry and microstructure control durability and service life. Poole [6]
and Ingham [7] published comprehensive works considering the chemical, mineralogical
and microstructural properties of geomaterials and show how a detailed understanding
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of these aspects has led to greater confidence in explaining durability of the materials
in service.

Figure 4 considers the major groups of geomaterials in terms of both their degree of
consolidation and degree of processing. At the simplest level, unprocessed materials con-
stitute the greatest proportion of geomaterials in use. Earth works, highway construction
and excavation consume vast quantities of unconsolidated soil, aggregates and rock-fill,
emplaced and compacted with long service lives in mind. An understanding of the miner-
alogy of such massive engineering projects ensures the risk of, for example, ground heave
as a result of oxidation of pyrite in rocks may be minimised. Mineralogical instability is
turned to advantage, however, in highway construction, where minerals in the igneous
rocks used as road stone weather at different rates, ensuring the wear from vehicle tyres
exposes fresh surfaces and maintain a high coefficient of friction between the tyre and the
road. This gives rise to the concept of ‘Polished Stone Value’ (PSV) addressed in current
standards for aggregates (e.g., BS EN 932 1997) [8].

Figure 4. Major groups of geomaterials in terms of both their degree of consolidation and degree
of processing.

Geomaterials are processed to varying degrees. Rocksalt (NaCl) is used directly in
highway de-icing but is largely processed to form soda ash (Na2CO3), a major precursor for
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the chemical industries. In terms of geomaterials it is used in glass manufacture (it lowers
the temperature of the silicate melt) which is used with other geomaterials as a glaze on
many fired clay products such as pipes and tiles. These fired clay products, along with
modern brick production, globally account for over 3,000,000,000 tonnes of clay per year.
Gypsum is calcined to produce plaster products and is an essential component in cement
manufacture. Blended with ground cement powder, it controls the hydration kinetics of
the aluminates in the clinker, preventing ‘flash set’. Limestone is an important geomaterial,
both as a building stone and as a source of calcium in cement production and through
simple calcining is the precursor for lime products (CaO and Ca(OH)2). Zeolites should be
considered amongst modern geomaterials, reflecting their use as ion exchange media in
permeable reactive barriers (PRBs). This rather niche application is part of a much wider
field of subsurface barrier construction to control the flow and quality of groundwater and,
particularly, to constrain pollutant migration. Permeable reactive barriers allow the passage
of ground water through chemically active media. Zeolites can sorb specific ions from a
solution, whereas zero valent iron controls the redox potential of mobile solutions. Crushed
limestone in PRB applications is used to raise the pH of moderately acid ground waters
which may then precipitate metal ions from solution. An example of a non-permeable sub
surface barrier is curtain wall construction. A trench is excavated into which a mineral
mixture is poured. One example is a Portland cement—blast furnace slag and clay mixture—
which never truly hardens. It remains compliant, setting to form a very low permeability
semi-solid, which restricts the flow of groundwater through it.

Recent decades have seen the concept of resource efficiency become important to
society and the economy. The re-use of industrial wastes and by-products is of mounting
importance, driven in part by corporate social responsibility and in part by the rising
taxation on waste disposal. This has led to the inclusion of many new materials in the
geomaterials field. To this can be added spent foundry sands, ceramic wastes from many
sources, waste sea shells, crushed brick and concrete wastes, highway ‘blacktop’ planings
and a wide range of solid combustion products, all of which are reused in construction.
Demolition waste has been used as bulk fill and highway sub-base layers for many years.
The inclusion of supplementary cementitious materials has been driven by the desire of
the cement industry to reduce the embedded carbon of cement, following a report by the
World Business Council for Sustainable Development in 2002. This highlighted the CO2
emissions released by the cement industry and the need for change. The solutions were
considered by Gartner [9] who described low energy cement clinkers:

(A) Pozzolan-based cements.
(B) Calcium (sulfo)aluminate-based cements (made from low-grade alumina sources).
(C) Calcium sulfate-based cements.

Gartner compares the pros and cons of each approach and concludes that “Based on
the present analysis, the most promising low-CO2 alternative cementing systems appear to be those
that make use of large amounts of either natural or artificial pozzolans or those that effectively
stabilise hydrated calcium sulfates (e.g., as ettringite)”. The United Nations Environment
Programme commissioned a study (Scrivener et al. 2016) [10] which also considers a range
of options. Most promising of these is the use of calcined, kaolinitic clays blended with (and
importantly, replacing) much of the Portland cement clinker. The technology, known as LC3,
includes limestone flour in the mixture and is proving to be a step-change in CO2 reduction
from cements, as the raw materials are widely available and need simple processing. Lehna
and Preston [11] similarly considered options for CO2 reduction focusing on “the potential
to blend clinker with alternative materials, and on the use of ‘novel cements’—two levers that can
reduce the need for clinker itself by lowering the proportion of clinker required in particular cement
mixtures”. These reports all agree that reduction in the amount of cement clinker used (the
‘clinker factor’) is the key to reducing embedding carbon dioxide in cement production.

A wide range of industrial pozzolans have been considered but relatively few have
been adopted commercially. Some (for example ground granulated blast furnace slag from
the iron industry and pulverised fuel ash from coal fired power generation) have been

5



Appl. Sci. 2023, 13, 9129

in wide use for a century or so. They work by providing a source of silica (commonly
aluminosilicate) which dissolves in the highly alkaline cement pore solution. The conse-
quence is that more hydration products are formed but by using less cement clinker. Many
other materials have a more modest place in the market. Silica fume, wood ash, rice husk
ash and ‘metakaolin’ (calcined kaolin clays) are all in widespread use but limited, often
local availability, or high price prevent their wider adoption. The specialist in geomaterials
needs an ever-growing knowledge of the materials used to make blended cements.

To conclude, it is appropriate to consider new materials entering the spectrum of
geomaterials. Waste tyres, for example, are both a waste and a resource. When disag-
gregated into tyre crumb, they can be used as a permeable (but not high load-bearing)
medium and is commonly used in playground and footpath construction. Glass cullet is
used to some extent as an aggregate but rarely in structural concrete, owing to the risk
of alkali–silica reaction. However, when finely ground [12] (<40 μm), this material has
considerable potential as a constituent in blended cements.

Ingenuity and the constant need to recycle materials at the end of their service lives
will ensure new geomaterials enter the field continuously.

2. About This Special Issue

Geomaterials account for the majority of all goods consumed by mankind due to their
massive application in the construction of buildings, the execution of civil and geotechnical
works, as well as in environmental engineering projects. These kinds of materials may
retain their primary characteristics (ornamental rocks, stone aggregates, clay barriers,
compacted soils, etc.) or can be artificially manufactured either from natural raw materials
or from wastes (cement, concrete, ceramics, expanded lightweight aggregates, geopolymers,
mineral wool, etc.).

The growing increase in population and demand for natural resources means that these
geomaterials, so widely used, need to be studied in depth in order to adapt to current needs,
while contributing certain technological, environmental and economic benefits. Therefore,
geomaterials have been, are and will be strategic assets with an enormous socio-economic
and environmental impact.

In this regard, this Special Issue includes a series of articles focused on recent advances
in geomaterials’ research, with special emphasis on their potential application in the afore-
mentioned sectors. The findings presented not only shed light on the knowledge we have
had about geomaterials to date, but also pave the way for future research in order to delve
deeper into their improvement, development and sustainability for future generations.

Author Contributions: Conceptualization: M.T. and J.M.M.-M.; writing—original draft preparation:
M.T.; writing—review and editing: J.M.M.-M. All authors have read and agreed to the published
version of the manuscript.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: Increasing infrastructure growth has forced the construction industry to look for wasteful,
cheap, and suitable materials for construction. An investigation into the geotechnical utilization
of fly ash was carried out in the present study. Practical applications normally involve the use
of large quantities of fly ash, so proper mixing of the fly ash with other materials may not be
significantly achieved. Therefore, the present paper investigates the behaviour of a fly ash–bentonite
layered system with different ratios. The physical properties and chemical composition of fly ash
and bentonite were determined. SEM and energy dispersive X-ray experiments were also used to
investigate the morphology and phase compositions of fly ash and bentonite. A series of consolidated
undrained (CU) triaxial tests on fly ash–bentonite were carried out to investigate shear strength
characteristics. Fly ash (F) and bentonite (B) were used in the following ratios: 1:1 (50% F:50% B), 2:1
(67% F:33% B), 3:1 (75% F:25% B), and 4:1 (80% F:20% B), with different numbers of interfaces (N),
i.e., 1, 2, and 3 for each ratio. The deviator stress and cohesion value were found to increase with
the number of interfaces for each ratio. The angle of shear resistance changed marginally with the
increase in the fly ash–bentonite ratios and varying interfaces.
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1. Introduction

Around 70–75% of the electricity is generated by coal-based thermal power plants in
India. Indian coal is of poor quality and contains almost 30–45% of ash [1,2]. Fly ash is
also considered a hazardous water pollutant due to the presence of toxic heavy metals [3].
According to estimates from the Fly Ash Utilization Program (FAUP), the coal supplied to
thermal power plants in the amount of 686.34 million tonnes in 2020–2021, which contains a
significant amount of ash, had a fly ash generation of 232.56 million tonnes in 2020–2021 [4].
The Ministry of Power, Govt. of India estimates 1800 million tonnes of coal use every year
and 600 million tonnes of fly ash generated by 2031–2032. Due to persistent efforts by the
Fly Ash Mission in India and some other agencies, the utilization of fly ash has improved
from a meagre 3% in 1994 to 92% in 2020, which is nowhere near its target of 100% fly ash
utilization [5]. Various authors have successfully stabilized expensive soil by blending it
with fly ash [6–8]. Fly ash has also been modified with lime, gypsum, and fibre [9,10].

Bentonite is an efficient clay substance for creating low-permeability barriers. Ben-
tonite is a valuable material because of its great plasticity, strong dry-bonding strength,
high shear and compressive strength, and low permeability [11–13]. Many researchers
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have carried out experimental investigations on fly ash mixed with bentonite [14–16]. The
suitability of fly ash as a hydraulic barrier as well as the use of bentonite were investigated
to improve the geotechnical qualities of fly ash [14]. It was established that 70% by weight
of fly ash can be blended with bentonite to meet the requirements of compacted landfill
liners [15,17].

The permeability of the compacted fly ash deposits is moderate. Fly ash is not suitable
for use in seepage barriers such as liners. To lower the permeability of fly ash, clay-like
admixtures should be used [2,18]. The utilization of a large quantity of fly ash means
proper mixing of the fly ash with other materials may not be significantly achieved. To
overcome this problem, the layered system has been adopted in the present study. When
two layers of different materials interact at their interfaces, the deformation behaviour of
the composite is influenced by the inherent properties of the materials. The effect of fly ash
on bentonite ratio and the number of layers was studied.

2. Materials Used

2.1. Fly Ash

The fly ash came from a national thermal power plant in Dadri, India, with an installed
capacity of 800 megawatts. The plant generates about 10 million tonnes of bottom ash and
39 million tonnes of fly ash each day. The fly ash is collected in a total of 24 electrostatic
precipitator hoppers. To avoid deterioration over time, fly ash was collected in dry form
and stored in moisture-proof containers. The results of the research into the chemical
composition and physical properties of fly ash are shown in Tables 1 and 2, respectively.
It was designated as class F, as defined by ASTM C 618 [19], indicating that it is typically
obtained from bituminous and anthracite coals. The intrinsic diversity of fly ashes from
different sources as well as from the same source is greater in India than in other nations
such as Italy and the United States [20]. The chemical constituents of the Dadri fly ash
were found to be within the range of other Indian fly ash chemical compounds. Scanning
electron microscope (SEM) and Energy Dispersive X-ray (EDX) were carried out through
JEOL, instrument JSM-6510 (Figure 1). The following settings were used to photograph the
morphological characteristics of the fly: accelerating voltage = 15 kV, magnification = 3000,
spot size = 40, μm marker = 5, and tilt = 0. The image clearly shows that fly ash is mostly
made up of spherical particles of various sizes (Figure 1). Figure 2a shows the EDX of
fly ash.

Table 1. Chemical composition of fly ash.

Composition Percentage

Silicon dioxide (SiO2) 59.00
Alumina (Al2O3) 29.00

Iron oxide (Fe2O3) 6.50
Calcium oxide (CaO) 1.80

Magnesium oxide (MgO) 1.44
Sodium oxide (Na2O) 0.80
Sulphur trioxide (SO3) 0.28

Table 2. Physical properties of fly ash and bentonite.

Properties Fly Ash Bentonite

Specific gravity 2.19 2.73
Optimum moisture content (OMC), % 22 28

Unit weight, kN/m3 14.39 21.5
Maximum dry density (MDD), kN/m3 11.8 16.8

Liquid limit (WL), % 24 261
Plastic limit (WP), % Non plastic 38

Plasticity index (P.I), % 24 223
Coefficient of permeability, (10−10 m/sec) 551 8.52
Unconfined compression strength, kN/m2 34 176

Classification Class F CH
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Figure 1. Scanning electron micrographs of fly ash with different magnification factors: (a) 700;
(b) 3000.

Figure 2. Energy-dispersive X-ray spectroscopy (EDS): (a) fly ash and (b) bentonite.
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The density bottle method was used to determine the specific gravity of fly ash, which
was found to be 2.19 according to IS: 2720-Part 3 [21]. To assess the grain size distribution
of the Dadri fly ash, a hydrometer test was performed according to Indian Standard IS
2720-Part 4 [22]. The Atterberg limits were measured according to Indian Standard IS
2720-Part 4 [23]. The liquid limit (WL) of fly ash was found to be 24% and non-plastic in
nature. For typical soils, a light compaction standard Proctor test was performed according
to Indian Standard IS 2720-Part 10 [24]. The optimal moisture content (OMC), unit weight,
and maximum dry density (MDD) were found to be 22%, 14.39 kN/m3, and 11.8 kN/m3,
respectively. Fly ashes have a lower MDD and a higher OMC than normal soils. This may
be attributed to lower specific gravity and the porous nature of the particle. Unconfined
compression tests were carried out in accordance with Indian Standard IS 2720-Part 10 [24].
Two specimens were tested, and at 2% axial strain, the failure axial stress was attained,
causing the specimens to collapse. The Dadri fly ash specimens had an average unconfined
compressive strength of 110 kN/m2. At the MDD–OMC state, specimens were prepared
and a falling head permeability test was performed. The coefficient of permeability of fly
ash was determined to be around 5.51 × 10−6 cm/s, which is normally in the range of
non-plastic silts. Table 2 shows the physical properties of fly ash and bentonite.

2.2. Bentonite

The bentonite utilized was dry, sieved through an IS sieve of 425 microns, and stored
in the laboratory in sealed containers. The bentonite’s morphological properties presented
in Figure 3 were collected under the following conditions: accelerating voltage of 15 kV,
2700 magnification, 40 spot size, 5 μm marker, and tilt = 0. Energy dispersive X-ray analysis
(EDS or EDX), as shown in Figure 2b, is based on the diffraction of very short-wave
electromagnetic radiation in the regular, continuous mineral lattice. The specific gravity
of bentonite was found to be 2.73. As illustrated in Figure 3, the particle size distribution
curves of fly ash and bentonite were plotted as shown in Figure 4. The liquid limit (WL)
and plastic limit (WP) of bentonite were found to be 261% and 38%, respectively. CH has
been assigned to it. The compaction curves for bentonite and fly ash are shown in Figure 5.
The optimum moisture content (OMC), unit weight, and maximum dry density (MDD) of
bentonite were found to 28%, 21.52 kN/m3, and 16.81 kN/m3, respectively. The coefficient
of permeability was found to be close to 8.52 × 10−8 cm/s.

Figure 3. Scanning electron micrographs of bentonite at 2700 magnification factor.
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Figure 4. Particle size distribution curves for fly ash and bentonite.

Figure 5. Proctor compaction curve of fly ash and bentonite.

3. Experimental Programme

Laboratory tests were conducted on the cylindrical specimen having a size of 39 mm
in diameter and 84 mm in length. Experimental details are described in Table 3. Fly ash
and bentonite were used in the following ratios (by volume): 1:1 (50% F:50% B), 2:1 (67%
F:33% B), 3:1 (75% F:25% B), and 4:1 (80% F:20% B) in two layers, three layers, and four
layers (N = 1, 2, and 3). Figure 6 explains the diagram presentation for F:B = 2:1 in different
layer combinations. For F:B = 2:1 in two layers, the length of the fly ash and bentonite
samples was kept at 56 mm and 28 mm, respectively. For F:B = 2:1 in three layers, the
length of fly ash and bentonite in each layer was taken as 28 mm. However, for F:B = 2:1
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in a four-layer combination, the length of each layer of fly ash and bentonite was kept at
28 mm and 14 mm, respectively. Each test was repeated once for better accuracy, so a total
of 84 samples were tested under three different confining pressures of 100 kPa, 200 kPa,
and 300 kPa.

Table 3. Experimental programme.

Test Description
No. of Interfaces

(N)

Confining Pressure (kPa) Total No. of Tests

100 200 300

Fly Ash Sample - � � � 6
Bentonite Sample - � � � 6

F:B = 1:1
1 � � � 6
2 � � � 6
3 � � � 6

F:B = 2:1
1 � � � 6
2 � � � 6
3 � � � 6

F:B = 3:1
1 � � � 6
2 � � � 6
3 � � � 6

F:B = 4:1
1 � � � 6
2 � � � 6
3 � � � 6

Figure 6. Diagrams representing the layered arrangement in samples for F:B = 2:1.

3.1. Sample Preparation

Each sample was prepared on optimum moisture content. Firstly, Proctor compaction
tests were carried out to find optimum moisture content and maximum dry density. The
weights of the fly ash and bentonite were calculated for each layer by using max dry density
of a sample 39 mm in diameter and 84 mm in length. A pre-determined amount of dry
material was mixed properly by adding 28% (for bentonite) and 22% (for fly ash) water.
Material was filled in a sampler at 5 mm thickness for each layer and compacted by an iron
rod of diameter 20 mm of 250 gm weight to ensure effectiveness. Figure 7a–e represents a
few specimens used in the present laboratory tests. The fly ash and bentonite samples are
shown in Figure 7a,b. However, for F:B = 1:1 in the layer combination as N = 1, the length
of each layer was taken as 42 mm, as shown in Figure 7c. For F:B = 1:1 with N = 2 and 3,
the samples are shown in Figure 7d,e. To achieve homogeneity and thixotropy, the samples
were left for 24 h. After that, the sample was placed in a pressure cell and exposed to a
vertical compression force as well as all-around hydrostatic pressure. With end caps and
rubber rings in place, the sample was correctly sealed, and the sealing rings of the cell were
also properly positioned. Before testing, samples were saturated for 24 h.

13



Appl. Sci. 2022, 12, 1421

Figure 7. Specimen before saturation of: (a) fly ash, (b) bentonite, (c) F:B = 1:1 in N = 1, (d) F:B = 1:1
in N = 2, and (e) F:B = 1:1 in N = 3.

3.2. Test Procedure

The consolidated undrained (CU) test was performed on samples (excluding simple
fly ash) in which complete consolidation of the test specimen was allowed under confining
pressure, but no drainage was allowed during shear. Back pressure was used to obtain full
saturation. During the CU test, the effective stress parameters c and φ were determined by
measuring the pressure in the pores.

The deviator stress and axial strain were calculated when the samples were exposed to
confining pressures (σ3) of 100 kPa, 200 kPa, and 300 kPa. The data collection was totally
computer controlled, and the tests were run at a constant strain rate of 2% per minute. A
regulated speed driven motor with a compression force of up to 100 kN was used to impose
the axial displacement. As shown in Figure 8, the linear variable differential transformer
(LVDT) and pore pressure transducers (PPT) were used to measure settlement and pore water
pressure of the sample, respectively. All instruments were duly calibrated before testing.

Figure 8. Triaxial shear test apparatus with LVDT, PPT, and load cell.
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4. Results and Discussion

4.1. Stress-Strain Behaviour

Figure 9 shows the response of deviator stress to axial strain at confining pressures of
100, 200, and 300 kPa. Different layered systems with varying numbers of interfaces have
been studied. Apart from the different layers used, the ratio of fly ash to bentonite has been
subjected to variation from 1:1 to 4:1. Deviator stress at failure of fly ash was found to be 236,
380, and 495 kPa on confining pressures of 100, 200, and 300 kPa, respectively. As indicated
in the graphs, samples confined to 300 kPa sustained greater axial strains and deviator
stresses than samples confined to lower confining pressures of 100 kPa and 200 kPa. In
addition, it can be seen that the stress endured by a plain fly ash sample is significantly
lower than a plain bentonite specimen. Again, as the ratio of fly ash to bentonite increases,
the deviator stress carried by the sample decreases.

Figure 9. Cont.
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Figure 9. Cont.

16



Appl. Sci. 2022, 12, 1421

Figure 9. Deviator stress versus axial strain curves of fly ash, bentonite, and fly ash–bentonite in
different ratios with layers. (a) Fly ash. (b) Bentonite. (c) F:B = 1:1, N = 1, F = 2L, B = 1L. (d) F:B = 1:1,
N = 2, F = 2L, B = 1L. (e) F:B = 1:1, N = 3, F = 2L, B = 2L. (f) F:B = 2:1, N = 1, F = 1L, B = 1L. (g) F:B = 2:1,
N = 2, F = 2L, B = 1L. (h) F:B = 2:1, N = 3, F = 2L, B = 2L. (i) F:B = 3:1, N = 1, F = 1L, B = 1L. (j) F:B = 3:1,
N = 2, F = 2L, B = 1L. (k) F:B = 3:1, N = 3, F = 2L, B = 2L. (l) F:B = 4:1, N = 1, F = 1L, B = 1L. (m) F:B = 4:1,
N = 2, F = 2L, B = 1L. (n) F:B = 4:1, N = 3, F = 2L, B = 2L.

For F:B = 1:1, the increments in deviator stress for N = 1, 2, and 3 with respect to fly
ash are 50, 68.22, and 113.12%, respectively, on confining pressure 100 kPa; 38.42, 57.11, and
52.89% on confining pressure 200 kPa; and 21.62, 36.36, and 38.38% on confining pressure
300 kPa. For F:B = 2:1, the increments in deviator stress for N = 1, 2, and 3 with respect
to fly ash are 40.25, 84.32, and 96.61%, respectively, on confining pressure 100 kPa; 30.79,
53.68, and 72.89% on confining pressure 200 kPa; and 12.12, 24.04, and 27.27% on confining
pressure 300 kPa. For F:B = 3:1, the increments in deviator stress for N = 1, 2, and 3 with
respect to fly ash are 32.20, 48.73, and 68.64%, respectively, on confining pressure 100 kPa;
17.37, 25.79, and 34.74% on confining pressure 200 kPa; and 10.10, 13.13, and 27.27% on
confining pressure 300 kPa. For F:B = 4:1, the increments in deviator stress for N = 1, 2, and
3 with respect to fly ash are 24.58, 29.24, and 49.15%, respectively, on confining pressure
100 kPa; 11.32, 21.84, and 28.16% on confining pressure 200 kPa; and 10.71, 12.73, and
19.60% on confining pressure 300 kPa.
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4.2. Shear Strength Parameters

The total axial stress results of the series of consolidated undrained triaxial tests at
increasing confining pressure were plotted on a Mohr’s circle diagram to evaluate effective
shear strength parameters (c and φ). A straight line drawn as a tangent to the circles, with
the equation τ = c + σ tan φ, is used to simulate the condition of the sample’s failure. The
angle of shearing resistance (φ) is the angle between the tangent and a line parallel to the
shear stress, and the value of cohesion (c) is read from the shear stress axis, where it is cut
by the tangent to the Mohr’s circles. The values of c and φ are summarized in Table 4.

Table 4. Shear strength parameters of fly ash bentonite in different ratios with layers.

F:B
Cohesion (c), kPa Angle of Internal Friction (φ), ◦

N = 1 N = 2 N = 3 N = 1 N = 2 N = 3

1:1 76.8 83.4 107 22.5 22.2 20
2:1 75 76.1 110 21 20 17
3:1 66.6 86 105 21.5 20 21.5
4:1 55 59 78.2 22.8 22.8 22

As shown in Figure 10, for a particular ratio of fly ash to bentonite, the value of
cohesion increased with the increase in the number of interfaces. When the number of
interfaces is equal to one, it was noticed that the value of cohesion continuously decreased
as the ratio of fly ash to bentonite was increased. At number of interfaces equal to 2, the
value of cohesion decreased when the ratio F:B changed from 1:1 to 2:1. However, when the
ratio of F:B became 3:1, the value of cohesion increased before reducing again at F:B = 4:1.
At N = 3, it was found that, with increasing ratio of F:B, an increase in value of c was
recorded until the ratio was 2:1. At a 3:1 ratio of F:B, the value of cohesion decreased and
then fell drastically at F:B ratio = 4:1.

Figure 10. Effective cohesion values against fly ash–bentonite ratios.

As shown in Figure 11, it was also found that the value of the angle of shear resistance
is largest for fly ash. For the same ratio of fly ash to bentonite, it decreases gradually as the
number of interfaces was increased. However, the values of φ are quite close to each other,
i.e., not much drastic change is observed in their response to changing ratios and varying
interfaces.
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Figure 11. Effective angle of shear resistance values against fly ash–bentonite ratios.

5. Conclusions

The following conclusions are drawn based on the results of the experimental investi-
gation:

1. Fly ash is a nearly cohesionless substance that has a binding effect at the fly ash–
bentonite layered system interfaces.

2. For F:B = 1:1, 1:2, 1:3, and 1:4, the value of cohesion has been varied in the ranges of
76.8–107 kPa, 75–110 kPa, 66.6–105 kPa, and 55–78.2 kPa, respectively, for different
layer arrangements. As the ratio of fly ash to bentonite is increased, the value of
cohesion is decreased, while at the same ratio, the value of cohesion is increased by
increasing the number of interfaces.

3. For F:B = 1:1, 1:2, 1:3, and 1:4, the value of angle of shearing resistance has been varied
in the range of 17–22.8◦ for different layer arrangements. The value of the angle of
shearing resistance has been found to decreases with the increase in the number of
interfaces for a specified ratio of fly ash to bentonite.

4. The stress–strain behaviour of the fly ash–bentonite layered system is initially elastic
at low stress levels and becomes non-linear at higher stress levels.

5. As the number of interfaces and confining pressures grow, the shear strength and net
safe bearing capacity of the fly ash–bentonite layered system increases.

6. Based on laboratory model tests, it has been suggested that the embankment may
provide greater stability if it is constructed for a fly ash to bentonite ratio of 3:1 (75% of
fly ash and 25% of bentonite in layers) by keeping the number of interfaces as N = 3.

7. It has been found that a 3:1 ratio of fly ash to bentonite with three interfaces can be suc-
cessfully used for filling low-lying areas and in many other engineering constructions,
while also providing a means of using the material without negatively impacting the
environment. However, the authors recommend that large-scale studies be conducted
in the future.
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Abstract: In the transition zone of railway tracks, track irregularities occur frequently due to differ-
ential settlement, which arises from the difference between the vertical supporting stiffness of the
abutment and the backfill. This is disadvantageous because it increases the maintenance require-
ments and deteriorates the ride quality. To address this challenge, this study proposes a strategy
involving the application of cement-treated gravel reinforced with geogrids and rigid facing walls.
The reinforced subgrade for railways (RSR), which can reduce residual settlement through the initial
construction of the backfill reinforced with geogrids and the subsequent development of the rigid
facing wall, was constructed at the transition zone with cement-treated gravel as the backfill material.
The long-term behaviors during and after construction on the RSR for a period of 16 months were
evaluated by analyzing the surface and ground settlements, horizontal earth pressure, and geogrid
strain. The minor net settlement of the reinforced backfill converges at the early stage of subgrade
construction, and the horizontal earth pressure was approximately reduced to the level of 54–63% of
the Rankine active earth pressure.
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1. Introduction

In transition zones, which are the weakest zones in the railway roadbed, track ir-
regularities frequently occur because of differential settlements, which are induced by
the difference in the vertical stiffness of the concrete abutment and the earth transition
zone [1]. To mitigate differential settlement, several design codes suggest various measures,
such as the implementation of approach blocks, approach slabs, and reinforced materials
nd structures.

The approach block is used to mitigate differential settlement; material with medium
stiffness is placed between the abutment concrete structure and the subgrade on the back of
the abutment, thereby smoothing the change in stiffness of the subgrade. Studies related to
the approach block were conducted which focused on several materials [2–4] and ground-
reinforcement strategies [5,6]. Cement-treated gravel is a material typically used for the
construction of approach blocks [7–9]. When graded gravel is mixed with a certain amount
of cement (3–5%) and compacted, it exhibits a stiffness greater than that of graded gravel
(without cement) [10,11]; thus, the difference in stiffness between backfill and concrete
structures can be mitigated.

The approach slab is a concrete structure in the shape of a slab and is supported at
one end by the bridge abutment and at the other end by the embankment soil [12]. By
connecting the abutment and embankment with a slab, this structure is used to reduce
the difference in stiffness of the subgrade. A nonlinear finite element analysis [13], a field
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survey [14], and dynamic analysis using a three-dimensional finite element model [15]
have been performed to investigate the approach slab. These studies reported on the effect
of reducing differential settlement in transition zones.

In another approach to improve the performance of the transition zone, geosynthetics-
based reinforcement methods have been explored. Watanabe et al. performed shaking
table tests of an abutment reinforced with a geogrid and discovered that the structural
stability may be secured by utilizing the tension of the geogrid [16]. Moreover, Feng et al.
investigated the performance of a geogrid-reinforced and pile-supported bridge approach
via field monitoring [17]. In addition, the performance and stability of geosynthetic-
reinforced soil bridges have been evaluated via numerical analyses [18] and their life
cycle assessment [19]. However, only a few studies have focused on the installation of
geosynthetic-reinforced retaining walls at the transition zone of the railway abutment.

The above studies have something in common that they make the change of stiffness
smooth in the transition zone. Because the transition zone composed of soil material has
a lower stiffness than a bridge with concrete, structural and material methods have been
employed to increase the stiffness of the transition zone.

In this study, the low compressibility and applicability of the geosynthetic-reinforced
retaining wall using cement-treated gravel as a backfill material in the transition zone
was evaluated. For this study, a reinforced subgrade for railway (RSR) was constructed
in an abutment transition zone at the Osong railway test line in Korea, and long-term
measurement was performed during and after the construction.

2. Design and Construction of RSR Abutment and Transition Zone

By initially constructing the backfill which is reinforced with a geogrid, followed by
a rigid facing wall, the resultant RSR can minimize the residual settlement, as illustrated
in Figure 1 [20,21]. Through the integration of the geogrid and the rigid facing wall, the
bearing capacity of the subgrade can be increased, and horizontal earth pressure can be
reduced [22,23]. Moreover, unlike segmental retaining walls reinforced with geosynthetics,
the RSR eliminates any occurrences of local failure; thus, this subgrade is suitable for
supporting large and frequent railway loads.

subsectionDesign of RSR Abutment and Transition Zone
By issuing a field change request, the conventional reinforced concrete (RC) retaining

wall was changed to an RSR. In the previous design, because of the short distance between
the retaining wall and the adjacent road, the foundation of the retaining wall intruded onto
the adjacent road. In addition, owing to the proximity of the site to a high-speed railroad,
there were concerns that large pieces of equipment such as a crane may fall toward the
high-speed railroad; thus, the construction was conducted at night during a 3 h period, from
01:00 to 03:00 AM, to obey Korean regulations. Nevertheless, the RSR could be constructed
in a narrow working space without the need for any large equipment.

The site investigation results are listed in Table 1. The landfill and sedimentary layers
comprised clayey sand and sandy clay, respectively. Although the ground contains clayey
soil, it was in a stiff state with a high n value (n = 8–13), but the layer thickness was
not thick.

The RSR was constructed at a height of 2.6–7.4 m and, including abutment transition
zones, the total length was 156.0 m in STA.1k662.90–1k820.00 of the Osong railway test line
in Korea. In this study, the STA.1k665 cross section in the abutment transition zone was
selected for stability analysis, and its behaviors were subsequently evaluated.
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Figure 1. Construction of reinforced subgrade for railways (RSR) [23].

Table 1. Site investigation results.

Depth
(m)

Thickness (m) Layer Descriptions
n Values 1 (Number

of Blows/cm)

0–1.4 1.4 Landfill layer
Medium stiff clayey sand 13/30

1.4–3.7 2.3 Sedimentary layer
Stiff sandy clay 8/30–12/30

3.7–12.0 8.3 Weathered soil layer
Soft to very stiff silty sand 16/30–50/9

12.0–15.0 3
Weathered rock layer
Very stiff weathered

Granite
50/10–50/7

1 The number of hammer blows required to penetrate the sampler by 0.3 m in the standard penetration test.

As depicted in Figure 2, the bench cut size for the foundation is reduced, and instead of
installing steel piles with a length of 11 m, the ground stability was improved by installing
cast-in-place (CIP) concrete piles with lengths of 1.5–2.0 m. The length of the short geogrids
is 2.60 m (35% of the wall height), and the length of the long geogrids is selected to satisfy
the criteria for safety against circular failure, sliding, and overturning. These geogrids
provide a tensile strength of 100 kN/m and a design tensile strength of 50 kN/m. Kim
(2017) verified the stability of this RSR section during the dry and wet seasons, as well
as during earthquakes using the RSR design program developed by the Korea Railroad
Research Institute, as summarized in Table 2 [24].

23



Appl. Sci. 2022, 12, 8861

(a) 

 
(b) 

Figure 2. Design of RC retaining wall and RSR: (a) originally designed RC retaining wall; (b) RSR
design.

Table 2. Results of stability analysis [24].

Factors of Safety
Loading Conditions

Dry Wet Earthquake

Circular Failure 2.011 > 1.500 1.802 > 1.300 1.681 > 1.100
Sliding 3.546 > 2.000 - 3.793 > 1.500

Overturning 3.712 > 1.500 - 2.715 > 1.100

2.1. Construction of RSR Abutment Transition Zone

The construction details of the RSR are as follows: (1) first, the cast-in-place concrete
pile was installed. (2) Subsequently, the bench cut was applied, and the 3% cement-treated
gravel was spread out and compacted. (3) Thereafter, a 1 m-high small-strip foundation
was installed. (4) Geogrids and nets of welded rebars were installed, (5) the cement-treated
gravel was laid, (6) followed by compaction, (7) and then the geogrid was rolled up.
(8) Steps (4) to (7) were repeated to obtain the 17th layer. (9) Subsequently, the backfill was
stabilized, (10) the rebars and connectors were installed, (11) and the forms and placement
of the concrete for the rigid wall were carried out. Finally, (12) the RSR was completed.
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The construction stages are illustrated in Figure 3, and the time schedules and major
milestones in the RSRs construction are listed in Table 3. The backfill materials for the RSR
that were applied to the sections in accordance with the Korean Railway Design Standard
for Roadbed are depicted in Figure 4 [25]. The properties and compaction conditions for
backfill materials are summarized in Table 4. The 3% cement-treated gravel was applied
for the b© section, and gravel with a maximum diameter of 63 mm was applied for the
c© section.

   

(1) (2) (3) 

  

 

(4) (5) (6) 

  
 

(7) (8) (9) 

   

(10) (11) (12) 

Figure 3. RSR construction process. (1) Installation of cast-in-place concrete pile; (2) bench cut,
spreading, and compaction processes of 3% cement-treated gravel; (3) installation of small strip
foundation; (4) installation of geogrids and nets of welded rebars; (5) laying of 3% cement-treated
gravel; (6) compaction; (7) rolling up the geogrid; (8) repetition of steps (4) to (7) to obtain the 17th
layer; (9) stabilization of the embankment; (10) installation of rebars and connectors; (11) installation
of forms and placing of concrete for rigid wall; (12) curing and completion of RSR.
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Table 3. Construction working schedules.

No. Measurement Date Works

1© Installation of CIP concrete pile
2© Day 0 Work starts on the reinforced backfill
3© Day 23 Completion of reinforced backfill

Stabilization period
4© Day 185 Work starts on the rigid facing wall
5© Day 242 Completion of the rigid facing wall
6© Day 308 Completion of the reinforced roadbed
7© Day 428 Completion of the track

 

Figure 4. Backfill materials of transition zone.

Table 4. Properties and compaction conditions for backfill materials.

Zones Materials Properties and Compaction Conditions

a© Reinforced roadbed
(Crushed gravel) Dmax

1 = 31.5 mm, over 100% OPM 2

b© Cement-treated gravel Dmax = 63 mm (Cement 3%), Ev2
3 � 120 Mpa, Ev2/Ev1

3 < 2.2
c© Gravel Dmax = 63 mm, Ev2 � 80 Mpa, Ev2/Ev1 < 2.2

d© Soil

(Upper roadbed)
Ev2 � 80 Mpa, Ev2/Ev1 < 2.3, over 95% ρd,max

4

(Lower roadbed)
Ev2 � 60 Mpa, Ev2/Ev1 < 2.7, over 90% ρd,max

1 Dmax: maximum particle diameter; 2 OPM: optimum moisture content; 3 Ev1 and Ev2: deformation moduli;
4 ρd,max: maximum dry density.

3. Installation of Sensors and Measuring Devices

To analyze the behaviors of the RSR which was applied to the abutment transition
zone, 19 geogrid strain gauges, 3 horizontal earth pressure gauges, and settlement rods
for the ground and the backfill surface were installed and measured during the construc-
tion process. The long-term measurements were conducted over a period of 16 months,
including the 2.6 month-long construction period, and the RSR behaviors were identified.
A schematic view of the measuring sensors is illustrated in Figure 5.

To distinguish the settlement of the ground and embankment, the settlement rods
were placed on the ground and backfill surface, respectively. The settlement rod for the
ground comprised a 1 m × 1 m square plate and a rod with a 15 mm diameter that could
be extended as the backfill height was increased by 1 m. The surface settlement rod,
featuring a circular steel plate with a 300 mm diameter and an attached 400 mm high
rod, was installed at a distance of 0.5 m from the edge of the backfill. Considering the
field conditions, the settlement measurements were performed after the completion of the
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embankment construction (from day 23 to day 274). The horizontal earth pressure gauges
were installed at the net of the welded rebars at the 2nd, 10th, and 16th layers to observe
the variation in the horizontal earth pressure with respect to the height. The strain gauges
were installed on the 2nd and 5th layers and the 10th, 13th, and 16th layers for the short
and long geogrids, respectively. The strain gauges on the short geogrids were installed at a
distance of 0.5, 1.5, and 2.5 m from the exterior of the reinforced backfill. The strain gauges
on the long geogrids were installed at a distance of 0.5, 1.5, and 2.5 m for the 10th layer, 0.5,
1.5, 3.5, and 5.5 m for the 13th layer, and 0.5, 1.5, 3.5, 5.5, 7.5, and 9.5 m for the 16th layer.
The installed sensors used for the measurements are shown in Figure 6.

Figure 5. Location of installed sensors.

  
(a) (b) 

  
(c) (d) 

Figure 6. Installed sensors: (a) surface settlement rod; (b) ground settlement rod; (c) horizontal earth
pressure meter; (d) strain gauge.
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4. Results and Analysis

4.1. Settlement

The settlements of the ground and surface of the embankment over time after the
construction of the reinforced backfill are plotted in Figure 7, and the circled numbers
indicate the work schedules stated in Table 3. Settlement measurements were performed
for 341 days and for 252 days for the ground and surface, respectively, after the reinforced
backfill was completed. The surface settlement changes considerably immediately after the
completion of the reinforced backfill construction and converges over time. In particular,
the maximum surface settlement is 23.1 mm less than the allowable residual settlement
stated in the Korean Railway Design Standard for roadbed construction (30 mm).

Figure 7. Settlements of RSR over time.

The difference in settlements of the ground and surface of the backfill was considered
as the net settlement of the backfill. The variation of net embankment settlement and
rainfall over time is plotted in Figure 8. Immediately after the completion of the reinforced
backfill construction, a compression settlement of 4.5 mm occurred and exhibited a stable
condition (1.82–3.09 mm) prior to the wall’s construction. The rate of total net settlement
of the reinforced backfill was 0.12%. Moreover, additional settlements of 4.06 mm and
1.19 mm occurred owing to the construction of the rigid facing wall and heavy rainfall,
respectively. Because the reinforced backfill supports the wall in the RSR structure, addi-
tional settlement occurs under the weight of the wall. During heavy rainfall, additional
settlement occurred as the soil particles were relocated by the water penetrating through
the reinforced backfill [26,27]. Considering the reinforced backfill height of 6.8 m, the rates
of each additional settlement were 0.06% and 0.02%, respectively. The low compressibility
of the RSR when using cement-treated gravel as a backfill was confirmed.

4.2. Horizontal Earth Pressure

The variation in the horizontal earth pressure as a function of the height over time is
represented in Figure 9. During the construction of the reinforced backfill, the pressure
increases with the weight of the soil, which is the largest at the second layer. Even after the
completion of the reinforced backfill, the horizontal earth pressure increases moderately
without any increase in the overburden load. The increase in earth pressure generated
during the backfill stabilization process was similar to that of the RSR using sand soil
as a backfill [23]; however, this value was considerably smaller for the backfill using
cement-treated gravel.
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Figure 8. Net settlement of reinforced backfill and rainfall over time.

Figure 9. Variation of the horizontal earth pressure over time.

Upon the completion of the rigid facing wall, the horizontal earth pressure tends to
increase at the 2nd layer, whereas the horizontal earth pressure tends to decrease at the 10th
and 16th layers. Notably, the RSR supports the concrete pouring pressure by connecting the
net of welded rebars to the formwork. Considering this fact, the decrease in the horizontal
earth pressure presumably occurred because the concrete pouring pressure applied to the
net of welded rebars resulted in the horizontal displacement of the reinforced backfill.

The horizontal earth pressure at the 16th layer increased immediately after the comple-
tion of the rigid facing wall. Presumably, these effects, owing to rainfall and the overburden
pressure exerted by the reinforced roadbed and track on the 16th layer, were prominent
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because of this layer’s proximity to the surface. In the interim between the construction of
the rigid facing wall and the reinforced roadbed, the horizontal earth pressure increases to
5.1 kPa in the 2nd layer, 2.8 kPa in the 10th layer, and 21.7 kPa in the 16th layer, which was
4.2–7.8 times larger than the pressures of other layers.

For the period between the completion of the reinforced backfill and the initiation of
the rigid face wall, the variation in the distribution of the horizontal earth pressure with
respect to the height is plotted in Figure 10. The horizontal earth pressure in the second
layer (1.0 m) increases from 41% to 54% of the Rankine’s active earth pressure considering
the friction angle of 35◦ used in an existing design. Moreover, it increases from 45% to
63% and from 87% to 148% of the Rankine’s active earth pressure in the 10th layer (4.2 m)
and 16th layer (6.6 m), respectively. Except for the 16th layer, which is heavily influenced
by the external environment, such as construction works, the horizontal earth pressure
in all layers is similar to that of granular soil with a friction angle of 45–50◦. This entails
an increase in the shear strength of the backfill in the RSR using cement-treated gravel.
Notably, the higher the shear strength, the higher the stiffness encountered in the soil will
be [28,29], and, accordingly, the low compressibility of the RSR can be confirmed indirectly.

 
Figure 10. Variation in horizontal earth pressure over height.

4.3. Geogrid Strain

The variation in the geogrid strain measured at the layers over time is illustrated
in Figure 11. The maximum increase in the geogrid strain of 0.811% during and after
construction was measured at the fifth layer. This value is equivalent to 16% of the geogrids’
design tensile strain (5%). In addition, the maximum geogrid strain of 0.784% was measured
at the fifth layer (2.2 m) during the construction of the reinforced backfill.
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(a) 

 
(b) 

 
(c) 

Figure 11. Cont.

31



Appl. Sci. 2022, 12, 8861

 
(d) 

 
(e) 

Figure 11. Variation of geogrid strain over time: (a) 2nd layer (short geogrid); (b) 5th layer (short
geogrid); (c) 10th layer (long geogrid); (d) 13th layer (long geogrid); (e) 16th layer (long geogrid).

Except for the second layer, the maximum strain increases were measured for all layers
during the construction of the reinforced backfill. The results demonstrate that the increase
in the overburden load with the backfill height significantly influences the deformation
of the geogrids. Considering the limited soil deformations in the second layer owing to
the confining effects of the foundation, the geogrid deformation at the second layer was
assumed to be minimal. Following the completion of the backfill construction process, the
deformation of the geogrid resulting from the wall load increment, reinforced roadbed, and
track construction is approximately negligible.

5. Conclusions

In this study, the RSRs performance at the abutment transition zone of the railway was
evaluated. Notably, this subgrade was reinforced with cement-treated gravel and a geogrid.
The conclusions from the analysis results of the long-term measurement of settlement and
horizontal earth pressure are as follows:

(1) During the stabilization period, the net settlement of the reinforced backfill converged
at the early stage of subgrade construction, and the subsequent increase in settlement
was dominated by that occurring in the ground. The rate of total net settlement of the
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reinforced backfill was 0.12%. In the RSR, because the reinforced backfill supported
the rigid facing wall, additional settlement occurred as a result of the wall load and
rearrangement of soil particles owing to rainfall. The additional settlement caused by
the wall load and rainfall was 0.06% and 0.02%, respectively. The results confirm the
low compressibility of the RSR reinforced with cement-treated gravel and geogrid.

(2) The horizontal earth pressure was reduced to a level of 54–63% of Rankine’s active
earth pressure. In view of the decrease in active earth pressure, the shear strength of
the cement-treated gravel was considered similar to that of granular soil with a friction
angle of 45–50◦ for practical designs. In particular, the higher the shear strength, the
higher the stiffness encountered in the soil would be; thus, the low compressibility of
the RSR could be confirmed indirectly.

(3) The measured maximum geogrid strain was equivalent to 0.784%, which indicated
the stability of the RSR in the event of pullout and rupture of the geogrid. Upon the
completion of the backfill, the geogrid deformation resulting from the increase in the
overburden load was approximately negligible.
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Abstract: The possibility of transforming a diatomite-rich waste from the brewing industry into
synthetic zeolites has been investigated. After precalcination at 550 ◦C to eliminate the retained
organic matter, the clean diatomite (Dt; with a Si/Al molar ratio of 17.4), was hydrothermally treated
for 24 h with continuous stirring in a 3M NaOH solution at 80 ◦C. The results of mineralogical
characterization by X-ray diffraction with Rietveld refinement have shown a crystallization of 55%
of zeolite P, which was neoformed from the amorphous phase, opal-CT and quartz of the starting
sample. The spectra obtained by Fourier Transform Infrared Spectrometry have corroborated such
zeolitization. N2 adsorption–desorption isotherms have shown that the zeolitized material (Dt-Z) is
mesoporous, with almost 60% more specific surface area than Dt (62.6 m2/g vs. 39.4 m2/g), greater
microporosity and 40% smaller average pore size than Dt (71 Å vs. 118 Å). This study is a first
approximation to know the potential of diatomite wastes as zeolite precursors, for which additional
research including an aluminum source will be required.

Keywords: zeolite; diatomite; waste valorization; hydrothermal synthesis; NaOH

1. Introduction

Diatomite, also called diatomaceous earth, is a type of sedimentary rock formed
by the fossilization of unicellular algae called diatoms. Its composition is mainly rich
in hydrated amorphous or opaline silica, being chemically stable and inert. The holed
structural pattern of diatomite gives it very interesting physical properties, which has
led this material to be commonly used in different industrial processes as an absorbent,
filter medium, thermal insulator, filler, catalyst carrier, among others [1,2]. Accordingly,
diatomite has been exploited for more than a century and is used in large quantities due to
its low cost [3,4]. Among other applications, diatomite is used in the agri-food industry as
a filter medium in the production of wine and beer, generating large quantities of waste
rich in this material, in this case saturated in organic matter. From an environmental and
economic perspective, different strategies are being considered to valorize these wastes,
not only to obtain new products with added value, but also to reduce their potential
hazardousness [3,4].

Among the potential options is the possibility of synthesizing zeolites from raw mate-
rials rich in diatomite, preferably in residual form. Zeolites are microporous aluminosilicate
minerals, made up of TO4 tetrahedrons (where T is Si or Al) assembled with oxygen
bonds. Zeolites, whether natural or synthesized, present a wide variety of nanoporous
crystalline structures with interconnected cages. Due to their nanostructure, zeolites can be
considered advanced materials whose application is very wide as a catalyst in chemical
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processes, adsorbent of cations and organic molecules, desalination processes, gas sepa-
ration, etc. [4,5]. There are several publications that cover the study of the synthesis of
zeolites from (fundamentally natural) diatomites, some of which are summarized below.

Shan et al. [6] manufactured (Fe,Al)-ZSM-5 zeolite microspheres with meso- and
macroporosity from natural diatomite, using different reagents (NaOH, tetrapropylam-
monium bromide (TPABr), NaCl and distilled water). The zeolite was hydrothermally
synthesized in an autoclave for 6 days at 180 ◦C, with subsequent removal of TPABr by cal-
cination at 550 ◦C. Paper sludge ash in combination with different proportions of diatomite
as silica source were used by Wajima et al. [7] to obtain zeolite Na-P1 (zeolite P). The zeolite
crystallization process was carried out by hydrothermal means in an Erlenmeyer flask
for 24 h at 90 ◦C, using a 3M NaOH solution as alkaline medium. The zeolite obtained
presented the capacity to eliminate NH4

+ and PO4
3−, having potential application in water

filtration. Jia et al. [8] produced zeolites with hierarchical porosity from a commercial
diatomite. Once several steps were completed, the final zeolitization process was carried
out in an autoclave at 150 ◦C for 72 h. After applying a scrubbing treatment on a commercial
diatomite in order to remove impurity phases, Du et al. [9] synthesized zeolite P using
NaOH, Al(OH)3 and deionized water as chemical reagents. The zeolitization was carried
out by the authors using a water bath at 90 ◦C, studying different treatment times (4–24 h).

For their part, Yao et al. [10] used a commercial diatomite, NaOH and Al(OH)3
to synthesize zeolite X. After a first stage of aging at different times and temperatures
between 0–120 min and 30–60 ◦C, zeolites were obtained by hydrothermal treatment also
studying different conditions, between 90–120 ◦C and 3–9 h. Servatan et al. [11] synthesized
mesoporous zeolites using a diatomite exploited in an Iranian mine. The synthesis process
covered different stages, including, precalcination; acid treatment; treatment with TPABr,
sodium aluminate and NaOH; hydrothermal treatment at 170 ◦C for 60 h; treatment
with NH4NO3 and final calcination. As a result, the authors obtained ZSM-5 zeolites of
good quality. In a relatively recent study, Stafin et al. [4] used diatomaceous earth wastes
from beer filtration. Apart from distilled water, the diatomite was mixed with NaOH
and Al(NO3)3·9H2O as aluminum source. Both a conventional hydrothermal treatment
route (100 ◦C at different times between 3 and 24 h) and through microwaves for 170 s
were investigated. Zeolite NaP1, hydrosodalite, sodalite and cancrinite were obtained as
products of interest, concluding that microwave treatment can also be very effective.

The present study aims to deepen the knowledge of the synthesis of zeolites from
diatomite. In this case, a primary route to know the potential of diatomite wastes as zeolite
precursors will be looked for. If adequate, it will pave the way for additional research to
obtain quality zeolites from diatomite wastes. It will be especially relevant the non-addition
of any aluminum source, so that, unlike what has been presented so far in the literature,
silicon-rich diatomaceous earths will be used as the only precursor in the zeolite synthesis.
Furthermore, considering the current guidelines of sustainability and circular economy,
another of the main objectives is not to use natural raw materials, so the feasibility of a
residual diatomite from the brewing industry will be studied as a precursor in zeolitization.

2. Materials and Methods

The diatomite residue used in this investigation came from the filter earths used in the
beer brewing process of the Heineken company at its plant located in Jaén (Spain). Once
dried in an oven at 105 ◦C, this material was ready to be used without the need for grinding,
since its particle size presented a high fineness (all the material passed through the 63-μm
sieve). Thus, the energy and economic costs of milling would be eliminated, an aspect
that is especially positive if the zeolitization protocol described were to be scaled up to an
industrial level. The diatomite’s chemical composition (obtained by X-ray fluorescence
using a Thermo ARL ADVANT’XP Sequential XRF equipment) is shown in Table 1.
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Table 1. Chemical composition of the diatomite residue used in this research as received and after
calcination at 550 ◦C (data in percentage).

Diatomite SiO2 Al2O3 Fe2O3 K2O MgO CaO TiO2 Na2O P2O5 SO3 LOI

As received 76.8 3.8 1.5 1.0 0.2 0.8 0.4 0.7 0.3 0.03 14.5
Calcined (Dt) 89.8 4.4 1.8 1.1 0.2 0.9 0.4 0.8 0.4 0.03 0.0

The high percentage of loss on ignition (LOI) is attributable to the organic matter
retained in the diatomite mineral matrix during the filtration process in beer production.
Accordingly, the diatomite waste was calcined at 550 ◦C for 5 h in a muffle to remove the
organic matter. On the other hand, as expected, the SiO2 content is predominant, reaching
a value of almost 90% after calcination (Table 1), since silicon is the main component of
diatomaceous earths. Far below, the second element present is aluminum (∼4%), followed
by lower proportions of iron and alkali and alkaline earth metals, among others. The
presence of these elements could be due to impurities in the diatomite itself, as well as to
substances retained in its structure during filtration. Despite this, the chemical composition
of Table 1 is in the same order as others found in the literature for diatomaceous earths from
different sources and countries [12]. As a result, the Si/Al molar ratio of the raw material is
high (Si/Al = 17.4).

After that, the clean diatomite (Dt) was subjected to hydrothermal treatment with
a 3M NaOH solution. The liquid (NaOH solution)/solid (mass of Dt) ratio used was 10,
specifically 10 g of Dt in 100 mL of NaOH solution. The mixture was kept under constant
magnetic stirring for 24 h at 80 ◦C in a closed Erlenmeyer flask [7]. On completion of the
24 h of hydrothermal stirring, the suspension was filtered and washed with distilled water
until a neutral pH was reached. The sediment finally obtained was dried at 105 ◦C in
an oven and subsequently characterized. The sample obtained after this treatment was
named Dt-Z.

The quantitative mineralogical composition of the original Dt and the phases formed
from it was determined by X-ray diffraction (XRD) using a PANalytical® diffractometer
X’Pert Pro model. For this analysis, polycrystalline powder diffractograms were obtained
after adding ~25 wt.% alumina to the sample in order to determine both the crystalline
and amorphous phases by Rietveld refinement [13,14]. The measurement conditions were
as follows: 45 kV, 40 mA, Cu radiation, soller slit of 0.04 rad, antiscattering slit of 1/2◦,
divergence slit of 1/8◦, step size of 0.0167, counting time (s) of 130, Bragg-Brentano HD
module and X’celerator detector. The Rietveld analysis of the sample was carried out
with the HSP program of Panalytical. It is important to note that the quantification of
mineral/amorphous phases is not an aspect usually addressed in other studies shown in
the literature, which are limited exclusively to phase identification, making this a point of
special interest in this research. The N2 adsorption–desorption isotherms at 77 K of both Dt
and the resulting zeolites (Dt-Z) were obtained using Surface Area and Porosity Analyzer–
Model ASAP 2420 manufactured by Micromeritics Instrument Corporation, deducing the
Brunauer–Emmett–Teller (BET) surface area, the Barrett–Joyner–Halenda (BJH) mesopore
characteristics, as well as the micropore volume based on the Density Functional Theory
(DFT). The chemical bonds generated during the zeolitization was studied by Fourier
Transform Infrared Spectrometry (FTIR) using a Bruker Vertex 70v equipment, applying
the Attenuated Total Reflection (ATR) method. The spectra were obtained between 4000
and 400 cm−1 and a resolution of 2 cm−1.

3. Results and Discussion

3.1. XRD Analysis: Mineralogical Transformations

Figure 1 shows the diffractograms obtained from the XRD test applied to Dt and Dt-Z,
while a summary of the quantification by Rietveld method of the different phases is shown
in Table 2. The diatomite used in this research has a fundamentally amorphous nature
(81.2%), which makes it a material with, a priori, good zeolitization potential. Considering
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the chemical composition shown in Table 1, such an amorphous phase would be mainly
composed of SiO2. In smaller proportions, Dt also presents opal-CT (11.1%) and quartz
(7.7%) as the only crystalline phases present in the original sample. However, as can be seen
in Figure 1 and Table 2, the alkaline hydrothermal treatment has produced very significant
changes both in the proportions of these original phases and in the neoformation of new
ones. Thus, Dt-Z contains only 39.2% and is amorphous phase; it does not contain opal-CT
and its quartz proportion has also been reduced to 4.3 %. In addition, new minerals have
crystallized. As a minor species, calcite (1.6%) has been neoformed, whose crystallization
could have been due to the presence of Ca2+ ions that have reacted with dissolved CO2
during the hydrothermal agitation. However, calcite’s contribution to the mineralogy
of Dt-Z is not very relevant if compared to zeolite-P, whose crystallization fulfills the
objective of this research, also being the predominant phase in Dt-Z, representing 55% of
the total sample.

Figure 1. XRD diagrams of Dt and Dt-Z. Q = Quartz; O = Opal-CT; Std = Standard (Al2O3); C =
Calcite; Z = Zeolite P.

Table 2. Quantitative mineralogical composition of the diatomite (Dt) and the material obtained after
hydrothermal treatment (Dt-Z). Data in percentage. Δ % represent the percentage.

Amorphous Opal-CT Quartz Calcite Zeolite P

Dt 81.2 11.1 7.7 – –
Dt-Z 39.2 – 4.3 1.6 54.9
Δ % −52.8 −100.0 −44.2 100.0 100.0

Based on the database of zeolite structures published by the International Zeolite
Association (IZA), zeolite P presents a GIS framework type [15–17], i.e., this is a zeolite
topologically related to the mineral called gismondine, presenting a two-dimensional pore
system with two intersecting eight-membered oxygen ring channels [15,16]. Although
increasingly in disuse compared to other zeolites, due to this structure, zeolite P has
potential applications as a separator and adsorbent both at the industrial level and in
environmental technologies [7,9,18].

Considering that calcite does not contain silicon in its structure, the zeolite P developed
in this investigation would not have been formed solely from the chemical dissolution of the
amorphous phase, but also from opal-CT and quartz, minerals that in theory could present

38



Appl. Sci. 2022, 12, 10977

greater difficulties for it. In fact, according to the data in Table 2, the alkaline treatment has
been totally effective in dissolving the opal-CT in its entirety, while the original amorphous
phase has been wiped out by 52.8% and the quartz by 44.2%. These results refute what
has been published by other authors, such as Du et al. [9], who synthesized zeolite P
also from diatomite after previously removing all crystalline SiO2 by considering that the
latter could not intervene in zeolite formation, something that is not the case in this study.
Although opal-CT could have contributed all its SiO2 in the neoformation of zeolite P, its
original proportion is relatively low, so the amorphous phase can be considered as the one
that has released the most silicon involved in the zeolitization of the diatomite. However,
on the other hand, it should be noted that the volume of sediment obtained through the
hydrothermal synthesis was significantly lower than that of the raw material used. This
would indicate that zeolitization has been restricted, a priori, by the low aluminum content
of the diatomite and that, therefore, further investigation would be required including
some source of aluminum to react with the dissolved silicon.

3.2. N2 adsorption–Desorption Isotherms: Porosity and Surface Area

The graphs obtained from the N2 adsorption–desorption isotherms test are shown
in Figure 2. In the case of the Dt adsorption curve (Figure 2a), a slight increase in the
amount of N2 adsorbed is observed when the relative pressure is practically zero, and
then the adsorption increases at a low rate until approximately P/Po = 0.7. Above this
relative pressure, the adsorption rate increases up to about P/Po = 0.95, above which the
slope of the curve is again somewhat reduced. In the case of the Dt-Z adsorption curve
(Figure 2b), the pathway is similar to that of the Dt sample, with the largest differences
observed when P/Po > 0.7, with a less pronounced rise in the rate of adsorbed amount
and no final deceleration if compared with Dt. Despite this, during desorption a hysteresis
loop is observed for both Dt and Dt-Z, decoupling from the adsorption curve from relative
pressures of approximately 0.7 to 0.95 for Dt, and 0.5 to 0.95 for Dt-Z.

Figure 2. N2 adsorption–desorption isotherms of: (a) initial diatomite, Dt; (b) the material obtained
after the zeolitization, Dt-Z.
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The International Union of Pure and Applied Chemistry (IUPAC) defines six possible
types of adsorption isotherms, from which the type of the dominant porosity (if any) in the
sample can be deduced [19–22]. The Dt and Dt-Z isotherms would be classified within type
IV, typical of mesoporous materials, i.e., in theory, they would present a predominance
of pores with sizes between 2 and 50 nm according to the IUPAC [22,23]. In the case of
Dt, this type of isotherm (Figure 2a) differs from others for diatomites presented in the
literature [8], which show type I isotherms, typical of non-porous or macroporous materials.
Probably, the pretreatment at 550 ◦C may have helped to unclog the micro- and mesopores
in Dt, hence their curves show a different trajectory than expected. From the four types of
hysteresis loops classified by IUPAC [19,20,22], Dt presents the H1 type, which is typical
of materials with well-defined cylindrical-type porous channels or agglomerates of more
or less uniform spheres. For its part, Dt-Z exhibits an H3-type hysteresis loop, which is
usually linked to slit-shaped pores and non-rigid aggregates of plate-like particles [22].

The main characteristics deduced from the N2 isotherms test are summarized in
Table 3. As can be seen, the alkaline hydrothermal treatment has produced a substantial
increase in the specific surface area according to the BET method. SBET has increased from
39.4 m2/g for Dt to 62.6 m2/g for Dt-Z, which in percentage terms is almost a 60% increase
in specific surface area. This specific surface area value is slightly higher than the maximum
SBET obtained by Du et al. [9] in zeolites P also produced from diatomites (59.5 m2/g) by
using a more laborious method, which also included the addition of an aluminum source.

Table 3. Main properties deduced from N2 adsorption–desorption isotherms.

SBET (m2/g)
DFT Micro

(cm3/g)

BJH Cumulative Pore Volume (cm3/g) BJH Average Pore Width (Å)

Adsorption Desorption Average Adsorp. Desorp. Average

Dt 39.38 0.002 0.11 0.13 0.12 121.8 114.0 117.9
Dt-Z 62.57 0.005 0.10 0.13 0.11 67.8 74.3 71.0
Δ% 58.9 124.6 −10.9 0.5 −4.9 −44.4 −34.8 −39.7

NOTE: SBET = specific surface area calculated according to the BET theory; DFT micro = microporosity volume
calculated according to the DFT theory, considering the cumulative pore volume < 20 Å. BJH results embrace both
micro- and mesoporosity.

Returning to the results of the present investigation, although the microporosity
(represented in this case as the accumulated volume of pores smaller than 2 nm) is not too
high in either sample, an increase is again observed, from 0.002 cm3/g in Dt to more than
double in Dt-Z (0.005 cm3/g). However, the data estimated from the BJH method indicate
that the total pore volume has hardly varied between both samples, even decreasing
slightly (−4.9%) this property in the Dt-Z sample with respect to the untreated diatomite.
The fact that the volume of accumulated porosity has hardly changed when applying the
hydrothermal treatment, while the specific surface area has increased is an indicator that
there has been a change in the pore size, so that in Dt-Z the pores would present a smaller
size, being also more numerous than in Dt as a result of the zeolitization process (Figure 3).
This is demonstrated not only in the increase in microporosity just mentioned, but also in
the mean pore size estimated with the BJH theory (Table 3), showing a reduction in pore
size of almost 40%, from 118 Å in Dt to 71 Å in Dt-Z (Figure 3).
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Figure 3. BJH Desorption dV/dlog(w) Pore Volume vs. Pore Width for Dt and Dt-Z.

Although there is a predominance of mesoporosity over microporosity, as explained
in the previous section, according to the results of Figure 1 and Table 2, zeolitization of
Dt has been effectively carried out. In fact, this is consistent with other works already
published that show the obtaining of mesoporous zeolites from diatomite, such as that
of Servatan et al. [11] or the previously cited of Du et al. [9]. However, it should be
noted that the volume of sediment obtained was significantly lower than that of the raw
material used. This would indicate that zeolitization has been restricted, a priori, by the
low aluminum content of the diatomite and that, therefore, further investigation would be
required including some source of aluminum to react with the dissolved silicon.

3.3. FTIR Results: Endorsing the Findings on Zeolitization

The diagrams obtained by FTIR spectra are shown in Figure 4. Between 2950–3600 cm−1

there is a slight variation in the absorbance of Dt-Z which is practically negligible for Dt.
This band is related to hydration, namely to the H-O-H vibrations of stretching and bending
of the free water molecules, as well as those absorbed in the pores and adsorbed on the
particles’ surface [24–26]. Similarly, at 1597 cm−1 there is a band in Dt-Z, which is not
observed in Dt, and is attributable to the bending of water molecules bound to the zeolite
particles [2,27].

At 1044 cm−1 a band of high intensity is observed in Dt, which is associated with
asymmetric bending/stretching vibrations in T-O-(T) bonds, where T is Si or Al [11,28,29].
Considering the chemical composition of the Dt sample (Table 1), it is expected that
T is mostly silicon. In the case of Dt-Z this band appears somewhat shifted towards
smaller wavelengths, specifically at 957 cm−1. According to Milkey [30], this displacement
towards shorter wavelengths could be directly related to the inclusion of Al atoms in
the T-O-T bonds, to give rise not only to Si-O-Si bonds, but also Si-O-Al ones during the
formation of the zeolite P obtained. However, it must be taken into account that the sample
used has a low percentage of aluminum (3.8%; Table 1) and that no reagent has been
incorporated to increase its content, so that this type of Si-O-Al bonds would be, in theory,
less representative.
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Figure 4. FTIR spectrum bands of the diatomite waste (Dt) and the material obtained after the
hydrothermal synthesis (Dt-Z).

In the wavelength range between approximately 400 and 800 cm−1, a series of peaks
are seen that differ depending on the sample. In the non-hydrothermally treated diatomite,
bands at 777 cm−1 and 447 cm−1 stand out, with the presence also of a very low intensity
band at 599 cm−1. In contrast, the zeolitization process in Dt-Z is mainly associated with
a band at 589 cm−1 (of much higher intensity than that observed in Dt at 599 cm−1) and
another at 415 cm−1 (again shifted towards lower wavelengths with respect to that observed
in Dt at 447 cm−1), while between 650–800 cm−1 there is a succession of small peaks of
low intensity, with no evidence of the band at 777 cm−1 observed in Dt. All these bands
are related to symmetric stretching vibrations of the T-O-T bridge bonds described above,
with the exception of the bands at 447 cm−1 (Dt) and 415 cm−1 (Dt-Z), which are due to
bending vibrations in O-Si-O bonds, and to a lesser extent in O-Al-O (in the latter case,
linked mainly to the lower wavelengths of Dt-Z) [11,26,28].

Therefore, the FTIR spectra shown in Figure 4 corroborate the changes in the bonds be-
tween atoms occurred during the alkaline hydrothermal treatment leading to the formation
of zeolite P in the sediment obtained after treating the diatomite without any additional
reagents other than NaOH.

4. Conclusions

A simple approach has been presented to investigate the potential of brewing industry
diatomite-rich wastes with a Si/Al molar ratio of 17.4 as zeolite precursor. A 24 h hydrother-
mal treatment was applied using a 3M NaOH solution at low pressure and temperature
(80 ◦C). The main conclusions drawn from this investigation are the following:

• It has been demonstrated that it is possible to synthesize zeolites (in this case zeolite
P) from this type of raw materials without the addition of any aluminum supplying
component. Despite this, the volume of sediment obtained was significantly lower than
that of the raw material used, so further investigation would be required including
some source of aluminum to improve the protocol.

• Quantitative XRD tests have shown that the zeolitization process has been effective,
forming a material with 55% zeolite P from the hydrothermal transformation of both
the amorphous phase, the opal-CT and, to a lesser extent, the quartz present in
the original diatomite-rich residue. Such mineralogical transformations have been
corroborated through changes in the bands observed in the FTIR spectra.

• The N2 adsorption–desorption isotherms tests have revealed that although the starting
diatomite presented a relatively high specific surface (39.4 m2/g), the zeolitization treat-
ment has involved a positive effect, increasing this property by almost 60% (62.6 m2/g).
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This specific surface area value is slightly higher than the maximum SBET obtained by
Du et al. [9] in zeolites P also produced from diatomites by applying a more laborious
method and with the addition of an Al source. Similarly, although the pore volume
has hardly changed, the treatment described has favored a reduction in its size by
almost 40%, from an average pore size of 118 Å to 71 Å. Therefore, the zeolite formed
would be fundamentally mesoporous, like others previously reported in the literature.

• This study shows only a first approach to obtain zeolites from diatomite wastes.
Therefore, the findings of this investigation could be useful for future research in order
to improve certain properties, such as increasing the purity of the zeolite obtained,
increasing its specific surface area and reducing the overall pore size.
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Abstract: A hardfill dam can reduce the natural damage caused by the development of quarries
and recycle submerged resources. However, the particle size distribution of the aggregate can result
in large variations in the mix design, resulting in a wide range of strengths in the hardfill dam
body. Therefore, quality control during construction is crucial, and the stability of the dam body
after construction should be thoroughly examined in advance. This study investigated the strength
characteristics of hardfill dam materials according to the particle size and mixing ratio through indoor
uniaxial compressive strength tests using large specimens and uniaxial compressive strength tests
for field compaction and collected cores. Furthermore, the stability of hardfill dams with three types
of slopes during earthquakes was evaluated through a finite element analysis. The distributions of
stress in the hardfill dam body and the strength required to stabilize the dam body were investigated.
Except for a 1:0.6 inclined hardfill dam body to which artificial seismic waves were applied, the
overall strength range calculated from the indoor specimens and field compaction cores exceeded the
required hardfill strength, thereby ensuring stability in the event of an earthquake.

Keywords: hardfill; dam; aggregates; particle size distribution; strength; seismic stability

1. Introduction

Despite numerous technological advancements in the field of dams, the demands for
further cost reductions and eco-friendly technology developments persist. A hardfill dam
is a relatively new type of dam developed in response to such demands. A hardfill dam
is constructed by evenly spreading and roller compacting a material that is continuously
mixed with water and a small amount of cement (hardfill) in a simple, temporary facility.
The construction process uses materials (such as bed gravel and soil) readily available near
the dam construction site with minimal processing. The hardfill dams that broaden the
choices of material sources for dam construction are advantageous from both economic
and environmental perspectives because they can reduce the damage to nature caused by
the development of quarries while recycling submerged resources [1–4].

Hardfill dams are often compared with roller-compacted concrete (RCC) dams con-
structed by the roller compaction of concrete, such as rockfill dams. RCC dams allow for
faster construction relative to block-type concrete gravity dams; for example, the latter have
drawbacks concerning the various processes required for controlling the hydration heat
caused by pouring block-shaped mass concrete, resulting in an increased construction time
(decreased construction speed) [5,6]. In other words, hardfill and RCC dams are similar
in that the main material sources are aggregates, water, and cement, and the construction
speeds are faster than those of concrete dams owing to the roller compaction [7,8]. However,
hardfill dams have further advantages relative to RCCs. In particular, an RCC dam follows
a mixing design method for concrete during manufacturing. Thus, the range of material
sources (and, correspondingly, the particle size distribution of the aggregates, cement
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content, and unit water content) is regulated according to the design goal. Accordingly,
complex mechanical equipment is often required during manufacturing. In contrast, a
hardfill dam uses the on-site aggregate at the planned dam construction site as-is with-
out requiring any additional treatment other than the removal of particles exceeding the
maximum particle size (80 mm in general). Therefore, the dams can be manufactured with
simpler equipment after determining the cement content and unit water content according
to the characteristics of the aggregate, thereby simplifying the construction. Furthermore,
in terms of structural stability, hardfill dams with a trapezoidal cross-section have a larger
dam body volume than RCC dams with a right-triangle cross-section but nevertheless
provide high stability against overturning and sliding [3,9]. Despite the above advantages,
however, since hardfill dams use almost the same riverbed materials as the construction
materials, the range of variations in the mix design can be large according to the particle size
distribution (PSD) of the aggregate; correspondingly, the range of changes in the strength
of the hardfill dam body can also be large [9,10]. This makes it difficult to manage the
quality of the material(s). Therefore, in terms of the stability of the dam body and quality
control, the differences in behavior according to the characteristics of the materials should
be thoroughly examined during the design phase.

Many construction cases of hardfill dams have been reported from several countries
since the first development of a hardfill dam in the early 1990s [11–16]. Moreover, mean-
while, a number of studies have been made on the mechanical properties of hardfill material
and the stability of hardfill dams through experimental or numerical investigations by
many researchers [15–28]. However, it is difficult to find studies investigating the strength
characteristics of hardfill materials in different aggregate PSDs and mixing ratios and the
resulting stability of hardfill dams by applying the same hardfill materials through indoor
tests, field test construction, and numerical analyses at a time.

In this study, the maximum (coarse) and the minimum (fine) PSDs of aggregates with
a maximum particle size of 80 mm, considered to be a suitable aggregate PSD range for the
construction of hardfill dams [11], were selected for analysis. The analysis was based on
the results of PSD investigations of the riverbed aggregates for each major river system in
South Korea presently without hardfill dam construction. After fabricating large hardfill
specimens by mixing the aggregate, cement, and water, the strength characteristics of
the hardfill were investigated through laboratory uniaxial compressive strength tests. In
addition, test constructions were conducted on-site by applying the same mixing ratios
and aggregates as those for hardfill samples in the laboratory tests. Then, the hardfill’s
constructability was not only investigated using the on-site compaction equipment, but
also the strength range was obtained from uniaxial compressive strength tests on the cores
collected from the test fills. Subsequently, by applying the properties of the hardfill obtained
from the laboratory test results, a finite element analysis was performed for hardfill dams
with three different cross-sectional slopes (i.e., 1:0.6, 1:0.8, and 1:1) and a height of 50 m,
subjected to earthquake. The seismic stability of the hardfill dams was evaluated according
to the changes in the strengths and cross-sections (slopes) of the hardfill dams.

2. Materials and Methods

2.1. Materials

As stated in the introduction, the aggregates of a hardfill are typically unclassified, and
their particle size is not adjusted (except for eliminating oversized particles and conducting
crushing for effective utilization). Therefore, the differences in the PSDs of aggregate may
be significant even in the same aggregate collection area, making it difficult to maintain a
consistent unit water content. A hardfill dam’s strength naturally changes owing to the
use of materials with variable particle size distributions and unit water content, even if
the amount of cement remains constant. Accordingly, when designing a hardfill dam, the
hardfill’s target strength is typically set after investigating the range of the hardfill strength
according to changes in the aggregate PSD, unit cement content, and unit water content.
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This study excluded aggregates with a maximum particle size exceeding 80 mm, as these
generally have low applicability as hardfill aggregates, based on previous studies [18,19].
Two types of PSDs, i.e., maximum PSD (coarse aggregates) and minimum PSD (fine
aggregates), were selected based on previous investigations of the aggregate PSD range
in major river basins in South Korea [11]. The aggregates used in the experiment were
collected from a spoil pit within the Danyang Submerged Weir construction site and a
nearby river basin in Danyang-gun, Chungcheongbuk-do, South Korea. They were based
on quartzose sandstone and generally well-graded. The shape of the aggregate particles
was generally sub-rounded to rounded. An oversize cut was performed by applying the
maximum aggregate size of 80 mm using a backhoe and aggregate separator. Then, the
screened aggregates were transferred indoors. Figure 1 shows the PSDs of the two types of
aggregates used in the laboratory test of this study. The same materials were applied in the
laboratory and field tests as described in Section 2.3.

Figure 1. Particle size distribution of aggregate.

Prior to this study, standard specimens were fabricated using aggregates with a
maximum particle diameter of 40 mm and particle size similar to that of the PSD collected
from the same place shown in Figure 1, but with different quantities of cement. Then,
compaction and uniaxial compressive strength tests were performed with the standard
specimens [29–31]. Based on the results, a unit of cement content of 80 kg/m3 and three
units of water content of 70, 85, and 100 kg/m3 were selected as the range of appropriate
mixing ratios for the laboratory test investigation with large specimens using aggregates
with a maximum particle diameter of 80 mm. Ordinary Portland cement (Type I) was used
for the hardfill mix (Table 1).

Table 1. Physical properties of cement.

Specific Gravity Fineness (cm2/g) Setting Time (min) Compressive Strength (MPa)

3.17 3475
Initial Final 7 d 28 d

205 295 44.4 59.3

2.2. Laboratory Tests

For the laboratory tests (as described above), uniaxial compressive strength tests were
performed on cylindrical large specimens with a diameter of 300 mm and height of 600 mm
by applying the mixing ratio shown in Table 2 (i.e., a unit cement content of 80 kg/m3 and
three unit water contents of 70, 85, and 100 kg/m3) to aggregates of fine (upper-limit) and
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coarse (lower-limit) PSDs with a maximum particle diameter of 80 mm. This corresponded
to the same range of aggregate sizes used in the construction of hardfill dams in the actual
field. Three large specimens (samples) were fabricated for each mixing ratio for a total of
18 specimens.

Table 2. Mix ratios for large specimen.

Aggregate Cement Content per Unit Water Content (kg/m3) Water Content per Unit Water Content (kg/m3)

Upper-limit (fine) PSD 80 70, 85, 100
Lower-limit (coarse) PSD 80 70, 85, 100

For the fabrication of the large specimens, the aggregate, cement, and water were
mixed according to a predetermined mixing ratio, and then a mold was filled in four
layers to prevent material separation. After compacting 25 times with a compaction rod
for each layer, the compaction time at which a compaction energy equal to that of the field
compaction roller was transmitted was calculated; then, a compaction was performed using
a vibrating tamper. The compaction energy was based on the results from performing
two non-vibration and six vibration compactions with a vibration roller during a field
test. When compacting the sample in the mold using a hammer drill, the compaction time
for each layer was calculated as 82 s, as shown in Table 3, so that the same energy as the
field compaction energy would be transmitted to the sample. Then, the specimens were
fabricated by performing the compaction for the calculated compaction time.

Table 3. Estimation of compaction energy for large specimen.

Compaction energy of vibration roller per unit time
(E0p, J/min)

E0p = 2a
(

W + F
2

)
f = 983, 443 J/min

where, a: vibrating width (=0.00131 m), W: weight of vibration roller (=10.6 t),
F: Average vibrating force (17,900 kgf) and f : Frequency (1920 Hz)

Compaction energy in field
E0 = E0pn tp = 354, 040 J = 354 kJ

where, n: number of roller passes (=6) and tp: average time per compaction
(=0.06 min)

Compaction energy of hammer drill per unit time
(E0l, J/min) E0l = [single impact energy × number of impact per min] = 64,500 J/min

Compaction energy for large specimen
El = E0l Ltl

where, L: number of compaction layer (=4) and tl: average compaction time
per layer

Compaction time per layer for large specimen tl =
El

E0l L
= 1.37 min = 82 s

Compaction energy of vibration roller per unit time
(E0p, J/min)

E0p = 2a
(

W + F
2

)
f = 983, 443 J/min

where, a: vibrating width (=0.00131 m), W: weight of vibration roller (=10.6 t),
F: Average vibrating force (17,900 kgf) and f : Frequency (1920 Hz)

The compacted large specimens were sealed and cured for 28 d before performing the
uniaxial compressive strength test. Each specimen for testing was continuously compressed
to generate a compression strain of 1% per minute. Compression was terminated when
more than 2% of the strain occurred after the maximum compressive force, when the
maximum compressive force decreased by 2/3, or when the compressive strain reached
15%. Figure 2 shows the fabrication process of the large specimens and uniaxial compressive
strength test for a specimen aged 28 d.
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(a) (b) 

  
(c) (d) 

  
(e) (f) 

Figure 2. Preparation of a large specimen for unconfined compressive strength test. (a) Material
placement; (b) material mixing; (c) sample compaction; (d) sample curing; (e) large specimen;
(f) uniaxial compressive strength test.

2.3. Field Test Construction

The constructability of hardfill on-site was examined through a field test construction
using field compaction equipment. The construction specifications (lift thickness, number
of roller passes) were established, and the strength range for the hardfill was derived in
preparation for actual future construction of a hardfill dam. Furthermore, field test results
were compared with the indoor laboratory tests and numerical analysis results. The field
test construction site was a spoil area in the Danyang underwater weir construction site,
i.e., the same place where the aggregate was collected for the indoor laboratory tests. The
hardfill field mixing was performed by applying three unit water contents of 70, 85, and
100 kg/m3 and a unit cement content of 80 kg/m3 to the aggregates with a maximum
particle size of 80 mm with a PSD similar to the lower limit of the PSD in the indoor test.
The compaction conditions for the vibration roller were eight roller passes (six vibrated
passes and two non-vibrated passes). The lift thicknesses of one layer were set as 50 cm
and 75 cm, respectively. As a result, a total of six cases were tested.

The planned scale of the test construction was a compaction height of one floor on
a floor area with a total width of 19 m and length of 44 m. Construction was performed
by dividing sections for each test case according to material mixing conditions and lift
thickness. Once each section was compacted using the vibration roller, the degree of com-
paction was measured by the sand cone method [32]. After measuring the field compaction
degree, the corresponding section was covered with curing cloth, and a sufficient volume
of water was sprayed for the first 2 to 3 d. Then, the specimens were cured for 28 d. Once
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curing was completed, the cores were collected, and a uniaxial compressive strength test
was performed [33,34].

Table 4 and Figure 3 show the field test construction conditions and process, respectively.

Table 4. Conditions of field test construction.

Material (Mixing Ratio)

Aggregate PSD between upper- and lower-limit PSD with 80 mm max. particle size

Cement content per unit volume 80 kg/m3

Water content per unit volume 70, 85, 100 (kg/m3)

Hardfill Test Construction

Size One fill lift with a floor area of 19 m width and 44 m length, which was partitioned into
six parts for a total of six test cases

Lift thickness 50, 75 (cm)

Compaction Eight passes with a vibration roller (six vibrated passes and two non-vibrated passes)

  
(a) (b) 

  
(c) (d) 

  
(e) (f) 

  
(g) (h) 

Figure 3. Field test construction and core collection. (a,b) Material transportation and placement;
(c) compaction by vibration roller; (d) measurement of lift thickness; (e) measurement of field com-
paction (sand cone method); (f) curing after compaction; (g) core collection; (h) core aged 28 d.
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2.4. Numerical Investigation

As described above, the seismic stability was evaluated by performing a finite element
analysis for a hardfill dam body (Figure 4) with three types of slopes (1:0.6, 1:0.8, and 1:1)
and a height of 50 m, as constructed on a soft rock foundation based on the properties of
the hardfill determined through the indoor laboratory tests. In this analysis, the state of
the freshwater above the planned flood level was applied by setting the most vulnerable
condition for the stability of the dam body. The hardfill was modeled as an elastic body
with a unit weight of 24.1 kNg/m3, Young’s modulus of 991 MPa, and Poisson’s ratio of
0.29. Furthermore, the damping of the material was set in accordance with the first two
eigenfrequencies of the dam and with an estimated damping coefficient equal to 5% for
defining the Rayleigh’s coefficients. The dam foundation ground was assumed according
to the ground conditions near Wonjucheon Dam in South Korea, which was determined to
be suitable as a candidate site for the hardfill dam construction. The static and dynamic
geotechnical parameters for the dam foundation ground for the analysis were selected
based on the results from subsurface investigations conducted in the area (Table 5).

(a) 

 
(b) 

 
(c) 

Figure 4. Cross-sections of dams for finite element (FE) analysis. (a) Dam slope gradient of 1:0.6
(vertical-to-horizontal ratio); (b) dam slope gradient of 1:0.8 (vertical-to-horizontal ratio); (c) dam
slope gradient of 1:1.0 (vertical-to-horizontal ratio).
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Table 5. Finite element method (FEM) model parameters for the ground.

Unit
Weight

(kN/m3)

Cohesion
(kPa)

Friction
Angle (◦)

Elastic
Modulus

(MPa)

Poisson’s
Ratio

P-Wave
Velocity

(m/s)

S-Wave
Velocity

(m/s)

Shear
Modulus

(MPa)

Dashpot
Coefficient

CP (=ρVp) CS (=ρVs)

Soil 18.0 5 25 20 0.38 450 63.2 7.2 810 114
Soft rock 24.0 200 34 1500 0.27 2000 496.1 590.6 4800 1191

Moderate rock 25.0 350 37 4000 0.24 2300 803.2 1612.9 5750 2008
Hard rock 26.0 2000 44 8000 0.20 3000 1132.3 3333.3 7800 2944

A time history analysis method was applied for the dynamic analysis. Three types
of seismic waves were used as the input seismic waves: Ofunato and Hachinohe waves,
i.e., representative short-period and long-period seismic waves widely used in dynamic
analysis, respectively, and artificial waves generated by reflecting the characteristics of the
Wonjucheon dam site (Figure 5). In the analysis domain, the left and right sides were fixed
in the horizontal direction, and the lower part was set in the vertical direction. A viscous
boundary condition was applied to show a behavior similar to reality when a seismic wave
is applied by absorbing the wave reaching the boundary.

  
(a) (b) (c) 

Figure 5. Input seismic waves used in FE analysis. (a) Hachinohe wave; (b) Ofunato wave; (c) artificial
wave.

Lastly, from the numerical analysis results, the seismic stability of the hardfill dam
body was evaluated by comparing the maximum stress generated inside the hardfill dam
body with the “required hardfill strength” as applied with a safety factor of 1.5 under the
seismic load condition [3].

3. Laboratory Test Results

3.1. Variations in Dry Unit Weight and Uniaxial Compressive Strength for Hardfill Mix
Conditions with Different Aggregate Size Distributions and Water Content per Unit Volume

Figures 6 and 7 show the relationship between the unit water content and dry unit
weight and between the unit water content and uniaxial compressive strength for the fabri-
cated large hardfill specimens, respectively. These specimens were fabricated by mixing
aggregates with the upper-limit (fine) and lower-limit (coarse) particle size distributions
as described in Section 2.1 with a unit cement content of 80 kg/m3 and three unit water
contents of 70, 85, and 100 kg/m3, respectively. Since three specimens were fabricated
and tested for one mixing condition, the average values for the corresponding mixing
conditions are shown together with the measured values for each specimen.

The dry unit weight increases with the unit water content for both aggregate mixes
with the upper-limit and lower-limit PSDs. The increase rate of dry unit weight is slightly
higher in the aggregate mix with the upper-limit PSD condition than that with the lower-
limit PSD condition (Figure 6). At the smallest unit water content (i.e., 70 kg/m3), the
dry unit weight of the aggregate mix with the lower-limit PSD slightly exceeds that of the
aggregate mix with the upper-limit PSD (2410 vs. 2357 kg/m3). However, the dry unit
weights are similar at the largest unit water content (i.e., 100 kg/m3) (2468 vs. 2470 kg/m3).
Meanwhile, the uniaxial compressive strength according to the unit water content change
tends to increase gradually with the unit water content for both aggregate mixes with
upper- and lower-limit PSDs (Figure 7). The ranges of the uniaxial compressive strengths
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according to the unit water content change are 3.152–4.106 MPa for the aggregate mix with
the lower-limit PSD and 1.619–2.094 MPa for the aggregate mix with the upper-limit PSD.
As a result, the uniaxial compressive strength of the aggregate mix with the lower-limit
PSD exceeds that of the aggregate mix with the upper-limit PSD for the entire unit water
content range.

 
Figure 6. Change in dry unit weight according to hardfill unit water content.

 
Figure 7. Change in hardfill’s uniaxial compressive strength according to unit water content.
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3.2. Elastic Properties of Hardfill

In designing a hardfill dam, in general, the strength in the elastic region is taken as the
strength of the hardfill from the stress–strain behavior, and the hardfill dam is assumed to
be a structure that behaves like an elastic body. For all samples subjected to the uniaxial
compressive strength test, the maximum compressive strength and elastic modulus in
the elastic region were calculated from the stress–strain relationship obtained from the
uniaxial compressive strength test. For the range of hardfill mixes investigated in this study
(i.e., mixes in the range of unit cement content of 80 kg/m3 and unit water contents of
70–100 kg/m3 for aggregates with upper- and lower-limit PSDs), the relationship between
the hardfill’s uniaxial compressive strength in the elastic range and elastic modulus is
shown in Figure 8. For all mixing conditions, the hardfill’s elastic modulus is in the range
of approximately 220 to 609 times the uniaxial compressive strength (i.e., 220 q–609 q,
where q is the uniaxial compressive strength). The elastic modulus of the aggregate mix
with the upper-limit PSD is approximately 433 times (i.e., 433 q) the uniaxial compressive
strength on average, and the elastic modulus of the aggregate mix with lower-limit PSD is
approximately 314 times (i.e., 314 q) on average. Consequently, the elastic modulus of the
hardfill of the aggregate mix with the upper-limit PSD is rather large. As shown in Figure 7,
the peak value of the stress–strain relationship in the uniaxial compressive strength test
(that is, the uniaxial compressive strength measured at the time of sample failure) shows
a smaller range in the hardfill of the aggregate mix with the upper-limit PSD than that in
the hardfill of the aggregate mix with the lower-limit PSD. However, the above-mentioned
elastic modulus results indicate that, on average, the hardfill’s stiffness, i.e., the elastic
modulus (slope of the stress–strain curve) in the initial strain (elastic deformation) section
is slightly larger in the hardfill of the aggregate mix with the upper-limit PSD than that in
the hardfill of the aggregate mix with the lower-limit PSD.

 
Figure 8. Relationship between unconfined compressive strength in elastic range and elastic modulus
of hardfill.

4. Field Test Construction Results

Figure 9 shows the relationship between the unit water content and dry unit weight for
field-compacted hardfills, i.e., hardfills mixed on-site using the same type of aggregates with
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the maximum particle diameter of 80 mm as used in the indoor laboratory test by matching
the PSD and mixing ratio to the laboratory test conditions (i.e., a unit cement content of
80 kg/m3 and three unit water contents of 70, 85, and 100 kg/m3) and compacted on-site
using a vibration roller. The change in the dry unit weight according to the unit water
content shows that the dry unit weight increases in the case of the 50 cm lift compaction
but decreases in the case of the 75 cm lift compaction. Thus, it shows a difference from
the results from the indoor laboratory test, in which the values gradually increased in all
mixing conditions. Regarding the range of changes in the unit water content, the average
dry unit weight is in the range of 2232–2455 kg/m3, i.e., generally similar to the indoor test
results (2357–2468 kg/m3) but shows a slightly larger range. In particular, the difference in
the dry unit weight according to the lift thickness is larger with the unit water content of
70 kg/m3 than with other unit water contents.

Figure 9. Compaction results for field-constructed hardfill (dry unit weight).

Prior to this study, a preliminary test was conducted for the same type of aggregate.
In the preliminary test, the maximum dry unit weight was measured using a compaction
test [3,30] on a standard specimen with an aggregate with a maximum allowable particle
size of 37.5 mm. Figure 10 shows the calculations of the relative compaction using the
indoor test results and field compaction measurement results in this study. For the three
unit water contents, both the 50 cm and 75 cm lift compactions show relative compactions
in the range of 101.7–108.3%. Thus, both exceed 100%. These results are owing to the
fact that the size and compaction energy of the hardfill aggregate in the field compaction
conditions are larger than those in the standard specimen compaction conditions.

Figure 11 shows the results from uniaxial compressive strength tests for 28-day cores
collected after 28 d from field-compacted hardfills. For comparison, the test results for
the large indoor specimens were plotted together. The uniaxial compressive strength of
the field-compacted hardfill cores ranges from 5.3 to 8.2 MPa in the unit water content
range of 70 to 100 kg/m3 for the two lift thicknesses. The overall difference is more than
doubles the range of 1.62–4.11 MPa in the indoor test results, and the largest strength value
is observed at the unit water content of 85 kg/m3. Thus, there is a rather large difference
from the trend of the indoor test results. As can be seen from the error bars added in the
data plot, there are larger variations in the indoor test results. The large variations in the
indoor test results may be attributed to the fact that, for a large indoor specimen with
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large aggregate particles in a mold, uniform compaction tends to be hardly achieved by
vibrating tamper, compared with a roller-compacted field core. As a result, it seems that
less uniformly compacted indoor specimens exhibit lower strength. Even acknowledging
such differences, the relatively large difference between the laboratory (indoor) and field
tests suggests that the strength measurements from laboratory specimens under similar
mixing conditions can generally be evaluated conservatively.

 
Figure 10. Relative compaction of field-constructed hardfill.

 

Figure 11. Uniaxial compressive strength of field-constructed hardfill (28 d of age).
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5. Numerical Analysis Results

Figure 12 shows the finite element analysis results for a hardfill dam body with three
slopes (1:0.6, 1:0.8, 1:1) and a height of 50 m. It shows the stress distribution of the cross-
section of the dam body when the maximum compressive stress and maximum tensile stress
occur in the dam body, and the three types of seismic waves in Figure 5 are applied. The
location where the maximum compressive stress occurs in the dam body differs according
to the type of seismic wave. The maximum compressive stress occurs at the lower part of
the upstream side (left side) of the dam body with a 1:0.6 slope for the Hachinohe wave, at
the upper part of the downstream side (right side) of the dam body with a 1:0.8 slope for
the Ofunato wave, and at the upper side of the dam body with a 1:1.0 slope in the case of an
artificial wave. Meanwhile, the maximum tensile stress occurs similarly at the lower part
of the upstream side for all three types of seismic waves, as shown similarly in a previous
study [13].

  
(a) (b) 

  
(c) (d) 

  
(e) (f) 

Figure 12. Results of FE analysis (stress distributions). (a) Compressive stress of Hachinohe wave
(1:0.6); (b) tensile stress of Hachinohe wave (1:0.6); (c) compressive stress of Ofunato wave (1:0.8);
(d) tensile stress of Ofunato wave (1:0.8); (e) compressive stress of artificial seismic wave (1:1.0);
(f) tensile stress of artificial seismic wave (1:1.0).

Figure 13 shows the changes in the maximum compressive stress and maximum tensile
stress according to the change in the slope of the dam body for the three types of seismic
waves. The maximum compressive stress is the largest at 2.14 MPa in the hardfill dam
body, with the steepest slope of 1:0.6 when the artificial wave with the largest maximum
acceleration is applied. However, it rapidly decreases to 1.3 MPa when the slope is relaxed
to 1:0.8. The maximum compressive stresses under the action of the Hachinohe and Ofunato
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waves are 1.07 MPa and 1.14 MPa in the hardfill dam body with a slope of 1:0.6, respectively,
i.e., significantly lower than that of the artificial wave. Subsequently, all of them gradually
decrease as the slope is relaxed. The largest value of the maximum tensile stress occurs in
the hardfill dam body with a slope of 1:0.6 when the artificial wave is applied, as in the
case of the maximum compressive stress. However, the magnitude is only 0.1 MPa, i.e.,
significantly lower than that of the compressive stress. Furthermore, the maximum tensile
stress tends to decrease overall as the slope of the dam body is relaxed. However, the
decrease is relatively insignificant or increases in some parts (the dam body with a slope of
1:0.8 in the Hachinohe wave).

(a) 

(b) 

Figure 13. Results of FE analysis (maximum compressive and tensile stresses). (a) Maximum
compressive stress. (b) Maximum tensile stress.

58



Appl. Sci. 2023, 13, 2492

The hardfill comprising the dam body must have sufficient strength to resist the
maximum compressive stress and maximum tensile stress occurring in the dam body. In
this study, the stability of the hardfill dam body was evaluated by applying a safety factor
of 1.5 to the maximum stress values shown in Figure 13. That is, the value obtained by
multiplying the safety factor of 1.5 by the larger value of the maximum compressive stress
and the compressive stress converted into seven times the maximum tensile stress was set
as the minimum compressive strength of hardfill required to maintain the stability of the
hardfill dam body (i.e., required hardfill strength) [3]. This was compared with the uniaxial
compressive strengths of the large hardfill specimens through indoor laboratory tests
described in Section 3 and the uniaxial compressive strengths of the field-compacted hardfill
cores described in Section 4. The results are shown in Figure 14. The required hardfill
strengths of the three inclined hardfill dam bodies for the three seismic waves are displayed
as bar graphs. The upper and lower limits of the range of uniaxial compressive strength for
the indoor and field samples in the unit water content range of 70 to 100 kg/m3 in Figure 11
are indicated by solid lines. As can be seen, except for the case where the artificial wave
with the largest maximum acceleration is applied to the hardfill dam body with the steepest
slope of 1:0.6, the uniaxial compressive strength range of the large hardfill specimens in the
laboratory tests mostly appears to exceed the required strength of the hardfill dam body.
Moreover, the range of the uniaxial compressive strength of the field-compacted hardfill
core exceeds the required hardfill strength relatively significantly (approximately 2.7 to
3.8 times), thereby ensuring seismic stability.

Figure 14. Results of FE analysis (required hardfill strength).

6. Conclusions

In this study, the strength characteristics of a hardfill material and the stability of
hardfill dams during earthquakes were investigated by conducting uniaxial compressive
strength tests on both large indoor hard fill specimens and field-compacted cores and by
performing a finite element analysis, respectively:

1. From the results of the uniaxial compressive strength test on the large indoor speci-
mens, the compressive strength tended to increase very gently with the unit water
content in general for both types of aggregate PSDs, i.e., the upper limit (fine) and
lower limit (coarse), mixed with a unit cement content of 80 kg/m3 and three unit

59



Appl. Sci. 2023, 13, 2492

water contents of 70, 85, and 100 kg/m3, respectively. The strength range for the
entire set of samples was 1.62–4.11 MPa, i.e., 3.15–4.11 MPa for the aggregate mix with
the lower-limit PSD and 1.62–2.10 MPa for the aggregate mix with the upper-limit
PSD. The uniaxial compressive strength of the aggregate mix with the lower limit
PSD exceeded that of the aggregate mix with the upper limit PSD for the entire unit
water content range. From the stress–strain relationship obtained from the uniaxial
compressive strength test, the hardfill’s elastic modulus was found to be in the range
of approximately 220 to 609 times the uniaxial compressive strength.

2. Field compaction was performed with a vibration roller on the same type of aggregates
as used in the indoor laboratory test by matching the PSD and mixing ratio to the
laboratory test conditions. The results of the uniaxial compressive strength test on the
cores collected from the field compacted hardfill after 28 d showed that the strength
range for the entire core was 5.30–8.20 MPa, i.e., more than twice as large as the
indoor test results, suggesting that the strength measurement of a hardfill through a
laboratory test can conservatively evaluate the strength of a field compacted hardfill.

3. The results of the finite element analysis on the hardfill dams modeled using the
parameters determined based on the laboratory test results showed that the largest
value of the maximum tensile stress of 0.1 MPa occurs in the hardfill dam body with a
slope of 1:0.6 when the artificial wave is applied. The maximum tensile stress tended
to decrease overall as the slope of the dam body was relaxed. Furthermore, it was
shown that the overall strength range obtained for the indoor laboratory specimens
and field compaction cores exceeded the required strength of the hardfill, thereby
securing seismic stability (except for the hardfill dam with a 1:0.6 slope to which
artificial wave was applied).
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Featured Application: Thermo-hydraulic modelling of engineering geomaterials consistently with

vaporisation.

Abstract: The aim of this study is to assess the consistency in the modelling of thermo-hydraulic
problems in clay-based engineered barriers. This study focuses on two aspects: the modelling of
vapour pressure as a function of temperature, and the specific heat capacities of liquid water and
water vapour in relation to the enthalpy of vaporisation and the internal energy of liquid water and
water vapour. Regarding the first aspect, several formulations of the saturated vapour pressure have
been inspected, evaluating their accuracy and information provided in the temperature range from 0
to 150 ◦C. Regarding the second aspect, the enthalpy of vaporisation and the internal energy of water
were used to assess the consistency of pairs of specific heat capacity values in the same temperature
range. Values from the literature were also inspected. An accurate and simple enough expression
for the saturated water vapour pressure with temperature has been identified as the optimal option
for modelling. Recommendations on specific heat capacity constant values for liquid water and
vapour are suggested to maximise consistency in the studied temperature range. However, the loss
of accuracy in the enthalpy or internal energy of vaporisation associated with the inspected specific
heat capacity pairs is limited.

Keywords: thermo-hydraulic modelling; vapour pressure; heat capacity; unsaturated soil; geomaterial;
clay and soil; bentonite barrier

1. Introduction

To accurately model a thermo-hydraulic problem in clay-based engineered barriers,
especially at temperatures significantly higher than standard temperature (20 ◦C), it is
crucial to include accurate water vaporisation in the formulation. First, the water content
of geomaterials is relevant for their thermal, hydraulic and mechanical properties. Second,
vaporisation consumes energy and can affect the temperature of the system. In the problem
of clay-based engineered barriers in deep geological repositories for high-level radioactive
waste, the formulation used must be robust for temperatures up to 150 ◦C, a temperature
that could be reached in the surface of the canisters that will be surrounded with clay
barriers [1]. This applies in particular to the modelling of vapour pressure as a function
of temperature and to a consistent use of the specific heat capacities of liquid water and
water vapour.

The current international standard, as accepted by the International Association for
the properties of Water and Steam (IAPWS), for saturated vapour pressure values is the
equation of state in the IAPWS-95 formulation [2]. Tabulated values for temperatures
between 0.01 and 150 ◦C can be found, for example, in the CRC Handbook of Chemistry
and Physics [3]. In addition, the auxiliary equations of Wagner and Pruss [4] for saturated
vapour pressure as a function of temperature are of comparable accuracy to the uncertainty

Appl. Sci. 2023, 13, 3361. https://doi.org/10.3390/app13053361 https://www.mdpi.com/journal/applsci62



Appl. Sci. 2023, 13, 3361

of the experimental data. However, other simpler formulations are most frequently used
in modelling. Some of them were formulated for meteorology. For instance, Buck [5]
developed a set of nine equations “to be easily implemented on a calculator or computer”.
The nine equations are of different complexity and are optimised for different temperature
ranges. In addition, for multiple purposes, Huang [6] developed an expression from the
Clausius–Clapeyron equation, and fitted it to the IAPWS reference dataset for a temperature
range between 0 and 100 ◦C. In the case of the thermo-hydraulic modelling of clay-based
engineered barriers in deep geological repositories for high-level radioactive waste, other
approximations based on exponential functional structures are common. In this way,
Thomas and He [7] use an expression of this kind in a general model for deformable
unsaturated soil. Gens et al. [8] and Dupray et al. [9] both used an equation with an expo-
nential structure to model the full-scale FEBEX in situ test (Grimsel Test Site, Switzerland)
for high-level nuclear waste disposal. Nowak et al. [10] modelled two full-scale in situ
experiments analysing the behaviour of radioactive waste repositories (Buffer/Container
Experiment and Isothermal Test, conducted at the Whiteshell Underground Research Lab-
oratory, Manitoba, Canada, by Atomic Energy of Canada Limited) using an exponential
function for the saturated vapour pressure. Wang et al. [11] also used an expression of
this kind to model a long-term laboratory heating and hydration test on bentonite pellets
simulating the behaviour of a repository buffer (HE-E cells, conducted by CIEMAT in
Madrid, Spain). Likewise, Abed and Sołowski [12] presented a framework for modelling
unsaturated soils where an exponential expression is used. While all these works [5–12]
include an exponential function in their formulation of the saturated water vapour pressure,
the arguments of the exponential are, in turn, different functions (polynomials, fractions) of
temperature, and include a different number of parameters (two to five). These differences
make the accuracy of these equations to be variable for different temperature ranges. While
many may be acceptable for standard temperature, the suitability of a particular equation
should be inspected for temperatures up to 150 ◦C. In addition, it would be advisable to
use a model in which the number of parameters is justified by the additional information
provided by them (parsimony principle).

Further, the values used for the specific heat capacity of water in liquid and vapour
forms also play a role in the modelling of water vaporisation. These specific heat capacities
are also a function of temperature, as can be seen, for instance, in the National Institute of
Standards and Technology (NIST) Chemistry WebBook [13]. However, this temperature
variability is not usually introduced in the modelling of clay-based engineered barriers.
The most common approach is to use constant specific heat capacity values, as was done,
for instance, by Collin et al. [14] in their model for clay barriers in nuclear waste deep
geological disposal. Jussila and Ruokolainen [15] also used constant values when modelling
compacted bentonite in the context of geological spent fuel disposal. Gens [16] reviewed a
formulation for unsaturated soils to model soil-environment interactions, in which constant
heat capacity values were also assumed. Like in the mentioned works, Zheng et al. [17]
used constant values to model the full-scale FEBEX in situ test. Moreover, the works in
the previous paragraph giving specific heat capacity values [7,12] also use constant values
for them. Constant values are an approximation that should be used consistently for the
temperature range expected. This consistency can be evaluated with regard to the reference
specific heat capacity values, and with regard to the enthalpy of vaporisation or the internal
energy of liquid water and vapour.

The aim of this work is to analyse the consistency in the modelling of the thermo-
hydraulic behaviour of clay-based engineered barriers for deep geological repositories. To
this end, the formulation of the saturated vapour pressure and the values used for the
specific heat capacities of liquid water and vapour will be inspected for repository temper-
atures. The accuracy of saturated vapour pressure formulations will be assessed using a
relative error, and their parsimony will be assessed using the Akaike [18] and Bayesian [19]
information criteria for model selection. Regarding specific heat capacities, the liquid
water and vapour values will be assessed comparing it to reference values. In addition,
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taking into account the energy balance equation solved for soils, the difference between
liquid water and vapour values will be evaluated so that it can reproduce as accurately as
possible the evolution of the enthalpy of vaporisation and the internal energy difference
with temperature. Recommendations for modelling will be proposed accordingly.

2. Materials and Methods

2.1. Reference Information from the Literature
2.1.1. Saturated Water Vapour Pressure

Seven expressions from the literature for the saturated water vapour pressure pV0
as a function of temperature were inspected. All the equations and their reference work
are included in Table 1. The equation of Wagner and Pruss [4], Equation (1), is taken as a
reference. Given its high accuracy, it was used to develop the IAPWS-95 formulation [2].
The first inspected expression, Equation (2), is taken from Buck [5]. From among Buck’s
expressions, equation ew6 is used in the present work, since it is the one with the smallest
relative error in the temperature interval 0 to 100 ◦C. It involves temperature fractions as an
argument of an exponential expression, and includes four parameters. Next, Huang’s [6]
expression, Equation (3), includes temperature fractions multiplying and as an argument
of an exponential expression, and five parameters.

Table 1. Expressions for saturated water vapour pressure as a function of temperature T from the
literature. R: universal gas constant (8.3144 J/mol/K), MW: molar mass of water (0.018016 kg/mol).

Reference Expression
Coefficients and

Auxiliary Expressions
Equation No.

Wagner and Pruss [4]
pV0 =

pcexp
[

Tc
T
(
c1θ + c2θ1.5 + c3θ3 + c4θ3.5 + c5θ4 + c6θ7.5)]

c1 = −7.85951783,
c2 = 1.84408259,
c3 = −11.7866497,
c4 = 22.6807411,
c5 = −15.9618719,
c6 = 1.80122502.
θ = 1 − T

Tc
,

Tc = 647.096 K,
pc = 22064 kPa.

(1)

Buck [5] pv0 = c1 exp

[(
c2− T

c3

)
T

T+c4

] c1 = 0.61121 kPa,
c2 = 18.564,
c3 = 254.4 ◦C,
c4 = 255.57 ◦C.

(2)

Huang [6] pv0 = 1 Pa
(T+c1)

c2 exp
[
c3 +

c4
T+c5

]
c1 = 105,
c2 = 1.57,
c3 = 34.494,
c4 = −4924.99 ◦C,
c5 = 237.1 ◦C.
T in ◦C.

(3)

Thomas and He [7] pv0 = c1
RT

MW exp[c2(T − 273 K) + c3(T − 273 K)2]

c1 = 1
194.4 kg/m3,

c2 = 0.06374 K−1,
c3 = −1.634 × 10−4 K−2.

(4)

Gens et al. [8] pv0 = c1 exp
(

c2
T+273 C

) c1 = 1.36075 × 108 kPa,
c2 = −5239.7 ◦C.

(5)

Dupray et al. [9] pv0 = c1 exp
( c2

T
) c1 = 1.12659 × 108 kPa,

c2 = −5192.74 K.
(6)

Nowak et al. [10],
Wang et al. [11] pv0 = 10−3kg/m3 RT

MW exp
(
c1 +

c2
T
) c1 = 19.84,

c2 = −4975.9 K. (7)

Abed and Sołowski
[12] pv0 = 10−3kg/m3 RT

MW exp
(
c1 +

c2
T
) c1 = 19.891,

c2 = −4974.0 K. (8)
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Then, expressions used to model thermal problems in unsaturated soils and clay-
based engineered barriers were inspected. First, Thomas and He [7] use an expression
for pV0, Equation (4), that includes a quadratic polynomial of temperature T inside an
exponential function, and three parameters. Gens et al. [8], Equation (5), and Dupray
et al. [9], Equation (6), use the same expression structure for pV0, an exponential of the
inverse of temperature with two parameters, although their values are slightly different.
Finally, Nowak et al. [10] and Wang et al. [11], Equation (7), and Abed and Sołowski [12],
Equation (8), use the same expression structure for pV0, an exponential function involving
the inverse of temperature with three parameters. The two former works use exactly the
same parameters, while the latter uses somewhat different figures. The expressions and
their reference work are included in Table 1.

2.1.2. Specific Heat Capacity of Water

Specific heat capacity values of water in liquid and vapour forms used for modelling
unsaturated soils and clay-based engineered barriers from six works in the literature
were selected for inspection. Their values are given in Table 2. Thomas and He [7] and
Collin et al. [14] use isobaric specific heat capacities in their formulations, and give isobaric
values for liquid water and vapour. Although Jussila and Ruokolainen [15] use isochoric
specific heat capacities in their free energy model, they formulate its application to their
thermo-hydro-mechanical model in terms of the isobaric specific heat capacities. Then,
Jussila and Ruokolainen [15] also give isobaric values for liquid water and vapour. Gens [16]
states that isochoric specific heat capacities should be used with the formulation it presents,
because it is “established in terms of internal energy”. It gives isobaric values for liquid
water and vapour, and it explains how to obtain isochoric values from isobaric ones (for
vapour, treating it as an ideal gas [20], by substracting R/MW, while for liquid water,
treating it as incompressible [20], the difference can be disregarded). Table 2 contains both
the given isobaric values and the calculated isochoric values. Zheng et al. [17] and Abed
and Sołowski [12] do not state if the specific heat capacities given for liquid water and
vapour are isobaric or isochoric. The values of specific heat capacities as a function of
temperature in the NIST Chemistry WebBook [13] for the minimum pressure between
saturated vapour pressure and 100 kPa will be used as a reference for comparison.

Table 2. Specific heat capacity of water in liquid and vapour forms given in the literature for
modelling unsaturated soils and clay-based engineered barriers.

Reference cL (J/kg/K) cV (J/kg/K)

Thomas and He [7] 4180 p 1870 p

Collin et al. [14] 4180 p 1900 p

Jussila and Ruokolainen [15] 4180 p 1870 p

Gens [16] 4180 p, vol 1890 p, 1428 vol

Zheng et al. [17] 4202 ns 1620 ns

Abed and Sołowski [12] 4180 ns 1900 ns

Superscripts p: isobaric, vol: isochoric, ns: not specified.

2.2. Model Analysis and Selection for Saturated Water Vapour Pressure

The drift of each saturated water vapour pressure model presented in Section 2.1.1
with respect to the reference of Wagner and Pruss [4] can be evaluated with its relative
error REpv0,i

REpv0,i =
(

pv0,i − pv0,(1)

)/
pv0,(1) (9)

where i denotes each of the formulations in Table 1, and pv0,(1) is the reference saturated
water pressure of Wagner and Pruss [4], Equation (1).

However, in model selection, in addition to the similarity to a reference, the number of
parameters used is relevant, and parsimony has to be taken into account. Model selection
is then a balance between under- and overfitted models [21]. Two of the most usual

65



Appl. Sci. 2023, 13, 3361

selection criteria are the Akaike information criterion (AIC) and the Bayesian information
criterion (BIC).

The AIC [18] is an estimator of the expected Kullback–Leibler information loss for
each model. In the case of assuming least squares fitting with normally distributed errors
for the models, the AIC can be written as [21]

AIC = n log
(

∑ ε2

n

)
+ 2k (10)

where n is the sample size, k is the number of parameters of the model, and ε are the
residuals from the model. The value of the AIC for each model should be interpreted in
terms relative to the values of the other models compared. From a set of S models, the
one obtaining the minimum AIC will define AICmin. A normalised measure of the relative
likelihood of each model i is given by the Akaike weights Aw [21]

Awi =
exp[(AICmin − AICi)/2]

∑S
s=1 exp[(AICmin − AICs)/2]

(11)

Awi can be interpreted as the probability that model i is the best model for the data in
terms of Kullback–Leibler information among the S models analysed. The BIC [19] is based
on Bayes factors. In the case of assuming least squares fitting with normally distributed
errors for the models, the BIC can be written as

BIC = n log
(

∑ ε2

n

)
+ k log(n) (12)

As with the AIC, BIC values should be interpreted in relative terms. From a set of S
models, posterior model probabilities Bp can be computed for each model i as [21]

Bpi =
exp[(BICmin − BICi)/2]

∑S
s=1 exp[(BICmin − BICs)/2]

(13)

where BICmin is the minimum BIC obtained among the models in the set. Bpi is the inferred
probability that model i is the most parsimonious model closest to the reference in the
model set.

The model obtaining the Aw and Bp values closest to 1 will be selected following AIC
and BIC model selection criteria.

2.3. Thermodynamic Basis for Analysing the Consistency of the Formulations

The energy balance equation for the thermal problem in soils can be written in terms
of the specific internal energy u of each phase i (solid, liquid, gas) and species j (soil, water,
air) composing the mixture of the soil [8,11,12,16,22,23]

∑
i, j

∂

∂t

(
ρijθijuij

)
= ∑

i, j
−∇·

(
−K·∇T + ρijθijuijvij

)
+ g (14)

where t is time, ∇ is the gradient operator, ∇· is the divergence operator, K is the
thermal conductivity tensor, g is an energy source term, and ρij, θij and vij are, respec-
tively, the density, the specific volume and the velocity of component (i, j). However,
it is usual to write this balance equation in terms of the specific enthalpies hij of each
component [7,9,10,14,17,23]

∑
i, j

∂

∂t

(
ρijθijhij

)
= ∑

i, j
−∇·

(
−K·∇T + ρijθijhijvij

)
+ g (15)
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The total differentials du and dh can, in a general case, be written in terms of the
isochoric cv and isobaric cp specific heat capacities as [20]

du = cv dT +

[
T
(

∂P
∂T

)
v
− P

]
dv (16)

dh = cp dT +

[
−T

(
∂v
∂T

)
p
+ v

]
dP (17)

where P is pressure, v is volume, and ()v and ()p indicate derivative under constant volume
and pressure, respectively. Although specific heat capacities are functions of temperature
and pressure, they are usually taken as constants in the modelling of engineering geomate-
rials. In addition, in such modelling, the differentials du and dh are usually formulated as
a function of a constant specific heat capacity for each component and temperature only,
see [7–12,14,16,17,23]. Then, for the components water vapour V and liquid water L, the
internal energy and enthalpy terms can be written as

uV − uV0 = cV
v (T − T0) (18)

uL − uL0 = cL
v(T − T0) (19)

hV − hV0 = cV
p (T − T0) (20)

hL − hL0 = cL
p(T − T0) (21)

where uV0 and uL0 are the internal energies and hV0 and hL0 are the enthalpies of vapour
and liquid water, respectively, at reference temperature T0.

The enthalpy of vaporisation is an energy sink in the energy balance equation in
soils. At a given temperature, the enthalpy of vaporisation ΔhLV is equal to the difference
between water vapour and liquid water enthalpies, which following Equations (20) and
(21) gives

ΔhLV = hV − hL =
[
ΔhLV,T0 −

(
cV

p − cL
p

)
T0

]
+

(
cV

p − cL
p

)
T (22)

where ΔhLV,T0 is the enthalpy of vaporisation at T0. Given that ΔhLV,T0 and T0 are con-
stant, if cV

p and cL
p are constant too, the enthalpy of vaporisation should respond to a

linear equation
ΔhLV = a + b T (23)

where a and b are constant parameters. An equation such as Equation (23) can be fitted
to reference data of the enthalpy of vaporisation to find these parameters. Reference data
for ΔhLV will be taken from the NIST Chemistry WebBook [13] for the minimum pressure
between saturated vapour pressure and 100 kPa. Comparing Equations (22) and (23), for
the pairs of constant heat capacities to be consistent with the enthalpy of vaporisation,
their difference (cV

p − cL
p) should be close to the value of parameter b identified to fit

Equation (23). Ideally, the difference should be equal to b, but there are two simplifications
in deriving the equations that may make the two values differ. The first one is disregarding
the last term on the right hand side of Equation (17) to derive Equations (20) and (21). The
second one is considering cV

p − cL
p as constant with temperature. To assess the effect of

constant specific heat capacities, the values of cp for temperatures 0–150 ◦C in the NIST
Chemistry WebBook [13] will be used as a reference for comparison.

Analogously to Equation (22), the difference in internal energy ΔuLV between vapour,
Equation (18), and liquid water, Equation (19), can be expressed as

ΔuLV = uV − uL =
[
ΔuLV,T0 −

(
cV

v − cL
v

)
T0

]
+

(
cV

v − cL
v

)
T (24)
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where ΔuLV,T0 is the internal energy difference at T0. Given that ΔuLV,T0 and T0 are constant,
if cV

v and cL
v are constant too, ΔuLV should also respond to a linear equation

ΔuLV = a′ + b′ T (25)

Comparing Equations (24) and (25), the difference (cV
v − cL

v) should now be close to
the value of parameter b’. The values of specific heat capacities cv for temperatures 0–150 ◦C
in the NIST Chemistry WebBook [13] will again be used as a reference for comparison.

3. Results and Discussion

3.1. Saturated Water Vapour Pressure

The saturated water vapour pressure values obtained with the formulations in Table 1
are plotted as a function of temperature in Figure 1 for a temperature range between 0 and
150 ◦C.

p

T
Figure 1. Saturated water vapour pressure as a function of temperature in the temperature range
0–150 ◦C for the different formulations analysed, Equations (1)–(8) [4–12]. Note that the results of
Equations (2) and (3) practically overlap with the reference values of Equation (1).

Figure 1 shows that all the formulations inspected obtain similar values of the saturated
water vapour pressure for the lower temperatures. However, the formulations diverge
increasingly with temperature, with notable differences at 150 ◦C. To illustrate the drift of
each formulation, their relative error REpv0, Equation (9), with respect to the reference of
Equation (1) [4] is plotted in Figure 2.
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R
E

T

Figure 2. Relative error in the saturated water vapour pressure, REpv0, with respect to the ref-
erence, Equation (1) [4], as a function of temperature for the different formulations analysed.
Equations (2)–(8) [5–12].

Analysing Figure 2, Huang’s [6] equation, Equation (3), is the saturated water vapour
pressure formulation with the least error in the temperature range analysed, 0–150 ◦C, and
also in the more limited temperature range, 0–100 ◦C. The relative error of Equation (3) is
kept within ±0.2% in the temperature range 0–150 ◦C, and is up to ±0.006% in the range
0–100 ◦C. Among the other formulations, only Buck’s [5] equation, Equation (2), limits its
relative error under ±1.0% in the temperature range 0–150 ◦C. On the side of the lower
accuracy, Equation (7), Nowak et al. [10] and Wang et al. [11], and Equation (8), Abed and
Sołowski [12], both show relative errors higher than 10% for temperatures higher than
90 ◦C.

Equation (3) is able to reproduce the reference saturated water pressure values with a
notably lower error than Equations (2) and (4)–(8). This result should not be surprising,
since Equation (3) is the one containing the highest number of parameters from the equa-
tions in Table 1 after the reference of Wagner and Pruss [4], Equation (1), (5 compared to 2–4
parameters). Then, it should be analysed if the increase in number of parameters is justified
or if, on the contrary, Equation (3) is overfitted. To this end, the AIC and the BIC were
applied to the models, and the values of Akaike weights Aw from the AIC, Equation (11),
and posterior model probabilities Bp from the BIC, Equation (13), were computed for all
of them. For a number of observations equidistant between 0.01 and 150 ◦C of n = 3, Aw
and Bp are plotted for Equations (2)−(8) in Figure 3. In the computations, the number of
parameters k of Equations (2)−(8) are (4, 5, 3, 2, 2, 2, 2) (Table 1). The residual ε has been
computed as the difference between the pressure obtained with each formulation and that
of Equation (1). For any n, both information criteria for model selection yield the same
result: the selected model for the data is Equation (3), the formulation by Huang [6]. It
obtains Aw > 0.977 and Bp > 0.985 for any n ≥ 3, and Aw > 0.999 and Bp > 0.999 for any
n ≥ 5. The rest of models, Equations (2) and (4)–(8), obtain Aw < 0.023 and Bp < 0.015 for
any n ≥ 3, and tend to 0 with increasing n. Then, the increase in number of parameters for
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Equation (3) with respect to the rest of equations is justified with the increase in accuracy
(information) they provide.

A
w
B
p

Figure 3. Model selection results from information criteria for n = 3. Akaike weights Aw from
the Akaike information criterion (blue), and posterior model probabilities Bp from the Bayesian
information criterion (orange).

3.2. Vapour and Liquid Water Heat Capacities

Figure 4 plots the evolution of the reference enthalpy of vaporisation of water (Figure 4a)
and the difference in internal energy between vapour and liquid water (Figure 4b) with
temperature for the minimum pressure between saturated vapour pressure and 100 kPa.
The source of the data is the NIST Chemistry WebBook [13]. The figure also plots the best
linear fits ΔhLV = a + bT, Equation (23), and ΔuLV = a′ + b′T, Equation (25), to the data in
the mentioned range, where the fitting parameters have been found to be a = 2500.9 kJ/kg,
b = − 2.3989 kJ/kg/K, a′ = 2374.8 kJ/kg and b′ = − 2.8415 kJ/kg/K. The squared Pear-
son correlation coefficient R2 obtained is nearly 1 for both ΔhLV and ΔuLV (Figure 4),
which shows they are well represented with a linear fit. As mentioned, the difference in
specific heat capacity between vapour and liquid water in isobaric conditions, cV

p − cL
p,

Equation (22), should be close to the identified coefficient b, while the difference in isochoric
conditions, cV

v − cL
v, Equation (24), should be close to the identified coefficient b′.

To illustrate the evolution of the specific heat capacities of liquid water and vapour
with temperature, the values given by the NIST [13] for the range 0–150 ◦C are plotted in
Figure 5. The figure includes values for isochoric and isobaric conditions at the minimum
pressure between vapour saturation pressure and 100 kPa. Please note that, although the
specific heat capacity of liquid water shows practically no dependence on pressure, that
of water vapour does. For pressure conditions other than atmospheric, the corresponding
specific heat capacity values can be obtained from the NIST [13], and an expression of the
specific heat capacity of vapour as a function of pressure is found, for instance, in Vestfálová
and Šafařík [24].
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Figure 4. (a) Enthalpy of vaporisation ΔhLV, and (b) difference in internal energy between vapour
and liquid water ΔuLV, for temperatures between 0 and 150 ◦C. Markers: reference values from [13].
Line and equation: best linear fit.

c

T

Figure 5. Specific heat capacity c of liquid (L, solid lines) water and water vapour (V, dashed lines)
for the temperature range 0–150 ◦C, at the minimum between saturation pressure and 100 kPa, for
isochoric (vol, black) and isobaric (p, blue outline) conditions. All values from the NIST [13].

The temperature (and pressure) conditions corresponding to the specific heat capacity
values used for modelling are not always reported in the literature. Then, a comparison
of the literature and reference values is useful to identify such conditions and assess their
consistency with the modelling conditions. The literature values in Table 2 are consistent
with the reference values represented in Figure 5. The two values used for liquid water
(4180 and 4202 J/kg/K) correspond to the reference specific heat capacities at 30 and
7 ◦C, respectively, for isobaric conditions, and at 13 and 6 ◦C, respectively, for isochoric
conditions. The values used for water vapour in isobaric conditions (between 1870 and
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1900 J/kg/K) correspond to the reference values between 0 and 15 ◦C. The vapour value
specified for isochoric conditions (1428 J/kg/K) corresponds to the reference value at 11 ◦C.
The vapour value given by Zheng et al. [17] (1620 J/kg/K) corresponds to the reference
value in isochoric conditions at 121 ◦C although at saturation pressure. The vapour value
given by Abed and Sołowski [12] (1900 J/kg/K) corresponds to the reference value in
isobaric conditions at 15 ◦C.

However, the main interest in this study of the consistency of the formulation with
the modelling of water vaporisation is the difference between the specific heat capacities
of liquid water and vapour. The difference between the reference values in Figure 5 as a
function of temperature from 0 to 150 ◦C is plotted in Figure 6, for both isobaric (Figure 6a)
and isochoric (Figure 6b) conditions. In addition, the fit coefficients b and b’ identified
from Figure 4 and the differences obtained from the literature values in Table 2, which are
constant with temperature, are included for comparison.

 
(a) (b) 

cL
p
c

T

cL
v
c

T

Figure 6. Difference in specific heat capacity between liquid water and vapour as a function of
temperature. Solid lines: reference values [13] for (a) isobaric and (b) isochoric conditions; dotted
and dashed lines: identified b and b′ coefficients and the literature values in Table 2 [7,12,14–17].

Regarding the literature values (Table 2), all those given for isobaric conditions
(Thomas and He [7], Collin et al. [14], Jussila and Ruokolainen [15] and Gens [16] (p)), or cor-
responding to such conditions according to the values in Figure 5 (Abed and Sołowski [12]),
are consistent with the difference between isobaric reference values, since they are contained
in the range of reference values for the studied temperatures (Figure 6a). The literature
values for isochoric conditions (Gens [16] (vol), Zheng et al. [17]) are also consistent with
the isochoric reference values (Figure 6b).

The absolute value of b, 2398.9 J/kg/K, is within a maximum relative error of 12%
from the literature values and isobaric reference values. However, b is greater than reference
values in all the temperature range (Figure 6a), which show a maximum of 2335.5 J/kg/K
at 0 ◦C. Something similar occurs with the absolute value of b′, 2841.5 J/kg/K, which is
greater than the maximum isochoric reference value, 2799.0 J/kg/K at 0 ◦C (Figure 6b). This
result shows that using Equations (18)–(21) with a constant pair of specific heat capacities
for liquid water and vapour equal to reference values at the same temperature (Figure 5),
for any temperature between 0 and 150 ◦C, leads to underestimating the slope of the linear
laws of Equations (22) and (24) plotted in Figure 4. Thus, it implies underestimating the
decrease in ΔhLV or ΔuLV with temperature in the modelling. Assuming that the enthalpy
of vaporisation, or the internal energy difference between vapour and liquid water, for the
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reference temperature, ΔhLV,T0 or ΔuLV,T0, is accurately set in the model, ΔhLV or ΔuLV will
be accurately computed at T0 and lose accuracy as temperature deviates from T0.

To inspect this loss of accuracy, the evolution of ΔhLV and ΔuLV computed with
Equations (22) and (24), respectively, in a case that would maximise this loss, has been
studied and plotted in Figure 7. T0 is set at one extreme of the temperature range considered,
0 ◦C, and ΔhLV,T0 and ΔuLV,T0 have been accurately taken as the reference values for 0 ◦C.
Then, the maximum error will be made at the other extreme of the range, 150 ◦C, as a
consequence of using a too small slope. To study the magnitude of the error at 150 ◦C, two
values of the slopes (cV

p − cL
p) and (cV

v − cL
v) have been used. First, the values in the

inspected literature furthest from the identified values for b and b′, from references [12,14]
for ΔhLV (Figure 6a) and [17] for ΔuLV (Figure 6b), have been used (solid grey lines in
Figure 7). In this case, the relative error at 150 ◦C is 0.7% for ΔhLV and 1.9% for ΔuLV.
Second, the reference specific heat capacity pairs in Figure 6 furthest from b and b′ have
been used: 2138 J/kg/K at 99 ◦C for isobaric values and 2027.3 J/kg/K at 150 ◦C for
isochoric values (dashed orange lines in Figure 7). The relative error at 150 ◦C then
increases to 1.7% for ΔhLV and 6.1% for ΔuLV.

 
(a) (b) 
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Figure 7. Values of (a) ΔhLV and (b) ΔuLV computed with Equations (22) and (24), respectively,
for specific heat capacity pairs that maximise error, from the literature (solid grey lines, values
from [12,14], ΔhLV, and [17], ΔuLV) and from reference values (dashed orange lines). Reference ΔhLV

and ΔuLV [13] in blue markers.

Using the same approach, the relative error at 150 ◦C can, in addition, be computed
for specific heat capacity pairs from the reference values [13] corresponding to all the
temperature range between 0 and 150 ◦C (Figure 8). All errors are below the maximum
errors mentioned in the previous paragraph (1.7% for ΔhLV and 6.1% for ΔuLV). If the
relative error is to be further limited, the reference pairs used should be limited to lower
temperatures. For instance, to limit the relative error to a 1%, for ΔhLV, any (cV

p, cL
p) pair

from the literature values inspected would be valid, but the pairs of reference values for the
same temperature should be limited to temperatures below 50 ◦C. Analogously, for ΔuLV,
the pair of (cV

v, cL
v) from reference [16] would be valid, and the pairs of reference values

for the same temperature should be limited to temperatures below 25 ◦C.
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c c T

Figure 8. Relative error in ΔhLV and ΔuLV at 150 ◦C using specific heat capacity pairs from reference
values [13] at temperatures 0–150 ◦C.

4. Conclusions

Two aspects relevant for a consistent thermo-hydraulic modelling of clay-based engi-
neered barriers for deep geological repositories for radioactive waste have been studied:
the saturated water vapour pressure and the specific heat capacity of liquid water and
vapour. The temperature range of interest has been set between 0 and 150 ◦C.

Several expressions for the saturated water vapour pressure have been inspected,
including reference expressions and those most applied in works modelling unsaturated
soils and clay-based barriers. This has led to successfully identifying an accurate (relative
error not greater than ±0.2%) and simple enough expression (ranked as the selected
model using both the Akaike information criterion and the Bayesian information criterion),
Huang’s [6] equation, Equation (3), as the optimal option for modelling in the temperature
range between 0 and 150 ◦C.

Further, the enthalpy of vaporisation of water and the internal energy difference
between liquid water and vapour as a function of temperature have been studied to derive
the consistency of pairs of constant specific heat capacity values for liquid water and water
vapour. Several pairs of values from the literature used for modelling unsaturated soils and
clay-based barriers have been inspected. Their difference has been compared to reference
values and to coefficients identified from the enthalpy of vaporisation and the difference
of internal energy. It has been found that using constant specific heat capacity pairs
corresponding to reference values at the same temperature can lead to underestimating
the decrease in the enthalpy of vaporisation and of the internal energy difference with
increasing temperature. To minimise this loss of accuracy, a model should use specific heat
capacity pairs as close as possible to the fitted coefficient 2398.9 J/kg/K for isobaric values
and 2841.5 J/kg/K for isochoric values. In the case of using reference specific heat capacity
pairs for the same temperature, this means using pairs for a temperature as close to 0 ◦C as
possible. However, the relative error associated with this loss of accuracy is limited, being
below 2% for all the specific heat capacity pairs from the literature inspected, and up to a
6% for the reference specific heat capacity pairs for the same temperature between 0 and
150 ◦C.

74



Appl. Sci. 2023, 13, 3361

Author Contributions: Conceptualisation, V.N. and L.A.; methodology, V.N. and L.A.; software, V.N.
and L.A.; validation, L.A. and V.N.; formal analysis, V.N. and L.A.; investigation, V.N. and L.A.; data
curation, V.N. and L.A.; writing—original draft preparation, L.A.; writing—review and editing, V.N.,
G.U. and L.A.; visualisation, V.N., L.A. and G.U.; supervision, V.N.; project administration, V.N. and
L.A.; funding acquisition, L.A. and V.N. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded by MCIN/AEI/10.13039/501100011033, grant number PID2020-
118291RB-I00. The APC was funded by MDPI open access publishing in Basel/Switzerland.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data were obtained from the references cited throughout the text, and
are available from those documents.

Conflicts of Interest: The authors declare no conflict of interest. The funder had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or
in the decision to publish the results.

References

1. Johnson, L.H.; Niemeyer, M.; Klubertanz, G.; Siegel, P.; Gribi, P. Calculations of the Temperature Evolution of a Repository for
Spent Fuel, Vitrified High-Level Waste and Intermediate Level Waste in Opalinus Clay; Technical Report 01-04; Nagra: Wettingen,
Switzerland, 2002.

2. Wagner, W.; Pruss, A. The IAPWS formulation 1995 for the thermodynamic properties of ordinary water substance for general
and scientific use. J. Phys. Chem. Ref. Data 2002, 31, 387–535. [CrossRef]

3. Lemmon, E.W. Vapor pressure and other saturation properties of water. In CRC Handbook of Chemistry and Physics, 97th ed.;
Haynes, W.M., Ed.; CRC Press: Boca Raton, FL, USA, 2017.

4. Wagner, W.; Pruss, A. International equations for the saturation properties of ordinary water substance—Revised according to the
international temperature scale of 1990. J. Phys. Chem. Ref. Data 1993, 22, 783–787. [CrossRef]

5. Buck, A.L. New Equations for Computing Vapor Pressure and Enhancement Factor. J. Appl. Meteorol. Climatol. 1981, 20, 1527–1532.
[CrossRef]

6. Huang, J. A Simple Accurate Formula for Calculating Saturation Vapor Pressure of Water and Ice. J. Appl. Meteorol. Climatol. 2018,
57, 1265–1272. [CrossRef]

7. Thomas, H.R.; He, Y. A coupled heat-moisture transfer theory for deformable unsaturated soil and its algorithmic implementation.
Int. J. Numer. Methods Eng. 1997, 40, 3421–3441. [CrossRef]

8. Gens, A.; Sanchez, M.; Guimaraes, L.D.N.; Alonso, E.E.; Lloret, A.; Olivella, S.; Villar, M.V.; Huertas, F. A full-scale in situ heating
test for high-level nuclear waste disposal: Observations, analysis and interpretation. Geotechnique 2009, 59, 377–399. [CrossRef]

9. Dupray, F.; François, B.; Laloui, L. Analysis of the FEBEX multi-barrier system including thermoplasticity of unsaturated bentonite.
Int. J. Numer. Anal. Methods Geomech. 2013, 37, 399–422. [CrossRef]

10. Nowak, T.; Kunz, H.; Dixon, D.; Wang, W.; Görke, U.-J.; Kolditz, O. Coupled 3-D thermo-hydro-mechanical analysis of
geotechnological in situ tests. Int. J. Rock Mech. Min. Sci. 2011, 48, 1–15. [CrossRef]

11. Wang, X.; Shao, H.; Wang, W.; Hesser, J.; Kolditz, O. Numerical modeling of heating and hydration experiments on bentonite
pellets. Eng. Geol. 2015, 198, 94–106. [CrossRef]

12. Abed, A.A.; Sołowski, W.T. A study on how to couple thermo-hydro-mechanical behaviour of unsaturated soils: Physical
equations, numerical implementation and examples. Comput. Geotech. 2017, 92, 132–155. [CrossRef]

13. Lemmon, E.W.; Bell, I.H.; Huber, M.L.; McLinden, M.O. Thermophysical Properties of Fluid Systems. In NIST Chemistry WebBook,
NIST Standard Reference Database Number 69; Linstrom, P.J., Mallard, W.G., Eds.; National Institute of Standards and Technology:
Gaithersburg, MD, USA, 2022. [CrossRef]

14. Collin, F.; Li, X.L.; Radu, J.P.; Charlier, R. Thermo-hydro-mechanical coupling in clay barriers. Eng. Geol. 2002, 64, 179–193.
[CrossRef]

15. Jussila, P.; Ruokolainen, J. Thermomechanics of porous media—II: Thermo-hydro-mechanical model for compacted bentonite.
Transp. Porous Media 2007, 67, 275–296. [CrossRef]

16. Gens, A. Soil-environment interactions in geotechnical engineering. Geotechnique 2010, 60, 3–74. [CrossRef]
17. Zheng, L.; Samper, J.; Montenegro, L. A coupled THC model of the FEBEX in situ test with bentonite swelling and chemical and

thermal osmosis. J. Contam. Hydrol. 2011, 126, 45–60. [CrossRef] [PubMed]
18. Akaike, H. Information Theory as an Extension of the Maximum Likelihood Principle. In Second International Symposium on

Information Theory; Petrov, B.N., Csaki, F., Eds.; Akademiai Kiado: Budapest, Hungary, 1973.
19. Schwarz, G. Estimating the Dimension of a Model. Ann. Stat. 1978, 6, 461–464. [CrossRef]
20. Çengel, Y.A.; Boles, M.A. Thermodynamics: An Engineering Approach; McGraw-Hill: New York, NY, USA, 1989.

75



Appl. Sci. 2023, 13, 3361

21. Burnham, K.; Anderson, D.R. Multimodel Inference: Understanding AIC and BIC in Model Selection. Sociol. Methods Res. 2004,
33, 261–304. [CrossRef]

22. Pinder, G.F.; Shapiro, A. Physics of Flow in Geothermal Systems. Geol. Soc. Am. Spec. Pap. 1982, 189, 25–30. [CrossRef]
23. Navarro Gámir, V. Modelo del Comportamiento Mecánico e Hidráulico de Suelos No Saturados en Condiciones No Isotermas.

Ph.D. Thesis, Universitat Politècnica de Catalunya, Barcelona, Spain, 1998.
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Abstract: In a humid environment, the stray current generated by subway operation will corrode the
underground pipe network and the internal steel structure of the track plate, which will seriously
affect the service life of the subway track plate and increase the maintenance cost later. Groundwater
in subway projects mainly enters the concrete interior through capillary action and affects the
concrete resistivity, and there is a lack of research on the mechanism of groundwater effect on concrete
resistance. In this study, the variation of cement mortar resistivity with capillary water absorption
time for cement mortar with different amounts of mineral admixtures (fly ash, ground-granulated
blast furnace slag, and silica fume) was measured by the four-electrode method, and the mechanism
of the influence of the electrical properties of cementitious materials under the effect of capillary
water absorption was analyzed based on the mercury-pressure method (MIP) and thermogravimetric
method (TG-DTG). The results show that with the increase in capillary water absorption time, the
change curve of cement mortar resistivity can be divided into two stages; in the first stage, capillary
water absorption leads to gel pores and transition pores quickly connecting to capillary pores and
other large pores to form a water-saturated conductive pathway, resulting in a rapid decrease in
resistivity, when the gel pores and excessive pores have a greater impact on resistivity. The second
stage is that of capillary water absorption, to a certain extent, after the specimen’s internal water
upward development rate slows down; at this time, the formation speed of the conductive pathway
decreases, resulting in the rate of change in resistivity decreasing and gradually stabilizing. The
incorporation of silica fume can effectively improve the resistivity of cementitious materials under
the action of capillary water absorption, in which the resistivity of specimens incorporated with 15%
silica fume after 36 days of capillary water absorption is 10.39 times that of the reference group, which
is mainly due to its lower porosity and a higher percentage of gel pores.

Keywords: electro-chemical corrosion; capillary water absorption; resistivity; mineral admixtures;
cement mortar; pore structure

1. Introduction

Cement-based material is a typical porous material whose resistivity is closely related
to its pore structure and pore water saturation [1–3]. In practical engineering, decreases
in the resistivity of cementitious materials can lead to several problems, such as subway
stray currents [4]. Studies have shown that the track insulation performance is excellent at
the beginning of the metro opening [5], but with the dirty, wet, iron powder overlay or the
aging of the surface of the operational insulation fasteners, the walking track current will
leak into the surrounding soil and structures through the concrete roadbed, causing serious
electrochemical corrosion of the main structure reinforcement and metal pipes along the
line [6,7]. In addition, the main structure of the subway is often in a groundwater-rich
environment, and the pore water saturation of the concrete roadbed rises rapidly under
the invasion of moisture, and the resistivity decreases sharply, increasing the hazard of
stray currents [8]; the subway, as an underground, hidden and complex project, is more
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difficult to renovate or repair [9]. Therefore, studying the preparation of highly insulating
cementitious materials and their application in metro rail engineering is crucial.

There are various methods to improve the insulation (resistivity) of cementitious
materials, of which the most common application is the incorporation of mineral admix-
tures. Research on mineral admixtures to improve the resistivity of cementitious materials
has made some progress in recent years; Ehtesham et al. [10] found that the resistivity of
concrete could be increased by a factor of 2.2 after replacing cement with a mass of 30%
fly ash. Baweja et al. found that the resistivity of concrete after replacing cement with
25% fly ash equivalent mass underwent a large increase [11]. Bagheri et al. [12] found an
eight-fold increase in 180d resistivity after replacing cement with 10% silica fume of equal
quality. Dotto et al. [13] replaced cement with 6% and 12% silica fume of equal mass at
0.5 water-cement ratios, and found that the mortar replacement rate was increased by 2.5
and 5 times for 6% and 12% silica fume replacement, respectively. Yang et al. showed that
the resistivity of concrete after replacing cement with 26% silica fume equivalent mass can
be increased by 13.4 times and 17 times after 28 d and 60 d of curing, respectively [14];
Justnes et al. [15] found that calcined marl as a supplementary cementitious material was
able to increase the resistivity of the mortar in a water-filled state. Liang, by comparing the
effect of fly ash, slag, and partial high territory on the resistivity of cement mortar, found
that the partial high territory has the best effect on the resistivity of cement mortar [13]. You
found that the resistivity of concrete can be increased by 2.67 times after replacing cement
with 15% silica fume of equal quality in experiment [16]. Cai et al. [17] found that electrical
resistivity increased with the increase in the slag replacement ratio, since the addition of
slag would consume more conductive ions. Li et al. [18] tested the resistivity of fly ash
mixed in the early stage by a non-contacting electrical resistivity meter, and found that
concrete mixed with 25–50% had high early stage resistivity. It is worth noting that most
scholars currently test the resistivity of cementitious materials in a water-saturated state,
but in actual working conditions, due to the specificity of the environment in which the
subway is located, the pore water saturation of cementitious materials will fluctuate greatly,
especially in rainy weather or groundwater-rich areas. Water mainly enters the interior of
cementitious materials through capillary action so that its pore water saturation increases
rapidly [19,20] and its resistivity decreases significantly, which is extremely unfavorable
for the prevention and control of stray currents, and there are few reports on the changes
in the resistivity of cementitious materials under different water-saturated states due to
capillary water absorption.

Therefore, in this paper, three typical mineral admixtures are selected: fly ash, mineral
powder, and silica fume, and changes in cement mortar resistivity with capillary water
absorption time and different admixtures are measured by the four-electrode method. The
influence mechanism is analyzed by combining microscopic testing techniques, and the
obtained research results can provide a reference for the prevention and control of stray
currents in metro projects.

2. Materials and Methods

2.1. Materials

The cementitious material adopts P.I 42.5 cement (C) produced by Fushun Aosier
Technology Co., Ltd. (Fushun, China), first-grade fly ash (FA), S95 ground granulated blast
furnace slag (SL), and silica fume (SF) produced by Henan Hengyuan New Materials Co.
(Xinxiang, China). The chemical composition of the cementitious material and the results
of particle size tests (average particle size D50) are shown in Table 1. The fine aggregate is
ordinary river sand (S) with a fineness modulus of 2.72; the mixing water is ordinary tap
water (W).

78



Appl. Sci. 2023, 13, 3562

Table 1. The chemical compositions of raw materials (calculated by mass fraction %).

SiO2 Al2O3 Fe2O3 CaO MgO SO3 Na2Oeq TiO2 f-CaO D50

C 20.58 4.97 3.76 63.57 2.29 2.00 0.53 - 0.75 17.763
FA 55.7 28.39 4.695 3.424 0.751 0.885 0.949 1.15 - 7.911
SL 30.48 15.46 0.322 37.45 8.12 2.36 0.46 1.16 - 11.895
SF 93.7 0.329 0.0957 0.478 0.248 1.35 0.893 0.017 - 14.860

2.2. Mixture Proportion Design

This test mainly considers the type and dosage of mineral admixtures and adopts
a control variable method to design four groups of specimens; they are reference group
(JZ group), fly ash group (FA group), ground-granulated blast furnace slag group (SL
group), and silica fume (SF group), respectively. The water–binder ratio of the specimen
was fixed at 0.40, and the comb–sand ratio was 1:2. The content of mineral admixture is the
percentage of the mass of the admixture in the mass of cement, and the specific test mix
design is shown in Table 2.

Table 2. Mix proportions of cement mortar.

Group Cement FA SL SF

JZ 100 - - -

FA

FA-1 95 5 - -
FA-2 90 10 - -
FA-3 80 20 - -
FA-4 70 30 - -

SL

SL-1 95 - 5 -
SL-2 90 - 10 -
SL-3 80 - 20 -
SL-4 70 - 30 -

SF
SF-1 95 - - 5
SF-2 90 - - 10
SF-3 80 - - 20

2.3. Test Method

(1) Test material preparation: Test specimens of mortar strength and resistivity were
made according to the Chinese standard: GB/T17671-2021 “Test Method for Cement mortar
Strength (ISO Method)”. The size of cement mortar is 40 mm × 40 mm × 160 mm, and the
strength test and resistivity test specimens are made, respectively. The electrical electrode
of the resistivity test specimen is ordinary stainless steel mesh, and extends 20 mm out of
the mortar surface for testing. The spacing between the mesh is 40 mm, and the distance
between the two ends of the mesh is 20 mm from the end of the specimen. In the process of
specimen pouring, four electrodes were inserted vertically into the bottom of the mold, and
then the specimen was placed on the shaking table to vibrate and compact. To avoid water
loss, the surface of the specimen was covered with a layer of plastic wrap immediately
after the completion of vibration, and the specimen was demolded after being cured in the
laboratory environment at 20 ◦C for 24 h, before being put into the saturated lime water
solution at 20 ± 2 ◦C for curing to the corresponding age. The molded specimen is shown
in Figure 1.

According to the mix ratio given in Table 2, six test pieces (three strength test pieces,
and three resistivity test pieces) were made for each mixing ratio of cement mortar at
the same time. The strength and resistivity test pieces of three strength test pieces and
resistivity test pieces with the same ratio were tested. The average values of the three pieces
were taken as the strength or resistivity test results of the test pieces under the mix ratio.
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Figure 1. Resistivity test specimen.

(2) Compressive strength test: The compressive strength of the cement mortar speci-
mens of corresponding age was tested according to the Chinese standard: GB/T17671-2021
“Test Method for Cement mortar Strength (ISO Method)”.

(3) Resistivity test: At present, the commonly used methods of concrete resistance
testing are the Wenner method [21], double-probe method [22], embedded four probe
method [23], impedance spectroscopy [24], and ASTM C1760-12 method, etc. The four-
electrode method is widely used because of its simple test method, uniform test electric
field, and small error [21–23]. Therefore, this paper chooses the four-electrode method
using ordinary stainless steel mesh as the electrode; a DC voltage of 24 V was used during
the resistivity test. At the same time, to avoid the influence of temperature on the resistivity
test [25,26], the whole test process was carried out in a laboratory environment of 20 ◦C.

(4) Capillary water absorption test: The capillary water absorption test was carried
out according to ASTM C1585-13 standards. First, the 28 day aged mortar resistivity test
specimen was removed from the saturated lime water solution, and the surface moisture
of the specimen was dried with dust-free paper. The specimen was placed in a vacuum
drying oven at 50 ± 2 ◦C, and the mass change was no more than 0.1% after 24 h. After that,
silicone rubber and plastic film were used to seal all surfaces except the absorbent surface
to ensure that capillary absorbent is only carried out on the absorbent surface [27], and
to eliminate the influence of air humidity and carbonization, among which the absorbent
surface is the opposite of the specimen-forming surface. After that, the specimen was placed
at room temperature of 20 ◦C and stood for 1 d. After the temperature of the specimen
remained constant, its mass (accurate to 0.01 g) was weighed and its resistivity was tested.
Then, the specimen was placed in the water absorption device (as shown in Figure 2), and
the depth of immersion was about 3 mm. Before testing, the specimen was first wiped
with dust-free paper to remove any excess water from the suction surface, and then quickly
weighed (±0.01 g). Its resistivity was then tested (control within 30 s to complete), and
the specimen was placed in the suction device to continue the capillary suction test. The
specific test time is shown in Table 3.

Figure 2. Schematic diagram of capillary water absorption and resistivity testing of mortar speci-
mens [28,29].
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Table 3. Timing and tolerance of capillary water absorption quality tests.

Time 60 s 5 min 10 min 20 min 30 min 60 min Every Hour up to 6 h 12 h 24 h Once a Day up to 36 Days

Tolerance 2 s 10 s 2 min 2 min 2 min 2 min 5 min 5 min 1 h 2 h

(5) TG: Thec water absorption test specimen at 28 d age was crushed into small pieces
first. We took the pieces < 1.18 mm and immersed them in anhydrous alcohol for 7 days to
terminate the hydration process, and then we put them in a vacuum oven for seven days.
Finally, the specimens were ground into powder and 20 mg was selected for the TG test
after passing through a 0.075 mm aperture sieve. The test temperature range was room
temperature ~1000 ◦C, the test gas atmosphere was nitrogen, and the heating rate was
10 ◦C/min.

(6) MIP: Mortar was extracted from capillary water absorption test specimens of
corresponding age for testing. The pore structure of the sample was tested by the automatic
mercury injection instrument PoreMaster 33, produced by Konta company (Boynton Beach,
FL, USA), and the pore size range was 5~106 nm.

3. Results and Discussion

3.1. Compressive Strength

Figure 3 shows the compressive strength test results of cement mortar after 28 d curing.
It can be seen from the figure that compared with the specimens of the JZ group, the 28 d
compressive strength of the specimens increased to different degrees after adding different
amounts of mineral admixtures. The compressive strength of the FA group increased
by 2.6%, 4.1%, 7.02%, and 8.3%, respectively. The compressive strength of the SL group
increased by 5.2%, 6.89%, 7.72%, and 9.4%, respectively. The compressive strength of the
SF group increased by 16.68%, 30.85%, and 45.81%, respectively, and the growing range
increased with the increase in the admixtures. This is because the admixtures can promote
the secondary hydration reaction of the system and react with cement hydration products
to generate more C-S-H gels. At the same time, the content of Ca(OH)2 with low strength
in the system is reduced, so the pore diameters of specimens in each group doped with
admixtures are refined compared with those in the JZ group, and the structural system is
more compact. This is evidenced in the Section 3.3 and 3.4 below. Among the three kinds
of admixtures, SF has the best effect on enhancing strength, because SF has high chemical
activity and can better promote the secondary hydration reaction of cement [30]. This led to
a significant decrease in the porosity of the specimen along with the refinement of the pore
size, resulting in a significant increase in strength. As shown in the Section 3.3, it can be
seen that more gel pores and transition pores can lead to strength improvement in the case
of similar porosity, and lower porosity has a significant effect on strength improvement at
the point of large difference in porosity [31–33].

Figure 3. 28 d compressive strength of cement mortar.
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3.2. Effect of Capillary Water Absorption on the Resistivity of Cement Mortar

Because in an underground environment, groundwater erosion on concrete through
capillary action takes a long time, a longer capillary absorption test time of 36 d is chosen
in this paper to restore the actual engineering situation as much as possible. Figure 4a,b
show the resistivity of the cement mortar in the dry state and after 36 d of capillary water
absorption, respectively. It can be seen in Figure 4a that in the dry state, the resistivity of
the specimens in the JZ group is the highest, the resistivity of the specimens with admixture
decreases to different degrees, and the resistivity of the specimens in the same group
decreases with the increase of admixture. It can be seen in Figure 4b that after 36 d capillary
water absorption, the resistivity of the specimens in the JZ group is the lowest, and the
resistivity of the specimens doped with admixtures increases to different degrees. The
resistivity of the specimens in the same group increases with the increase in the amount of
admixture, and SF has the best effect on the resistivity of the specimens after improving
water absorption. It can also be obtained from Figure 4 that after 36 d of capillary water
absorption, the resistivity of specimens in the SF group decreases between 70% and 90%,
while the resistivity of specimens in the other three groups decreases more than 90%, and
the resistivity of specimens in the JZ group decreases the most, by 99.08%.

 
(a) (b) 

Figure 4. The resistivity of cement mortar: (a) Resistance in dry conditions; (b) Resistance after 36 d
of capillary water absorption.

The above phenomenon is related to the influence of mineral admixtures on the pore
structure of cement mortar. Cementitious material is a typical gas–solid–liquid three-phase
composite, and its electrical conductivity is mainly determined by the solid phase formed
by the aggregate and cementitious material, and the gas phase and liquid phase in the
pores, of which the conductivity of the gas phase is the worst, and the conductivity of the
solid phase is also poor; their electrical conductivity is negligible, so the liquid phase in the
pores is a key factor in determining the electrical conductivity of cementitious materials [16].
In the dry state, the pores inside the specimens are almost free of water and are all gas
phase, and their connectivity is poor. The number of pores in the JZ group specimens is
larger and larger (as shown in the Section 3.3); thus, their resistivity is the largest, and after
mixing with mineral admixtures, the pore size of the specimens is refined, the number of
large pores is reduced, and the resistivity decreases. This phenomenon is more obvious
with the increase in admixture, wherein the specimens mixed with SF have the lowest
porosity; thus, their resistivity is the lowest. Under the effect of capillary absorption,
the pores inside the specimen are partially connected by water, the liquid phase replaces
part of the gas phase, the electrical conductivity is greatly enhanced, the resistivity drops
rapidly, the internal tortuosity of the specimen in JZ group is worse than the other three
groups, the difficulty of forming the conductive pathway is reduced, and the number is
higher; thus, its resistivity after water absorption is the lowest after the addition of mineral
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admixtures, as is the tortuosity of the pores inside the specimen. After the addition of
the mineral admixtures, the degree of tortuosity of the internal pores of the specimens
increased, the difficulty of forming conductive pathways increased, the number decreased,
and the resistivity increased compared with that of JZ group.

Figures 5–7 show the change curves of capillary water absorption and resistivity with
time for cement mortar with different FA, SL, and SF contents, respectively. It can be seen
from the figure that the changes in the capillary water absorption resistivity of each group
of specimens show two stages of rapid decrease and slow decrease, and tend to be stable;
in stage I, in the early stage of capillary water absorption, a saturated area appeared at the
bottom of the specimen, forming a large number of conductive paths, and the resistivity
decreased rapidly. In stage II, after capillary water absorption reaches a certain level, water
diffuses to the unsaturated region on the upper part of the specimen. At this time, capillary
water absorption has little influence on the pore connectivity of the specimen, and it is
difficult to form more conductive channels, so the resistivity decreases slowly until it is
stable [34]. (Figure 8 shows the cross-section of the specimen after 36 days of capillary
water absorption).

  
(a) (b) 

Figure 5. Changes in water absorption and resistivity of cement mortar with different FA contents
over time: (a) Macroscopic damage; (b) Partially enlarged drawing.

 
(a) (b) 

Figure 6. Changes in water absorption and resistivity of cement mortar with different SL contents
over time:(a) Macroscopic damage; (b) Partially enlarged drawing.

In addition, by comparing Figures 5–7, it can be observed that after FA or SL incorpora-
tion, the capillary water absorption and resistivity of the specimens with water absorption
time are similar to those of the JZ group, while the specimens with SF incorporation are
different. The resistivity of the specimens in the SF group decreased relatively gently
with the increase in capillary water absorption time. The stage I process was significantly
shorter than that of the other three groups. The resistivity of the samples doped with 5%,
10%, and 20% SF in the dry state was 41.3%, 37.5%, and 35.7% of that of the JZ group,
respectively. However, after 36 d capillary water absorption, the resistivity of the SF group
was 3.69, 6.45, and 10.39 times higher than that of the JZ group, respectively. The resistivity
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of specimens in the SF group was significantly higher than that in the FA group and SL
group after capillary water absorption. The capillary water absorption mass (g) and t1/2

(s1/2) of each group were linearly fitted according to the capillary water absorption data
measured in the previous 6 h, and the fitted equations and the capillary water absorption
coefficient data of each group were obtained, as shown in Table 4. It can be seen that the
capillary water absorption coefficient of each group decreased after the addition of mineral
admixtures compared with the reference group. With the increase in mineral admixture, the
secondary hydration effect causes the internal pore structure of the specimen to be refined
continuously, the degree of tortuosity increases, the internal pore connectivity becomes
more difficult, the capillary absorption coefficient decreases continuously, and the capillary
absorption coefficient of the SF group is the smallest. This explains the relatively gentle
change in the second stage of capillary absorption in the SF group, and with the increase
in the mineral admixture substitution, the SF group, being due to higher reactivity. The
porosity of the specimens was significantly reduced (as shown in the Section 3.3), and
the number of internal conductive pathways decreased significantly compared to other
groups. Finally, the resistivity changes during the water absorption process are more gentle
compared to the other groups. To a certain extent, it can be considered that the larger the
initial water absorption rate, the lower the resistivity after capillary water absorption.

 
(a) (b) 

Figure 7. Changes in water absorption and resistivity of cement mortar with different SF contents
over time: (a) Macroscopic damage; (b) Partially enlarged drawing.

Figure 8. The capillary water distribution in the section of 1/2 length of the specimen (after 36 days
of capillary water absorption).

Based on the above test results, the pore structure diagram of the cement mortar in the
dry state and after capillary water absorption is given in Figure 9. In the dry state, the pore
of the specimen is equivalent to the capacitance, which cuts off the conductive path, there is
no connected pore inside the specimen, and the cement matrix is almost non-conductive, so
the resistivity of the specimen is large. Under the action of capillary water absorption, the
specimen can be divided into three areas according to the distribution of water inside the
specimen: the saturated area, non-saturated area, and dry area. The bottom of the specimen
is a saturated area, and the pores are connected by water to form a conductive path, which
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leads to a significant decrease in the resistivity of the specimen. However, the pores in the
dry zone are hardly conductive.

Table 4. Capillary water absorption coefficient fitting equation and parameters.

Group Equation
Correlation
Coefficient

Capillary Absorption
Coefficient

JZ m = −0.0345 + 0.01984 t1/2 0.9976 0.01984
FA-1 m = 0.00953 + 0.01644 t1/2 0.993 0.01644
FA-2 m = −0.00631 + 0.01462 t1/2 0.999 0.01462
FA-3 m = −0.0122 + 0.01267 t1/2 0.9917 0.01267
FA-4 m = 0.01224 + 0.00992 t1/2 0.9956 0.00992
SL-1 m = −0.00323 + 0.01568 t1/2 0.9957 0.01568
SL-2 m = −0.00718 + 0.01402 t1/2 0.9987 0.01402
SL-3 m = 0.03619 + 0.01105 t1/2 0.99551 0.01105
SL-4 m = −0.00607 + 0.00983 t1/2 0.991 0.00983
SF-1 m = 0.01867 + 0.00938 t1/2 0.9941 0.00938
SF-2 m = −0.03766 + 0.00928 t1/2 0.9917 0.00928
SF-3 m = 0.01172 + 0.0089 t1/2 0.99213 0.0089

 
(a) (b) 

Figure 9. Diagram of a cement mortar opening pore: (a) Opening pore structure under dry conditions.
(b) Opening pore structure under capillary water absorption.

3.3. Pore Structure Feature

Figure 10 shows the MIP test results of the pore volume of the specimen, which can be
divided into gel pore (5–10 nm), transition pore (10–100 nm), capillary pore (100–1000 nm),
and macropore (>1000 nm) according to pore size [35].

It can be seen from Figure 10 that compared with the JZ group, the pore volumes
of the specimens in the FA group and the SL group after 28 days of curing are not very
different, while the number of gel pores and transition pores is significantly increased, and
the number of capillary pores and macropores is significantly reduced. Combined with
the analysis in the Section 3.4, this is because FA and SL have lower activity and a lesser
secondary hydration reaction, so their pore volume is very much different from that of
the JZ group. Due to its physical filling effect and certain secondary hydration reaction,
it has a certain refinement effect on the pores. This increases the tortuous degree of pores
in the specimen to a certain extent, so the number of conductive pathways formed in the
specimen under the effect of capillary water absorption is reduced and the resistivity of the
specimen after capillary water absorption is increased; this phenomenon is more obvious
with the increase in the doping amount. Under the same doping amount, the specimen
doped with FA is stronger than that doped with SL group due to its secondary hydration
effect (as can be seen from the Section 3.4, under the same doping amount, 28 d Ca(OH)2
in FA group is lower than that in SL group), which leads to more gel pores and transition
pores in FA specimens compared with SL group, and a better effect of the refining pore
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structure. Therefore, the overall resistivity of FA specimens after capillary absorption is
higher than that of SL group. In addition, combined with the test results of the resistivity of
the specimens in the JZ group, the FA group, and the SL group, it can be found that when
there is little difference in the pore volume, the resistivity of the specimens in the dry state
increases with the increase in the number of capillary pores and macropores. According to
this phenomenon, it is speculated that capillary pores and macropores contribute more to
the resistivity of the specimens in the dry state.
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0.05

0.06
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0.08

Figure 10. Pore volume distribution of cement mortar.

It can also be seen from Figure 10 that compared with the JZ group, the pore volume of
the specimen in the SF group was reduced by more than half. This is mainly related to the
higher activity of silica fume; the stronger secondary hydration leads to a significant reduc-
tion in its pore volume. which greatly reduced the number of conductive channels formed
in the specimen under the action of capillary water absorption, and greatly improved the
resistivity of the specimen after capillary water absorption. In addition, with the increase
in SF content, the pore volume of the SF group specimen decreased, but the difference was
not large. With the same pore volume, the increase in pore-specific surface area increases
the degree of tortuosity of pores within the specimen [36], while the significant increase in
the number of gel pores and the significant decrease in the number of transition pores, cap-
illary pores, and macropores increases the comparative area of their internal pores, which
results in a significant increase in the degree of tortuosity of pores within the specimen. A
more substantial increase was observed in the resistivity of the specimen after capillary
absorption under the dual influence of the reduction in pore volume and the increase in
internal tortuosity.

3.4. Hydration Products

In order to make the test results more prominent, the samples of JZ group and the
three samples with the largest admixture content (FA-4, SL-4, SF-3) were, respectively
selected to analyze the hydration products. Figures 11 and 12 show the TG-DTG curve of
cement paste. It can be seen from the figure that when the DTG curve has an endothermic
peak, the TG curve has a relatively obvious mass loss. The position of the endothermic
peak of the slurry is the same, and there are three peak intervals: 70–350 ◦C (dehydration
and decomposition of hydration products such as C-S-H, Ettringite, and Monosulfate
(AFM)), 350–470 ◦C (dehydration and decomposition of hydration products Ca(OH)2), and
600–730 ◦C (decomposition of carbonate) [37]. The content of chemically bound water and
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Ca(OH)2 in the slurry can be quantitatively analyzed based on the TG-DTG curve [38], and
the specific method is as follows.

m(H2O) = mA + mB + mC
MH2O

MCO2

(1)

m(Ca(OH)2) = mB
MCa(OH)2

MH2O
+ mC

MCa(OH)2

MCO2

(2)

In the above equation, mA, mB, mC are the weight loss rate (%) of the sample in the
range of 70–350 ◦C, 350–470 ◦C, and 600–730 ◦C, respectively; m(H2O is the content of
chemically bound water (%); m(CaOH2) is the content of Ca(OH)2 (%); M is the relative
molecular mass, and the relative molecular masses of H2O, CO2 and CaOH2 are 18, 44 and
74, respectively.

Figure 11. TG curve of cement mortar slurry.

Figure 12. DTG curve of cement mortar slurry.

Figure 13 shows the calculated results of Ca(OH)2 and the chemically bound water
content of the sample. It can be seen from the figure that the content of Ca(OH)2 in the four
groups of samples is significantly different: JZ > SL-4 > FA-4 > SF-3. This well confirms
the analysis in the Section 3.3, because the mineral admixture mixed with the cement
hydration product (Ca(OH)2)’s secondary hydration reaction, the consumption of Ca(OH)2
content. As a result, the content of the mineral admixture mixed group Ca(OH)2 is lower
than in the JZ group. At the same time, the secondary hydration reaction and the filling
effect of mineral admixtures together increased the number of gel pores or transition pores,
reduced the number of large and capillary pores, and increased the tortuosity of pores,

87



Appl. Sci. 2023, 13, 3562

so that the resistivity of the specimen after capillary absorption in the mineral admixture
group was increased compared with that in the JZ group. The SF reaction activity was
the highest among the three mineral admixtures, and the secondary hydration effect was
the most significant, resulting in porosity of the SF group decreasing significantly. The
percentage of gel pores and transition pores increased (as shown in Figure 10). In addition,
the chemical binding water content of the sample with mineral admixtures decreased
compared with that of the JZ group. This is the result of the comprehensive action of two
factors. First, the content of cement clinker is reduced after cementing material replaces
cement, resulting in a substantial reduction in the content of chemically combined water
generated by cement clinker [39]. Second, compared with the JZ group, although the total
amount of chemically combined water generated by cement clinker is greatly reduced after
the addition of mineral admixture, the formation space of the cement clinker phase hydrate
after the addition of mineral admixture is larger than that in the JZ group, and the surface
of mineral admixture particles also provides a place for the non-uniform precipitation and
generation of cement clinker hydration products, which promotes the hydration of the
remaining cement clinker [40–42]. In addition, secondary hydration of mineral admixtures
will also generate a portion of chemically combined water [43]. Combining the above two
factors, the chemically combined water content of the mineral admixture group decreased
compared with that of the JZ group, but there was little difference.

Figure 13. Content of chemically combined water and Ca(OH)2 in cement mortar slurry.

4. Conclusions and Perspectives

4.1. Conclusions

(1) The secondary hydration of mineral admixture can increase the number of gel pores
and transition pores in the specimen. The lower activity and certain filling effects of
fly ash and SL can have a certain refining effect on the pore size. The silica fume can
significantly reduce the porosity of the specimen and increase the proportion of gel
pores and transition pores.

(2) In the dry state, capillary pores and large pores contribute to the resistivity; the more
capillary pores and large pores in the specimen, the higher the resistivity, the highest
resistivity was found in the dry state of JZ group cement mortar, and the resistivity of
cement mortar mixed with mineral admixture had different degrees of decline.

(3) With the increase in the amount of mineral admixture and the increase in the number
of gel pores and transition pores inside the specimen, the degree of curvature inside
the specimen also increased, leading to a continuous decrease in the capillary water
absorption coefficient of the specimen. The resistivity of the specimen after capillary
water absorption increased with the decrease in the capillary water absorption coeffi-
cient. Among the three admixtures, the addition of silica fume has the best effect on
improving the resistivity of cement mortar after 36 days of capillary water absorption,
compared with the JZ group.
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(4) With the increase in capillary water absorption time, the change curve of the resistivity
of cement mortar can be divided into two stages: rapid decrease and slow decrease. It
tends to be stable, while the resistivity of cement mortar with silica fume decreases
relatively slowly with capillary water absorption. This is mainly due to the low
porosity and high proportion of gel pores of the silica fume formation, which lead to
a weakening of its water absorption capacity, a significant reduction in the number of
conductive paths, and a slow change in resistivity after capillary water absorption.

(5) Under the action of capillary water absorption, the specimen can be divided into a
saturated zone, an unsaturated zone, and a dry zone. The saturated zone causes the
resistivity of the specimen to decrease greatly, while the unsaturated zone and dry
zone have little effect on the decrease in the resistivity of the specimen.

(6) To improve the resistivity of cement-based materials after capillary water absorption,
two aspects can be considered. One is to increase the number of gel pores (5–10 nm)
and transition pores (10–100 nm) when the pore volume is not very different, because
the contribution of gel pores to the resistivity after capillary water absorption is much
higher than that of transition pores; the other is to greatly reduce the volume of pores.
This is helpful for improving the resistivity of concrete elements in subways and
reducing stray current corrosion.

4.2. Prospectives

Due to the complexity and diversity of the subway operating environment, there
are often multiple factors acting together on concrete members in actual projects, and the
current research is mainly focused on single-factor mechanism research. In future, studying
the resistivity change mechanism of concrete members under multi-factor coupled environ-
ments is a possible research direction, and the evaluation of the durability performance of
members under long-term current passage is also very important.
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Abstract: The aim of this research was to evaluate the possibility of reusing waste foundry sands
derived from the production of cast iron as a secondary raw material for the production of build-
ing materials obtained both by high-temperature (ceramic tiles and bricks) and room-temperature
(binders such as geopolymers) consolidation. This approach can reduce the current demand for
quarry sand and/or aluminosilicate precursors from the construction materials industries. Samples
for porcelain stoneware and bricks were produced, replacing the standard sand contained in the
mixtures with waste foundry sand in percentages of 10%, 50%, and 100% by weight. For geopolymers,
the sand was used as a substitution for metakaolin (30, 50, 70 wt%) as an aluminosilicate precursor
rather than as an aggregate to obtain geopolymer pastes. Ceramic samples obtained using waste
foundry sand were characterized by tests for linear shrinkage, water absorption, and colorimetry.
Geopolymers formulations, produced with a Si/Al ratio of 1.8 and Na/Al = 1, were characterized to
evaluate their chemical stability through measurements of pH and ionic conductivity, integrity in wa-
ter, compressive strength, and microstructural analysis. The results show that the addition of foundry
sand up to 50% did not significantly affect the chemical-physical properties of the ceramic materials.
However, for geopolymers, acceptable levels of chemical stability and mechanical strength were only
achieved when using samples made with 30% foundry sand as a replacement for metakaolin.

Keywords: foundry sands; waste; ceramic products; bricks; geopolymers

1. Introduction

Foundry sands consist primarily of clean, uniformly sized, high-quality silica sand
used in the production of molds for both ferrous (iron and steel) and nonferrous (copper,
aluminum, and brass) metal casting industries.

Molding sands are obtained by adding binding agents to virgin silica sands. Silica
sand is mainly used because of its thermal conductivity. It can absorb and transmit heat
while allowing the gases generated during the thermal degradation of binders to pass
through the grains. In general, molding sand is extensively used because it is easy to
use, economical, has high-temperature resistance, and due to its ability to bind with other
binders and organic materials, outperforming natural sand [1].

According to their composition, foundry sands are classified into two types: green
sands and chemical foundry sands. Green sands are composed of 85–95% silica sand, 4–10%
bentonite clay as a binder, 2–10% of carbonaceous additive, and water (2–5%); they are
particularly suitable for geotechnical applications, such as structural fills and base courses.
Chemical foundry sands are composed of 93–99% silica sand and 1–3% chemical binder;
they are used as the “cores” in castings to withstand the heat of molten metal and as molds
for nonferrous castings [2].
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In the casting process, molding sands are recycled and reused multiple times, but
after going through many production cycles, they become less uniform and lose their
cleanliness. The sand grains begin to break down because of heat and mechanical abrasion,
and therefore new sand must be continually added to the system. When waste foundry
sands (WFS) are no longer suitable for the manufacturing process, they are removed from
the system and discarded at foundry landfills or offsite municipal landfills [2].

It is estimated that approximately 100 million tons of sand are used in annual produc-
tion, and 6–10 million tons are discarded annually and available to be recycled into other
products and industries [3]. Further, about one ton of foundry sand is used for each ton
of iron or steel casting produced [4]. Meanwhile, the foundry industry in Italy produces
1.5 million tons of raw casting and generates about one million tons of waste, most of which
(around 80%) is sand. The automotive industries are the major generators of foundry sand
(about 95% of the estimated WFS) [2].

As millions of tons of waste foundry sands are generated each year, their disposal has
become an environmental challenge [5]. Foundry sand can be classified as a hazardous
or non-hazardous material, depending on its source. Silica-based spent foundry sands,
specifically from iron, steel, and aluminum foundries, are considered non-hazardous,
while spent foundry sands from leaded brass and bronze foundries are often regulated
as hazardous waste because of the presence of highly toxic organic pollutants that can
contaminate the atmosphere or condense in the sand. These pollutants include phenols and
inorganic elements such as lead, chromium, cadmium, iron, and zinc [6]. Even though the
analysis of the leachate obtained from waste foundry sands has found that the concentration
of most hazardous substances is below the acceptable limits, hazardous polyaromatic
hydrocarbons have been found in all types of waste foundry sands [6]. Waste foundry
sands should be dumped into controlled landfills; however, because of the growing waste
foundry sands production and the need for landfill monitoring, the landfilling cost has
been continuously increasing in the past years, reaching $135–657 million in the U.S.A. [7],
making unviable to continue with this practice.

Consequently, recycling waste foundry sands into several applications has become
an attractive opportunity to decrease the economic and environmental impact of their
disposal [8]. Although natural materials are often preferred in terms of quality, their sources
are depleting gradually over the years, making the use of waste materials viable [7,9,10].

Silica-based WFSs are classified as non-hazardous residues and can be used in other
industries as secondary raw materials. For example, they have been used in the sustainable
building sector, specifically in cold consolidated materials such as cementitious conglom-
erates, asphalts, concrete, and cement [11]. Ceramic materials regulations allow the use
of secondary residual raw materials to replace sands normally used as inert material in
the production of ceramic tiles and bricks, therefore contributing to the reduction of the
environmental impact of their activities [12]. Other types of products suitable for exploiting
foundry sands are geopolymers, materials obtained through the cold alkaline activation of
suitable precursors. In geopolymers, foundry sands are potentially interesting as precursors
and/or as fillers or aggregates to obtain geopolymer mortars [12,13]. In this work, we
investigated the potential application of WFS, obtained from different Italian metal casting
industries, in geopolymers and ceramic tiles formulations.

2. Materials and Methods

2.1. Waste Foundry Sands

The waste foundry sand (WFS) used for ceramic tile (porcelain stoneware) and bricks
application is named 31A. For the geopolymers application, foundry sand with higher
content of aluminum was chosen and is named 17A. The chemical composition of the
sands was analyzed through an XRF spectrometer (Bruker S4 Pioneer), and it is reported
in Table 1. As expected, SiO2 is present in high quantities in both samples, but 31A has
a higher amount of it compared to 17A. Furthermore, 31A has small amounts of Al, Fe,
and Zr. In comparison, 17A sand has a higher amount of aluminum, which is useful for
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alkali activation, Fe, and Zr, and presents an organic fraction that is evident from both
carbon content (4.350%) and LOI (6.2%). Given that the geopolymers were obtained at room
temperature, the organic content does not represent a problem with respect to samples that
need firing. Traces of sulfur are also present.

Table 1. Chemical composition of sands 17A and 31A.

XRF SiO2 Al2O3 TiO2 Fe2O3 CaO MgO K2O Zr2O L.O.I. C S

(%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%)

17A 81.85 2.83 0.15 3.88 0.13 0.48 0.32 4.15 6.20 4.350 0.385

31A 93.00 2.03 0.37 1.48 0.12 0.16 0.71 1.89 0.24 0.177 0.046

2.2. Particle Size Distribution Analysis

The size and distribution of particles were determined using a Mastersizer 2000 Light
Diffractometer. The sands were initially sieved using a 1 mm sieve and then were measured
using the light diffractometer.

2.3. X-ray Diffraction (XRD)

X-ray diffractions were recorded by a PW3710 diffractometer (Philips, Almelo, The
Netherlands). Specimens were scanned in the 0–70◦ 2θ angular range on powdered samples,
using Cu-Kα radiation from a conventional X-ray source operated at 35 kV, 35 mA, and
a scan step of 0.02◦. The patterns were analyzed using the HighScore Plus (PANAlytical)
software.

2.4. Samples Formulation and Preparation

The materials used for ceramic tiles are clays and feldspars of different origins and
standard sand. The standard sand was replaced in varied percentages with the foundry
sand, as reported in Table 2. For brick materials, different types of clays and basalt were
used. The basalt, as for the sand in ceramics tiles, was replaced with the foundry sand, as
reported in Table 3.

Table 2. Formulations of porcelain stoneware samples.

Material

Composition (%)
STD SF10 SF50 SF100

Clay 1 26 26 26 26

Clay 2 14 14 14 14

Feldspar 1 20 20 20 20

Feldspar 2 28 28 28 28

Sand 12 10.8 6 0

Foundry sand 0 1.2 6 12

Table 3. Formulations of brick samples.

Material

Composition (%)
FSTD F.10 F.50 F.100

Clay (Vicenza) 33.30 33.30 33.30 33.30

Marl (Possagno) 23.40 23.40 23.40 23.40

Clay Modena 1 16.65 16.65 16.65 16.65

Clay Modena 2 16.65 16.65 16.65 16.65
Basalt fine 10.00 9.00 5.00 0
Foundry sand 0 1.00 5.00 10.00
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For tile samples, the standard mixture shown in Table 2 was used. Raw materials were
mixed with water in a 2:1 ratio, and a fluidizer was added to improve the pourability of the
dough. Then the dried dough was pulverized and humidified to 6% before being pressed
to obtain the samples and cooked up to 1205 ◦C.

For brick mixtures, the raw materials previously dried and sieved under 500 μm were
mixed with around 27% water to obtain a smooth and malleable dough suitable for extrusion.
Then, samples were extruded and cut to a size of 5 × 2 cm and dried at room temperature
and then at 105 ◦C. Subsequently, the samples were put in the stove up to 1050 ◦C.

For the geopolymers application, the foundry sand 17A corresponding to a higher
ratio of aluminum to silicon, was chosen. As a matrix for geopolymer samples, metakaolin
CSC1000-ARGICAL 1000 provided by Bal-Co (Sassuolo, MO, IT) was used. As activating
solutions, sodium silicate provided by Ingessil (Montorio, Vr, IT) and NaOH 8 M provided
by Merck-Sigma-Aldrich (Milano, IT) were used.

The fresh pastes were prepared by mixing metakaolin and waste sand with the acti-
vating solution (NaOH and Na2SiO3) into a container with a mechanical mixer for approx.
10 min. When the geopolymer paste was homogenous and achieved suitable workability, it
was poured into a mold and covered with a plastic film. The samples were cured at room
temperature for 28 days before further characterization.

A standard mixture of geopolymer was initially prepared using 100% metakaolin and
reacted with 30 mL of NaOH 8M and 30 mL of sodium silicate. In the other formulations,
part of metakaolin (30%, 50%, and 70% by weight) was replaced with waste sand 17A, and
the collected results of chemical stability, durability in water, and mechanical resistance
were compared.

2.5. Ceramic Samples Characterization
2.5.1. Linear Shrinkage

Linear shrinkage has been calculated for samples according to the following expression:

LS% =
di − d f

di
× 100

where:

- di = initial diameter (40 mm),
- df = final diameter.

The results are given as the mean of the 3 measurements taken for the same specimen.

2.5.2. Water Absorption

For water absorption tests, samples with known weight were immersed in boiling
water for two hours. Then they were extracted, dried on the surface, and weighed again.
The water absorption was obtained as follows:

WA% =
WB − WS

WS
× 100

where:

WB = wet sample weight
WS = dry sample weight.

2.5.3. Colorimetry

The measures were performed using a PCE-CSM 6 instrument that operates in the CIE
L*a*b* color space. The color space model allows for the accurate representation of colors
using three coordinates. The L*a*b* mode covers the entire visible spectrum of the human
eye and allows you to describe the set of colors perceived by sight.
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This analysis was carried out on a sample of each formulation: for each of them,
5 measurements were taken at different points on the surface in order to evaluate possible
color variations, which are described by ΔE, defined as:

ΔE =

√
(L2 − L1)

2 + (a2 − a1)
2 + (b2 − b1)

2

By convention, two colors appear indistinguishable when ΔE < 1. In practice, a ΔE = 1
is considered a good commercial result.

2.6. Geopolymeric Samples Characterization
2.6.1. Integrity Test

The integrity test is a preliminary qualitative test used to assess the material and its
stability in an aqueous environment in order to verify if the geopolymerization process
has occurred. The integrity test is carried out at room temperature (20 ± 5 ◦C) using a
solid/liquid ratio of 1:100 in static conditions and for a duration of 24 h. During the test,
a portion of the sample is immersed into a beaker with distilled water, and after 24 h,
the integrity of the portion of the sample within the beaker is visually evaluated. The
occurrence of the geopolymerization reaction is confirmed if the sample does not dissolve
in water [14].

2.6.2. pH and Ionic Conductivity Measures

Measures of pH and ionic conductivity were performed by immersing a portion of
the sample under stirring conditions at 20 ± 2 ◦C in deionized water with a solid/liquid
ratio of 1/10 for 24 h. Ionic conductivity and pH of the eluate solutions were determined at
different times (0, 5, 15, 30, 60, 120, 240, 360, 1440 min) to obtain a trend of the change in
value during the 24 h and to have information on the amount of dissolved solid [15]. The
pH was detected with a Hamilton-type Liq-glass SL Laboratory pH sensor (Hamilton A.G.,
Bonaduz, Switzerland), and the ionic conductivity of the solution was measured with a
calibrated cell, both of which were connected to the digital display of pH 5/6 and Ion 6-
Oakton/Eutech Instruments (Oakton Instruments, Vernon Hills, IL, USA).

2.6.3. Mechanical Resistance

Mechanical resistance of samples was measured through the compressive strength of
cubic samples (20 × 20 × 20 mm3) using an Instron 5567 Universal Testing Machine with a
30 kN load limit and 1 mm/min of displacement, according to the standard UNI EN 826,
after 28 days of curing. Compressive strength values are given as the mean value of four
tests accompanied by a 2% variance.

3. Results and Discussion

3.1. Waste Foundry Sands Characterization

The diffractograms for 31A and 17A sands are reported in Figure 1. The 31A sand
presents peaks corresponding to quartz SiO2 (Q), microcline K-feldspar KalSi3O8 (K), and
zircon ZrSiO4 (Z). The diffractogram of 17A presents peaks corresponding to quartz SiO2
(Q), calcite CaCO3 (C), hematite Fe2O3 (H), and mulliteAl6Si2O13 (M). The main phase
consists of quartz, SiO2 (Q), for both sands.

3.2. Particle Size Distribution

Figure 2a shows the particle size distribution for 31A sand. From the graph, it can
be inferred that the particle size of this sample is homogeneous and is around 100 μm.
Figure 2b shows the particle size distribution of 17A sand, which is courser with respect
to 31A sand and centered around 500–600 μm with a small number of particles showing
a size lower than 100 μm. For geopolymer formulations, sand 17A was ground to have a
particle size ≤ 125 μm in order to favor the reactivity in an alkaline environment.
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Figure 1. X-ray diffraction of 31A and 17A sands (Q = Quartz, K = Microcline K-feldspar, Z = Zircon,
M = Mullite, H = Hematite, C = Calcite).

 
(a) 31A 

 
(b) 17A 

Figure 2. Particle size distribution of 31A (a) and 17A (b) sands.

3.3. Porcelain Stoneware

The results of linear shrinkage, water absorption, and colorimetry of porcelain stoneware
samples produced using 10%, 50%, and 100% of waste sand, are reported in Table 4 and
compared to the standard formulation (STD). The values show a linear shrinkage of around
4.8% for almost all the formulations. There is a slight decrease of this value, corresponding
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to slightly less sintering, when the replacement of STD sand with foundry sand is higher
than 50%, but spent foundry sand does not significantly affect linear shrinkage.

Table 4. Results of linear shrinkage (LS%), water absorption (AA%), and colorimetry (ΔE) with
standard deviation (St.Dev) of porcelain stoneware samples.

Porcelain Stoneware LS% St.Dev WA% St.Dev ΔE

STD 4.8 0.3 0.009 0.004 0

SF10 4.7 0.1 0.0015 0.0002 0

SF50 4.9 0.2 0.022 0.003 1

SF100 4.3 0.1 0.02 0.01 1.73

For water absorption tests, it can be observed that the absorption obtained for each
formulation is lower than 0.025% WA, despite a slight increase observed with the addition
of sand in quantities exceeding 50%. From these results, it can be deduced that, despite
the addition of foundry sand, the obtained stoneware remains a low porosity material,
according to the norm UNI EN 176 ISO BI.

For colorimetry measures, the values of ΔE in relation to the reference sample STD
show that the addition of foundry sand to the mixture does not lead to significant color
variations. In fact, all the samples have almost the same color. The biggest difference is
observed between the STD sample and the SF100% sample where ΔE = 1.73, so the color
variation begins to be distinguishable, but the overall difference could be accepted.

The diffractograms obtained from the XRD analysis of SF100 and STD are both shown
in Figure 3 for comparison. The main difference between them is the presence of the
Microcline intermediate phase in sample SF100 (highlighted in the inset graph), which is
not observed in the STD sample. It is also possible to observe a different intensity of the
peaks at 28◦ 2θ corresponding to albite, higher for sample SF100 compared with the STD.
Anyway, these differences can be considered relatively small, as both diffractograms show
mainly the same crystalline phases (quartz, mullite, and albite).

Figure 3. X-ray diffraction of samples SF100 and STD (Q = Quartz, Mi = Microcline intermediate,
M = Mullite, A = Albite).

3.4. Bricks

The results of linear shrinkage, water absorption, and colorimetry of brick samples
produced using 10%, 50%, and 100% of waste sand are reported in Table 5 and compared
to the standard formulation STD. The post-firing linear shrinkage (LS%) shows a slight
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increase by adding the foundry sand. The presence of Fe in the foundry sand can influence
this behavior.

Table 5. Results of linear shrinkage (LS%), water absorption (AA%), and colorimetry (ΔE) with
standard deviation (St.Dev) of brick samples.

Brick Sample LS% St.Dev WA% St.Dev ΔE

F.STD 5.2 0.9 8.6 0.4 0

F.10 6.6 0.8 10.8 0.41 1.49

F.50 6 1 12.1 0.5 1.15

F.100 6 1 12.7 0.7 2.84

The water absorption values for brick samples increase with the amount of foundry
sand added. The higher value of WA% was shown by sample F.100 with 12.7 WA%,
compared to 8.65 WA% shown by the standard formulation with basalt. This means that,
despite the addition of foundry sand, brick samples remain a highly porous material [16].

For colorimetry measures, the ΔE values of samples depend on the amount of sand
added. The ΔE measures are in the range of 2–3 for all samples compared to the standard
formulation, so it can be deduced that there is a distinguishable color variation.

In Figure 4, the diffractograms obtained for the brick formulations are reported. Even
in this case, there are no particular differences between the diffractograms of F.100 and
F.STD samples, which show peaks of the same crystalline phases (quartz, hematite, and
albite), with a negligible variation in their intensity, due to the variation in the percentage
of foundry sand added.

Figure 4. X-ray diffraction of F.100 and F.STD (Q = Quartz, H = Hematite, A = Albite).

From the analyses carried out, it is possible to conclude that the introduction of foundry
sand as a secondary raw material for tiles and bricks in place of virgin sand modifies the
physical properties of the standard samples in an acceptable way. The results obtained
using waste foundry sands for ceramic materials may be considered acceptable, compared
to similar studies with waste materials found in the literature for tiles and porcelain
stoneware, e.g., in terms of water absorption and shrinkage [17,18] and for bricks [19], on
the application which they are intended.
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3.5. Geopolymer

The geopolymer formulations are reported in Table 6, with the respective Si/Al molar
ratio, which increases by increasing the foundry sand content because the waste is poor in
aluminum with respect to metakaolin.

Table 6. Sample compositions of geopolymer formulation.

Name MK (g) WFS (g) NaOH 8M (mL) Na2SiO3 (mL) Si/Al

100% MK 100 0 30 30 1.4

70% MK 70 30 30 30 1.82

50% MK 50 50 30 30 2.27

30% MK 30 70 30 30 3

The integrity test of samples containing 30%, 50%, and 70% of foundry sand showed
that the color of the immersion water became darker by increasing the amount of sand in
the formulation, but it remained transparent. The change in color of the immersed water
may be an indication of the release of elements from the sample into the water and their
subsequent decrease in chemical stability.

When samples lose their structural consistency, and the water of immersion becomes
cloudy, the formulation is not considered acceptable. This is a qualitative indication of
the stability of formulations that will then be quantified by pH and ionic conductivity
tests to indirectly evaluate the efficacy of reticulation reactions. Even when the alkaline
solution does not react completely with aluminosilicate powders, it may have still leached
out during immersion of the sample in water. In this case, almost all samples remain intact
after 24 h, so the integrity test is considered passed.

In Figure 5 (left), the pH measurements of 30% MK, 50% MK, and 70% MK samples
after 24 h are compared with 100% MK. It was noted that the pH value increased over time
at short immersion times while remaining constant or even decreasing at longer immersion
times. The pH of the eluate after 24 h is in a range between 10 and 11 for all samples,
confirming the typical alkalinity of these samples. The standard 100% MK shows pH values
between 11.19 at 30 min and 10.73 at 1440 min (24 h) [20].

Figure 5. Results of pH (left) and ionic conductivity (right) of geopolymer samples cured at room
temperature. Zoom of ionic conductivity: sharp rise of conductivity during the first minutes.

Figure 5 (right) shows the conductivity measurements carried out on the same samples.
The highest ionic conductivity is recorded by the sample with the lowest amount of
metakaolin (30% MK), which after 8 h reaches a value of about 500 mS/m but then stabilizes
within 24 h at 378 mS/m, similar to the value of 50% MK sample with 372 mS/m. The
sample having the highest amount of metakaolin (70% MK) exhibited an overall lower
value, approaching the standard 100% MK, with a conductivity of 300 mS/m after 8 h
of testing.
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This behavior follows the typical trend of alkali-activated materials found in literature,
and it is related to the lower stability of samples with a very high addition of sand [21].

Figure 6 shows the results of the compression strength tests on samples after the
curing time of 28 days. There is a strong dependence of the values on the percentage of
MK present in the formulations. In fact, the compressive strength decreases by decreasing
the amount of MK. In Figure 6, the values of the Si/Al ratio for each sample are shown
as orange points. Mechanical properties improve as the Si/Al ratio decreases to around
1.4–1.8. Acceptable results were, however, achieved for sample 70% MK showing a value
around 21 MPa, compared to the standard 100% MK [22], so the addition of a 30% foundry
sand is considered feasible.

 

Figure 6. Results of compressive strength for geopolymer samples.

XRD patterns of 70% MK sample and 17A foundry sand are shown in Figure 7. In the
sample with 70% MK, the presence of the broadband between 15–35◦ 2θ can be observed,
which is characteristic of the amorphous phase that for pure metakaolin-based geopolymers
is positioned between 25–32◦ 2θ [23]. The presence of this broadband (blue circled in
Figure 7) confirms that the presence of foundry sand does not hinder the geopolymerization
process, but some degree of crystallinity is maintained due to the nature of sand: this
behavior is already observed in literature for geopolymers where wastes with a complex
semicrystalline nature were used in place of metakaolin [24].

Figure 7. XRD patterns of 70% MK sample and 17A foundry sand.
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4. Conclusions

In this work, the potential application of WFSs obtained from different Italian metal
casting industries in geopolymers and ceramic materials was investigated.

For porcelain stoneware, the value of linear shrinkage was found to be in the range of
4.3–4.8% for all the formulations (10%, 50%, and 100%), and the values of water absorp-
tion (<0.02%) indicate that the obtained material, despite the addition of foundry sand,
remains a low porosity material. The XRD diffractograms confirm that there are no relevant
differences between them.

Colorimetry measures revealed that the biggest difference is observed between the
STD sample and the SF100% sample with ΔE = 1.73.

For bricks, the addition of foundry sand only slightly affects the post-firing linear
shrinkage, showing an increase of the same, as well as for the water absorption. Even
with the addition of foundry sand, brick samples remain a highly porous material, and no
differences in the crystalline phases present are detected. Even the ΔE values of samples
depend on the amount of sand added, with a distinguishable color variation.

For geopolymer formulations, the results of chemical stability, pH and ionic conduc-
tivity, and compression strength tests show that there is a strong dependence of the values
on the percentage of MK present in the formulations, and the properties of samples worsen
with the decrease of MK.

In summary, foundry sand can be used in partial or total substitution to the sand
that is typically used as standard, at least when the colorimetric aspect is not of primary
importance. So, it can potentially be used for formulations that are not associated with
large tile formats where aesthetic needs are relevant.

It is thus possible to obtain acceptable results on the properties of the final materials
by replacing virgin sand with foundry sand in geopolymer formulations (although in
percentages not exceeding 30%). Further studies could be carried out to optimize the
obtained results, thus improving the performance of geopolymer samples containing
foundry sand.
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Abstract: The interfacial friction performance of the liner system has an important influence on the
overall stability of modern landfills, but the interface of the liner system using conventional geomem-
branes may have problems such as shear failure and slip along the liner system. Accordingly, the
concept of a ribbed geomembrane was proposed. Based on the laboratory model tests, the variation
laws of p–s curves and the additional stress of sand were studied under different values of shape, rib
spacing, and rib height. A series of particle image velocimetry (PIV) analyses of sand particles were
performed to provide insight into the reinforcement mechanism of the ribbed geomembrane liner
system. The results indicated that the ribbed geomembrane could obviously improve the stability
of the liner system compared with the smooth geomembrane. The ribbed geomembrane formed an
indirect influence area with sand in a specific range. The ribbed geomembrane with optimal values
of rib spacing and rib height was beneficial to reduce the settlement of the upper sand and the stress
redistribution of the sand particles.

Keywords: ribbed geomembrane; laboratory model test; particle image velocimetry (PIV); liner
system; influence area

1. Introduction

Landfill liner systems are generally composed of cohesive soil and geosynthetic mate-
rials (e.g., geomembranes, geotextiles, etc.). As the shear strength of the interface between
geosynthetic materials is often less than the shear strength of the interface between the
overlying refuse and geosynthetic materials, instability often occurs between geosynthetic
materials in landfill liner systems. Therefore, the concept of the ribbed geomembrane was
proposed by Gao et al. [1].

Direct shear tests and theoretical analyses of the interface between ribbed geomem-
branes and geotextiles have shown that ribbed geomembranes can, to a certain extent,
effectively improve the frictional properties of the interface and mitigate the destabiliza-
tion of the liner system. Similar structural materials such as ribbed geomembranes have
also been investigated by domestic and international scholars. The theory of the indirect
influence zone was proposed by Bao [2], who pointed out that the reinforcing effect of
the reinforcing material would cause the soil around it to form a “reinforced soil body”.
Irsyam et al. [3] conducted a direct shear test on the geogrid using hot wax and obtained
the shear surface and displacement vector distribution of loose sand and dense sand at
different cross-rib spacing. The shear zone formation of H–V reinforced sand specimens
was numerically simulated in detail by Zhang et al. [4] to reveal the progressive damage law
of shear zone generation and expansion in H–V reinforced soils. Zhou et al. [5] and Yang
et al. [6] investigated the reinforcement length and height of the reinforced soil foundation
by indoor model tests and pointed out that the optimum reinforcement length was three
times the foundation width, and the optimum number of reinforcement layers was two to
three. Oda et al. [7] analyzed the generation and development of shear zones in the soil by
finite element simulation of triaxial tests.
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In order to study ribbed geomembranes in more depth, this paper investigates the
effects of rib shape, rib spacing, and rib height on the load settlement pattern of the ribbed
geomembrane–geotextile liner system and the additional stresses in the landfill sand based
on preliminary direct shear tests and reinforcement theory [8,9], with the aim of providing a
more comprehensive representation of the properties of the ribbed geomembrane–geotextile
interface through model tests and PIV analysis techniques.

2. Laboratory Tests

2.1. Devices

As shown in Figure 1, the test devices used in this research included a model test
system, a PIV system, and data acquisition systems. The model container (600 mm ×
290 mm × 400 mm) was composed of a 25 mm thick steel plate welding skeleton and
transparent high-strength plexiglass plates. The loading device was a dynamic triaxial
apparatus (GCTS). A 200 mm × 290 mm hardwood loading board was placed in the middle
of the top surface of the sand. The load was controlled at a uniform speed of 40 N/s
with a controlled stress method. Due to the limitations of the loading device, the loading
was terminated at 150 kPa. The test data were collected by a displacement gauge (YHD-
100; range 0–50 mm) and three sand pressure cells (range 0–500 kPa). The test data were
processed by the TK-ST-DA 16-channel wireless receiver, TK-ST wireless transceiver, and
supporting acquisition processing software. The PIV system consisted of a charge-coupled
device (CCD) camera (B5M16; 5 megapixels; image acquisition rate 11.3 frames per second)
and particle image velocimetry software PIVlab 2.40.

 
Figure 1. Model test equipment for PIV investigation. 1© CCD camera; 2© Model container; 3© Load-
ing device; 4© PIV analysis software.

2.2. Materials

The specific gravity of the sand was 2.712, the water content was 1.51, the coefficient of uni-
formity was 2.07, and the coefficient of curvature was 0.87. The smooth geomembrane samples
were made of high-density polyethylene (HDPE) with a minimum density of 0.939 g/cm3. The
size of the smooth geomembrane sample was 360 mm × 290 mm × 1.5 mm, the yield strength
was 22 N/mm, and the breaking strength was 40 N/mm. The ribbed geomembrane sam-
ples were made by sticking ribs to the surface of the smooth geomembrane. In order to
prevent the ribs from falling off, they were nailed to the smooth geomembrane. The size of
the strip rib was 30 mm × 290 mm, and the block rib size was 30 mm × 30 mm. The layout
plan is shown in Figure 2.
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(a) 

 
(b) 

Figure 2. Layouts of ribbed geomembrane samples (unit: mm). (a) Strip rib. (b) Block rib.

A non-woven geotextile is a kind of permeable geosynthetic made of synthetic fibers
by acupuncture or knitting. During the test, the non-woven geotextile was tightly attached
to the geomembrane under the extrusion of the upper sand. The physical properties of the
non-woven geotextile sample are shown in Table 1.

Table 1. The physical properties of the non-woven geotextile sample.

Thickness (mm)
Minimum

Density (g/m2)

Breaking
Intensity
(kN/m)

Puncture
Resistance of

CBR (kN)

Tearing
Strength (kN)

3 400 12.5 2.1 0.33

2.3. Test Plan

This paper used a ribbed geomembrane–geotextile liner system to study the settlement
and additional stress of landfill sand under different working conditions. The slope ratio
used in the laboratory tests was 1:1.5, and the landfill height was 300 mm, as shown in
Figure 3. As shown in Table 2, 19 test conditions were designed considering different
rib shapes, rib spacings, and rib heights. Three parallel tests were carried out for each
condition with the smooth geomembrane as a comparison.
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Figure 3. Model test arrangement (unit: mm).

Table 2. Test conditions.

Rib Shape
Rib Spacing

d (mm)
Rib Height

h (mm)

Strip rib, block rib, smooth 50, 60, 80 3, 4.5, 6

2.4. Test Procedure

The scale line and slope shape were marked on the model container before the test.
The compactness of the sand was ensured to 80% during the sand filling process, and the
foam board model was used to build the slope. In the process of filling sand, three sand
pressure cells were embedded in the specified positions. During the filling process, the
sand interface was kept flat with the scale line, and the slope surface was corrected after
filling to the specified height. After that, the geomembrane and geotextile were laid on
the slope foundation. Then the displacement gauge and the loading board were installed
vertically, and the loading device was aligned with the center of the loading board. After
connecting the sand pressure cells, the displacement gauge and wireless receiver were
opened on the computer. After the model preloading was completed, the equipment was
checked for normal operating. Each group of tests was completed when loading to the
final load.

3. Results and Discussion

3.1. Model Settlement Analysis

The relative reduction in the settlement of the ribbed and smooth samples was cal-
culated at the final load. The maximum load of this model test was 150 kPa. When the
settlement value increased suddenly and the sand around the loading board rose laterally,
the model was regarded as reaching the ultimate load. As shown in Table 3, it can be seen
that the ribbed geomembrane reduced the settlement of the upper sand by 13.35–52.32%
compared with the smooth geomembrane system. It was proved that the ribbed geomem-
brane reduced the settlement of upper sand significantly.
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Table 3. Analysis of settlement under different conditions.

Test Conditions
Settlement

S (mm)
Reduction

Δ (%)Rib Shape
Rib Spacing

d (mm)
Rib Height

h (mm)

Smooth / / 5.39 /

Strip rib

50
3 3.63 35.25

4.5 3.43 36.36
6 3.98 26.16

60
3 3.45 36.01

4.5 3.11 42.30
6 3.41 36.73

80
3 4.25 21.15

4.5 4.3 20.22
6 4.45 17.44

Block rib

50
3 3.49 35.25

4.5 3.41 36.73
6 4.01 25.60

60
3 3.18 41.00

4.5 2.57 52.32
6 3.66 32.09

80
3 4.32 19.85

4.5 4.05 24.86
6 4.67 13.35

Note: The reduction in the model settlement of the ribbed geomembrane relative to that of the smooth geomem-
brane was calculated as Δ = |SRib − SSmooth|/SSmooth × 100%.

3.2. Model p–s Curve Analysis

The p–s curves under different rib shapes, rib spacings d, and rib heights h were
analyzed in this section. The p–s curves of the strip and block ribbed geomembrane were
similar to the variation of rib spacings and rib heights. Therefore, the following section
focuses on analyzing the p–s curves of block ribbed geomembranes under different rib
spacings d and rib heights h.

Figure 4 shows the effect of different rib shapes on the p–s curve. From Figure 4a–c, it
can be seen that the ribbed geomembrane effectively reduced the settlement of the liner
system model compared with the smooth geomembrane. In addition, the settlement of
the strip ribbed geomembrane liner system was smaller than that of the block ribbed
geomembrane liner system in each working condition. The settlement difference was
maximum at d = 60 mm. On one hand, compared with block rib, strip rib had a larger
friction force when sliding with the soil, as well as a more robust extrusion and occlusal
effect, thus providing a more significant passive impedance force. On the other hand, the
end-bearing resistance of ribs increased the overall stiffness of the surrounding soil to a
greater extent and then reduced the settlement.

As shown in Figure 5, when the rib spacing increased from 50 to 60 mm, the settlement
of corresponding rib height h = 3 mm, 4.5 mm, and 6 mm decreased by 8.88%, 24.63%, and
8.73%, respectively. It could be seen that when the rib height was too high, the reinforcement
mechanism would be weakened. The reason was the rib height made the geomembrane
bond too closely with the soil above it, resulting in a shear plane at the lower edge of the
geomembrane, thus increasing the settlement. When the rib spacing was further increased
to 80 mm, the corresponding settlement increased by 35.8, 57.57, and 27.04%. It could be
seen that when the rib spacing was too high, it also had the opposite effect, which was
directly caused by weakening the stiffening mechanism.
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Figure 4. Effect of rib shapes on p–s curves. (a) Smooth and strip rib. (b) Smooth and block rib.
(c) Strip and block rib.
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Figure 5. Influence of rib spacing on p–s curves. (a) h = 3 mm. (b) h = 4.5 mm. (c) h = 6 mm.

The above test results show that the rib shapes, rib spacings d, and rib heights h
directly affected the reinforcing effect of the ribbed geomembrane on the sand. Within a
specific range, the influence of the rib shapes was inconspicuous when the rib spacing was
small, and the settlement of the strip ribbed geomembrane liner system decreased with
the increase in the rib spacing. The friction and interlocking forces of the ribs on the sand
increased with the increase in the rib spacing d and rib height h. However, the complex
formed by the ribs and the surrounding sand exceeded the limit value for the reinforcing
effect of the ribs. After exceeding the limit value, the reinforcing effect of bearing resistance
on the sand was weakened. The formation range of the composite was reduced, resulting
in decreased overall stability and bearing capacity.

3.3. Additional Stress Analysis of Sand

The additional stress is the incremental stress caused by the load in the foundation. It
is the main cause of deformation due to the loss of stability of the foundation.

The additional stress distribution of the smooth geomembrane model is shown in
Figure 6. From Figure 6, it can be seen that the additional stress of the sand in the smooth
geomembrane liner system gradually decreased from the top to the bottom, indicating
that the upper load was transmitted downward. The attenuation of the upper load was
consistent with the law that the additional stress in the sand decreases with the increase in
the buried depth [10].
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Figure 6. Additional stress distributions of the smooth geomembrane model.

The additional stress distribution of the ribbed geomembrane model is shown in
Figure 7. From Figure 7, it can be seen that the additional stress of the sand in the ribbed
geomembrane liner system decreased uniformly from top to bottom, indicating that the
ribs affected the distribution of additional stress in the sand during the downward transfer
of upper load. It can be seen that the additional stress of the model decreased from top to
bottom, which accorded with the law of load transfer in the model. Compared with the
smooth geomembrane condition, the additional stress of the ribbed geomembrane model
was uniform. This was because the ribs produced a vertical component force under the
upper load, which could offset the upper load to reduce the load. It made the internal
stress distribution of the model change so that the upper load was partly transferred to
the bottom. When the ribbed geomembrane liner system was subjected to the upper load,
part of the upper load was offset by the vertical upward force generated by the ribs. This
changed the additional stress distribution of the sand and avoided the overall instability or
reduction of the bearing capacity of the model.

Taking the rib height h = 6 mm as an example to analyze the effect of the rib spacing d
on the additional stress distribution of the block ribbed geomembrane model (Figure 8),
compared with rib spacings of d = 50 mm and 80 mm, the additional stress of the sand
at measuring points 1 and 2 was significantly lower when d = 60 mm. The additional
stress of the sand at measuring point 3 and the additional stress of the sand with rib
spacing d = 60 mm were significantly higher than those of other conditions. This showed
that when the rib spacing d = 60 mm, the ribs blocked the downward movement of sand,
reduced the tensile stress on the geomembrane when sand slipped, and improved the
overall stability model. When the rib spacing d = 80 mm, the additional stress of measuring
point 3 and measuring point 2 at the final load were almost the same. This showed that
when the rib spacing exceeded a specific value, the overall stability of the model may be
destroyed. It was also indicated that there was an optimal value for the rib spacing of the
ribbed geomembrane.
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Figure 7. Distribution of additional stress in the block rib geomembrane model. (a) d = 50 mm,
h = 4.5 mm. (b) d = 60 mm, h = 4.5 mm. (c) d = 80 mm, h = 4.5 mm. (d) p = 150 kPa, h = 4.5 mm.
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Figure 8. Influence of rib spacing on the additional stress of sand.

Due to the similar effects of different rib heights on the additional stress of the sand,
80 mm rib spacing conditions were used as an example to analyze the additional stress
distribution of rib height on the ribbed geomembrane model. As shown in Figure 9, it can
be seen from the figure that when the rib height h = 3 mm, the values at measuring points 1
to 3 varied reached maximums. The additional stress of the sand at different measurement
points decreased with the increase in the landfill depth. When the rib height h = 4.5 mm,
from measuring points 1 to 3, there was additional stress of the sand with the increase in
the landfill depth. The overall change trends were relatively stable, which showed that
the blocks played an active role in bearing the blockage of sand movement. When the
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rib height h = 6 mm, the additional stress of the sand was about 270 kPa at measuring
point 1 and about 30 kPa at measuring point 3. The effect was slightly better than with
the rib height h = 3 mm but was still inferior to that with h = 4.5 mm. This showed that
the inappropriate values of h may weaken the reinforcing effect of the ribs. The optimal
rib height could strengthen the reinforcing effect, increase the end-resistance of the ribs,
and enhance the interaction between the ribbed geomembrane and the sand. It can be
concluded that the optimal rib height was beneficial to the redistribution of the additional
stress of the sand.
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Figure 9. Influence of rib height on the additional stress of sand. (a) Measuring point 1. (b) Measuring
point 2. (c) Measuring point 3.

3.4. PIV Image Analysis

The whole process of the sand particle displacement recorded by this research provided
suitable conditions for analyzing the liner system model deformation. Since the blocks
were not set along the edge, the displacement of sand particles can hardly be observed.
Thus, the analysis focused on the conditions of the smooth geomembrane and the strip
ribbed geomembrane.

Figures 10 and 11 show the sand movement under the conditions of the smooth
geomembrane and the strip ribbed geomembrane. The sand particles indicated in the
figure reflected the movement trends of some particles around. In the figure, 1–4 are sand
particles located in four different positions. Under the conditions of smooth geomembrane,
sand particles 1 and 2 moved vertically downward, sand particle 3 deflected down to
the left, and sand particle 4 deflected down to the right. Under the conditions of ribbed
geomembrane, sand particle 1 deflected down to the left, sand particles 2 and 3 slid
downward along the interface, and sand particle 4 deflected down to the right. Due to the
lower upper load, the sand particles under the loading board gradually experienced vertical
downward displacements in the initial stage. When t = 2~4 s, the sand particles between
the loading board and geomembrane moved down to the left, and the influence scope
of the upper load increased. When t = 4~6 s, due to the limitation of the geomembrane
interface, the displacements of the sand particles under the loading board gradually formed
a circular slip surface. When t = 6~10 s, the displacements of the sand particles near the
ribs were relatively low, but the displacements of the sand particles on the observation
surface increased significantly. At this time, the range of the sliding surface expanded, and
the sand particles overflowed to both sides of the loading board.
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Figure 10. Schematic diagram of the sand movement under the conditions of the smooth geomem-
brane. (a) t = 2 s. (b) t = 4 s. (c) t = 6 s. (d) t = 10 s.
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Figure 11. Schematic diagram of the sand movement under the conditions of the ribbed geomembrane.
(a) t = 2 s. (b) t = 4 s. (c) t = 6 s. (d) t = 10 s.
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3.5. Sand Displacements Analysis of Different Geomembranes

The photos of the smooth geomembrane and the ribbed geomembrane during the
loading process were intercepted and calibrated, respectively, and then the cross-correlation
calculation was carried out with the initial time to obtain the displacement nephogram
at the corresponding time. To study the effect of ribs on the sand displacements, the
horizontal and vertical displacement nephograms of the smooth geomembrane conditions
were compared with the strip rib geomembrane conditions, as shown in Figures 12 and 13.
The shadows in the middle of the figures were caused by the test equipment blocking
3the model container in the shooting direction. Its influence on the calculation result
was eliminated by drawing masks in the PIV image settings. Figure 12 shows that the
absolute value of the horizontal displacement of sand above the smooth geomembrane
interface was 0.0825 mm. The absolute value of the horizontal displacement of sand
above the ribbed geomembrane interface was 0.0063. As shown in Figure 13, the absolute
value of the horizontal displacement of sand above the smooth geomembrane interface
was 0.2275 mm, and the absolute value of the horizontal displacement of sand above the
ribbed geomembrane interface was 0.0588 mm. This showed that the ribbed geomembrane
reduced the horizontal and vertical displacements effectively.

 

 

(a) (b) 

Figure 12. Displacement nephograms of the smooth geomembrane condition. (a) Horizontal dis-
placement. (b) Vertical displacement.

 
 

(a) (b) 

Figure 13. Displacement nephograms of the ribbed geomembrane condition (d = 60 mm, h = 4.5 mm).
(a) Horizontal displacement. (b) Vertical displacement.
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To analyze the displacements of the sand particles above the geomembrane interface,
the data in the loading process were extracted and plotted, as shown in Figures 14 and 15. It
was shown that the ribs directly resisted the sand particles, formed a more comprehensive
range of indirectly affected areas, and combined the sand closely. This area prevented the
interface of the geomembrane liner system from slipping and constrained the deformation
of the liner system. This was a kind of quasi-cohesive force, which improved the strength
of the slope surface. With the increasing normal stress of the ribs, the bearing resistance of
the ribs enhanced the interface shear strength significantly. At the same time, the friction
resistance of the ribs increasing with the incremental upper load. Therefore, compared with
the smooth geomembrane conditions, the ribbed geomembrane conditions could effectively
improve the stability of the liner system, which was in accordance with the interaction
mechanism between the sand and the denti-strip [11].

  

(a) (b) 

Figure 14. Displacement of sand above the smooth geomembrane interface. (a) Horizontal displace-
ment. (b) Vertical displacement.

  

(a) (b) 

Figure 15. Displacement of sand above the ribbed geomembrane interface. (a) Horizontal displace-
ment. (b) Vertical displacement.

3.6. Analysis of Rib Spacing on Sand Displacements

Figures 16 and 17 show the horizontal and vertical displacements of different rib
spacings. Compared with Figure 13, it was found that the absolute values of the sand
horizontal displacement above the geomembrane interface of three working conditions
(rib spacing d = 50 mm, d = 60 mm, and d = 80 mm) were 0.1625, 0.0063, and 0.1975 mm,
respectively. At the same time, the absolute values of the sand vertical displacement
above the geomembrane interface of the three working conditions (rib spacing d = 50 mm,
d = 60 mm, and d = 80 mm) were 0.4525, 0.0588, and 0.3650 mm, respectively. This was due

115



Appl. Sci. 2023, 13, 6614

to the better effect of the 60 mm rib spacing on the cohesion of sand particles around the
ribs. The interaction between the ribs and the sand was not evident under the condition
of 50 mm rib spacing. The reinforcing effect of the ribs on the surrounding sand was
weakened under 80 mm rib spacing.

 

 

(a) (b) 

Figure 16. Displacement nephograms of smooth geomembrane conditions (d = 50 mm, h = 4.5 mm).
(a) Horizontal displacement. (b) Vertical displacement.

 
 

(a) (b) 

Figure 17. Displacement nephograms of ribbed geomembrane conditions (d = 80 mm, h = 4.5 mm).
(a) Horizontal displacement. (b) Vertical displacement.

As shown in Figures 18 and 19, the sand displacements of different rib spacings were
analyzed. Combined with Figure 15, the results showed that the horizontal and vertical
displacements of the sand particles above the geomembrane interface were smaller when
the rib spacing d = 60 mm. It could indicate that the 60 mm rib spacing blocked and
interlocked the movements of the surrounding sand particles. It proved the optimal rib
spacing of the ribbed geomembrane existed, and this was consistent with the previous
experimental results.
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(a) (b) 

Figure 18. Displacement of sand above ribbed geomembrane conditions (d = 50 mm, h = 4.5 mm).
(a) Horizontal displacement. (b) Vertical displacement.

  

(a) (b) 

Figure 19. Displacement of sand above ribbed geomembrane conditions (d = 80 mm, h = 4.5 mm).
(a) Horizontal displacement. (b) Vertical displacement.

3.7. Analysis of Rib Height on Sand Displacements

Figures 20 and 21 show the horizontal and vertical displacements of different rib
heights. Compared with Figure 13, it was found that the absolute values of the sand
horizontal displacement above the geomembrane interface of three working conditions
(rib height h = 3 mm, h = 4.5 mm, and h = 6 mm) were 0.0500, 0.0063, and 0.0725 mm,
respectively. At the same time, the absolute values of sand vertical displacement above the
geomembrane interface of the three working conditions (rib height h = 3 mm, h = 4.5 mm,
and h = 6 mm) were 0.1200, 0.0588, and 0.0625 mm, respectively. This was because the elastic
modulus of the sand increased more in the indirect influence area created by the 4.5 mm rib
height, which inhibited the movement trend of the sand particles. The interaction between
the ribs and the sand was small when the rib height was 3 mm, and the reinforcing effect of
the ribs on surrounding sand declined when the rib height was 4.5 mm.
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(a) (b) 

Figure 20. Displacement nephograms of smooth geomembrane conditions (d = 60 mm, h = 3 mm).
(a) Horizontal displacement. (b) Vertical displacement.

 
 

(a) (b) 

Figure 21. Displacement nephograms of ribbed geomembrane conditions (d = 60 mm, h = 6 mm).
(a) Horizontal displacement. (b) Vertical displacement.

As shown in Figures 22 and 23, the sand displacements of different rib heights were
analyzed. Compared with Figure 15, the results showed that the horizontal and vertical
displacements of the sand particles above the geomembrane interface were smaller when
the rib height h = 4.5 mm. It can be concluded that the 4.5 mm rib height limited the
surrounding sand particles and reduced the risk of liner system interface sliding. It verified
the optimal rib height of the ribbed geomembrane, which was the same as the previous
experimental results.
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(a) (b) 

Figure 22. Displacement of sand above ribbed geomembrane conditions (d = 60 mm, h = 3 mm).
(a) Horizontal displacement. (b) Vertical displacement.

  

(a) (b) 

Figure 23. Displacement of sand above ribbed geomembrane conditions (d = 60 mm, h = 6 mm).
(a) Horizontal displacement. (b) Vertical displacement.

4. Conclusions

1. It can be seen from the comparative analysis of working conditions that the set-
tlement of the ribbed geomembrane was significantly less than that of the smooth
geomembrane. It was proved that the ribs enhanced the stability of the liner system.

2. According to the analysis of the test results, there was an optimum value of 60 mm
for the rib spacing and 4.5 mm for the rib height. When the value was less than the
optimal value, the ribbed geomembrane could not effectively improve the stability of
the liner system. When the value was more than the optimal value, the reinforcing
effect of the ribbed geomembrane on the sand gradually decreased.

3. By analyzing the additional stress of the sand, it can be concluded that the ribbed
geomembrane was beneficial to the stress redistribution, thereby improving the overall
stability of the liner system.

4. According to the PIV image analysis, the ribbed geomembrane can form an indirect
influence area with the sand within a specific range to restrain the displacement of
nearby sand particles. The indirect influence area was conducive to the stability of the
liner system.

5. Prospect

This paper effectively demonstrated the advantages of a ribbed geomembrane and
geotextile liner system using indoor model tests and PIV image velocimetry techniques.
The results of this thesis can provide a theoretical basis for practical applications in projects
such as landfills.
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Abstract: Microsurfacing asphalt mixtures are a preventive maintenance technology comprising the
application of a slurry (produced with a modified asphalt emulsion), aggregate, filler, and water
on top of an existing pavement at ambient temperature. Although it is a widely used technology,
further studies on the mix design procedures are necessary to ensure an adequate composition. Thus,
this study contributes to developing an improved mix design procedure for microsurfacing asphalt
mixtures. Different mixtures were prepared, and the influence of the type and amount of asphalt
emulsion and the amount of added water and filler (cement) on the characteristics of the mixture were
evaluated. Two preliminary tests, referred to as the “pizza test” and the “ball test”, were proposed
to determine the initial proportions of added water and cement in the mixture, respectively. Then,
consistency, cohesion, and shaking abrasion tests were performed to determine the optimum content
of each component and evaluate their influence on the mixture characteristics. The results showed
that these tests are essential to optimize the mix composition, even though it was found that the
mix design of microsurfacings is a complex task because the mixture is a system with chemical
interactions strongly influenced by its composition.

Keywords: microsurfacings; mix design; asphalt emulsion; consistency; cohesion; abrasion

1. Introduction

Cold mix asphalt (CMA) combines unheated aggregates, mineral fillers, and bitumen
emulsion to produce flexible pavement materials. This technology allows the manufacture
of mixtures at ambient temperatures without heating vast amounts of aggregates and
bitumen, decreasing CO2 emissions and saving energy and thereby playing a fundamental
role in developing sustainable and ecological pavements [1–3]. Therefore, they are gaining
popularity, including in recycling work [4], due to their low environmental impact and
high sustainability compared with hot paving technologies.

Microsurfacing asphalt mixtures can be described as a cold mix technology for pre-
ventive paving maintenance, which involves the application of a combination of polymer-
modified asphalt emulsion, well-graded fine aggregate, mineral filler (usual cement), water,
and chemical additives (if any) at ambient temperature [5–8]. Extensive studies conducted
by the Texas Transportation Institute (TTI) have confirmed the effectiveness of microsur-
facing as a valuable method for preventative maintenance and pavement preservation,
leading to a substantial increase in the service life of existing pavements. However, it is
essential to note that while microsurfacing extends pavement life successfully by three
to four years, its ability to reduce long-term cracking is somewhat limited. Nevertheless,
microsurfacing guarantees the provision of a functional and long-lasting pavement surface.
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The same transportation institute highlighted the crucial role of careful project selection in
successfully implementing microsurfacing. Although microsurfacing has proven effective
in addressing issues such as rutting, bleeding, loss of surface friction, oxidation, and ravel-
ing, its effectiveness may be constrained when it is applied to pavement with structural
deficiencies [9,10].

They are a usual solution for pavement maintenance, acting as a protective surface
course that can address issues related to skid resistance, raveling, or oxidation on struc-
turally sound pavements, improving the road surface characteristics [5,11,12]. Microsur-
facing is also employed to correct the shape or profile rutted wheel paths and obtain a
faster traffic opening [13], with a 40% reduction in the number of original rutting and
substantial increases in the friction characteristics of the pavement being reported in pre-
vious works [14]. In addition, since this technology requires fewer material resources, is
cold-produced, and laid at a low thickness, it has a low cost, short construction period, and
rapid traffic opening [15,16].

Lonbar and Nazirizad [17] stated that microsurfacing is generally classified as a
preventative instead of a corrective maintenance treatment due to the significant ability of
microsurfacing to seal and restore pavement surfaces. According to Broughton, Lee [14],
the first step to effectively using microsurfacing when treating existing flexible pavements
is to ensure the pavement is structurally sound and appropriately prepared to accept
the treatment. However, Gransberg [18] alleged that microsurfacing is a technique for
preventive, routine, and corrective conservation; this flexibility was justified because it is a
thin coating that can be placed in a thickness of two to three times the size of the mixture’s
largest aggregates.

According to Dash and Panda [3], cold mix technologies present several advantages,
including energy-saving, the inexistence of harmful gas emissions, and facilitated applica-
tion in varying climatic conditions. However, it lags far behind in research and applications.
The authors stated that, unlike the hot mix design, a universally accepted cold mix de-
sign procedure is still not established. The laboratory procedures followed by different
researchers/agencies vary widely regarding compaction methods, curing conditions, and
other mixing procedures for evaluating relevant engineering properties.

The same situation occurs with microsurfacing. In contrast to the conventional meth-
ods used for hot mix asphalt, the mix design of microsurfacing mixtures is complicated
because it is a chemical system with several variables, including the type and content
of asphalt emulsion, types and gradation of aggregates, water, and filler content, which
affect the final properties of the mixtures [5,19,20]. Emulsion characteristics play a pivotal
role in ensuring the workability and durability of microsurfacing, contributing to its final
behavior. The emulsion’s properties mainly depend on the design of the components
selected for its production, like emulsifier type and dosage, acid content, binder grade and
content, and polymer modifier type, and dosage [21]. In addition, the consistency and
adhesion between aggregates and bitumen depend on the mineralogical composition of the
aggregates. Consequently, each specific composition of aggregates and asphalt emulsion
has unique chemical properties that affect the bond between the aggregate and bitumen
emulsion [6,12].

Another essential parameter affecting the microsurfacing mix design is the filler type
and amount, which contribute significantly to the breaking and curing process due to the
large surface area [21]. The mixtures typically contain 0–3% mineral filler, usually Portland
cement. This component significantly influences the microsurfacing’s performance, as
the filler–mastic interaction critically affects the mixture cohesion [5,22]. Regarding water,
its addition improves the workability of the mixture, and its primary purpose is to wet,
dissolve and adhere to other components, and moderate the chemical reaction [5,12]. The
optimum amount of water must be determined because a lack of water leads to the weak
coating of aggregates and hardening of the mixture, and excessive water content can lead
to the separation of aggregates or lengthen the mixture’s curing time [6].

122



Appl. Sci. 2023, 13, 7925

As each component of the microsurfacing mixture interacts with the other components
to form a chemically complex compound, the amount and type of asphalt emulsion, cement,
and water have a significant influence on the test results used to design the microsurfacing
mixture [19,21,23]. Therefore, Gransberg [18] stated that the primary mix design objectives
of microsurfacing are ensuring good compatibility among the mixture ingredients and
satisfying the strength and durability parameters.

Thus, several mix design guidelines have been developed for an optimum job mix
formula. The International Slurry Surfacing Association (ISSA), the Texas Transportation
Institute (TTI), the American Society for Testing and Materials (ASTM), and the California
Department of Transportation (Caltrans) developed microsurfacing mix design procedures,
and the ISSA’s guidelines are the most accepted and used worldwide. Similar standards
have also been developed in the European Union and South Africa to support the design
of slurry and microsurfacing materials [5,19,20,23,24].

However, various researchers have reported difficulties when using the existing mix
design procedures, namely the repeatability and reproducibility of test results and poor cor-
relation between field and laboratory results [5]. Some authors, like Robati and Carter [19]
and Kumar and Ryntathiang [25], have evaluated the ISSA method for microsurfacing mix
design. They have concluded that modification to the current mix design procedure might
be necessary to enhance reproducibility and provide successful mix designs on the basis
of performance-related tests in the design method. Thus, the microsurfacing mix design
methodologies described by the ASTM and ISSA should be used only as a guide [25].

Therefore, this work aimed to significantly contribute to developing an improved
mix design method for microsurfacing mixtures that also included test methods from the
European standards [26–28]. The method was also applied to study the influence of the
type and amount of asphalt emulsion, filler (cement), and added water content on the
composition and characteristics of a specific microsurfacing mixture. This paper is the result
of an interlaboratory study of the working group TG2 (Cold bitumen emulsion mixtures)
of RILEM’s Technical Committee 280-CBE: multiphase characterization of cold bitumen
emulsion materials.

2. Materials and Methods

2.1. Materials

Microsurfacings are mixtures comprising an asphalt emulsion, aggregates, filler, and
water. According to Bhargava et al. [5], as microsurfacing performance is significantly
influenced by the materials’ quality, understanding the behavior and parameters that affect
the properties of each component is fundamental to ensuring the mixture’s durability.

The materials used in this project were a 0/6 mm basalt aggregate, Portland cement
as filler, two types of modified asphalt emulsion from different origins (emulsion C65BP4,
named Emulsion 1, and emulsion C60BP4, named Emulsion 2), and water to increase the
workability of the mixture.

2.2. Structure of the Microsurfacing Mix Design Method Proposed in This Work

The present work proposes a new procedure for a microsurfacing mix design based
on tests developed according to a set of European Standards for slurry surfacing. Figure 1
presents the flowchart of the mix design procedure proposed in this work.

In the first step, two preliminary tests, developed by the RILEM TC 280-CBE, were
carried out to determine the cement and added water content. Subsequently, the consistency
test (EN 12274-3) was performed to confirm the amount of added water in the mixture.
Finally, the cohesion test (EN 12274-4) was performed to identify the ideal relationship
between the amount of added water, cement, and emulsion. In the end, the shaking abrasion
test (EN 12274-7) was performed to determine the water sensitivity of the mixtures.

The present work produced two mixtures, one with Emulsion 1 and one with Emulsion
2, for each test. Thus, the microsurfacing mixtures were always produced using the same
type of aggregate and cement, varying the amounts of the asphalt emulsion, added water,
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and cement. For mixture preparation, the dry aggregate amount was considered a reference
for the amount of asphalt emulsion (typically between 10% and 15%), added water (typically
around 10%), and cement (typically between 2% and 3%), i.e., the percentage of these
materials in each mixture was always defined considering the mass of aggregate as 100%.

Figure 1. Flowchart of the microsurfacing mix design procedure proposed in this work.

2.3. Characterization of Aggregates Used in Microsurfacing Mixtures

The aggregates used in pavement surface courses must comply with the European
Standard EN 13043 requirements, which specify the properties and test methods suitable for
their characterization. Tests were carried out for particle size distribution, wear resistance,
density, water absorption, and aggregate-binder affinity to better understand the aggregates’
properties and their behavior in the manufacturing of the mixture.

The particle size distribution of the selected aggregates was determined following
the EN 933-1 standard to verify whether they fulfilled the Portuguese Specifications of
Infraestruturas de Portugal [29]. The test was carried out with samples of 0/6 mm aggregate
collected using the quartering method. Initially, the samples were dried in an oven at 110 ◦C
for 24 h. After drying, the samples were weighed and placed in the sieve column with a
larger opening of 10 mm and a smaller opening of 0.063 mm.

The aggregate particles’ resistance to wear was tested by abrasion in a wet envi-
ronment, as specified by the European Standard EN 1097-1, and was expressed by the
micro-Deval (MDE) coefficient. The MDE coefficient was determined as a function of the
portion of the original 500 g sample reduced to a size of less than 1.6 mm after a wear
period of 120 min. The test measured the aggregate’s wear produced by an abrasive load
inside a rotating drum with water.

The affinity of the specific basaltic aggregate used in this work to both asphalt emul-
sions in this study was tested following EN 12697-11. The amount of emulsion added
was adjusted to use the same residual binder amount mentioned in the standard, and
after mixing the emulsion with the 8/11 aggregate fraction, the mixture was spread and
maintained on a watch glass for 24 h curing. Using the same procedure for both emulsions
made it possible to know the potential bonding efficiency between the basaltic aggregate
and each emulsion used in the microsurfacing mixture. Furthermore, the density and water
absorption of the aggregates were determined according to the EN 1097-6 standard.

2.4. Characterization of Asphalt Emulsions Used in Microsurfacing Mixtures

This project used two types of polymer-modified asphalt emulsions (C60BP4 and
C65BP4) produced in Italy with a class 4 breaking value, the first with 60% ± 2% and the
latter with 65% ± 2% residual binder. The Portuguese Specifications [29] consider these
emulsions adequate for microsurfacings.

The breaking value of the emulsion was determined following the EN 13075-1 standard.
A reference filler was added to a specified amount of cationic asphalt emulsion at a uniform
rate with constant agitation in a specific apparatus. When the emulsion broke down
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completely, the amount of filler added was determined by weighing, and the break index
value corresponds to the filler mass (in grams) multiplied by 100 and divided by the amount
of emulsion (in grams).

The emulsion adhesion test was based on the European Standard EN 13614. Initially,
200 g of aggregate was weighed, washed, and left in an oven at 110 ◦C for 2 h. Subsequently,
the aggregates were added to the emulsion, which contained 10 g of residual binder, and
mixed with a spatula. The mixture was then spread on a tray lined with parchment paper
and put in an oven at 60 ◦C for 24 h. Then, the mixture was transferred to a 300 mL water
glass beaker at 60 ◦C and returned to the oven at 60 ◦C for 24 h. Finally, the surface of the
emulsion-coated aggregate was evaluated.

The procedure specified in the EN 13074-1 standard was used to recover the binder of
each emulsion. According to this standard, recovery involves evaporating all the water in
the emulsion, leaving only the binder. The procedure consisted of spreading a known mass
of emulsion on a tray lined with parchment paper and exposing the tray with the emulsion
at room temperature under standard laboratory conditions for 24 h. After this, the tray was
placed in an oven at 50 ◦C for another 24 h. At the end of this period, the tray was removed
from the oven and allowed to cool until it reached room temperature, and then all residual
binder was collected from the tray.

After the binder recovery, to evaluate which properties could influence the micro-
surfacing mixtures, wide-ranging binder characterization tests were carried out, such as
penetration at 25 ◦C (EN 1426), softening point temperature determined by the ring and
ball method (TR&B) (EN 1427), dynamic viscosity (EN 13302), cohesion energy by force
ductility at 5 ◦C (EN 13589), elastic recovery at 25 ◦C (EN 13398), and determination of the
complex shear modulus on the dynamic shear rheometer (EN 14770). The rheology tests
were performed in the linear viscoelastic regime using an 8 mm plate with a 2 mm gap at
temperatures below 30 ◦C and a 25 mm plate with a 1 mm gap at higher temperatures.

2.5. Preparation of Microsurfacing Mixtures

According to Destrée et al. [16], when comparing different test methods of the EN
12274 standards, the mixing procedure description is not always the same, and it is not
sufficiently detailed. Regarding the standards used in this work, only standard EN 12274-7
describes the preparation sequence of the mixture. Thus, this study proposed a mixing
procedure that determined the addition sequence of each material to be used in all tests
where the standard does not determine the procedure for the mixture preparation.

The mixture preparation started with the sieving of the aggregates in a 2 mm sieve
to separate the coarse material (over 2 mm) from the fine material passing through the
sieve (Figure 2a). These materials were added to the mixture at different times. The
experimental procedure showed that adding separate fractions of aggregates and the
total amount of water in two phases of the mixture preparation made it more consistent
without excess water. Regarding the asphalt emulsion, its storage container was inverted
for at least one day before its use and shaken until its contents were well mixed to ensure
adequate homogeneity.

The mixtures were always prepared using the same procedure. First, 52% of the
aggregates (the fine fraction) were placed in a bowl, and half the amount of water defined
was added (Figure 2b), mixing until all the aggregates were homogeneously wet. Then, the
defined amount of cement was added and mixed homogeneously (Figure 2c).

Subsequently, the other 48% of the aggregates (coarse part) were added (Figure 3a),
together with the remaining water that would complete the predefined water content,
mixing continuously until the mixture was homogeneous. Finally, the amount of emulsion
defined for each mixture was added (Figure 3b), and the resulting microsurfacing material
was obtained, as shown in Figure 3c. The added percentage of fine and coarse aggregates
was defined according to the particle size distribution of the aggregates specified for
microsurfacing mixtures.
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(a) (b) (c) 

Figure 2. Initial phase of microsurfacing production: (a) aggregate fraction separation, (b) mixture of
fine aggregates with half the total water, and (c) addition of cement.

   
(a) (b) (c) 

Figure 3. Final phase of microsurfacing production: (a) incorporation of coarse aggregates, (b) addition
of asphalt emulsion, and (c) microsurfacing mixture immediately after production.

2.6. Microsurfacing Mix Design Method
2.6.1. Preliminary Mix Design Tests

In the study’s first step, two preliminary tests, developed by the RILEM TC 280-CBE,
were carried out to estimate the initial amount of added water and cement content necessary
to produce the microsurfacing mixtures. The amount of added water was determined using
the “pizza” test, which consists of molding a sample of the mixture into a pizza shape.
After 30 min, the pizza’s surface should be black, and when broken in half, its interior
should be brownish. After 60 min, the entire pizza should be black. The added water must
be reduced if the desired color is not achieved within that time.

The “ball” test was carried out to determine the initial amount of cement by compress-
ing the mixture into a ball and constantly squeezing between the hands to remove all excess
water. After 60 min, the ball must be dropped to the ground from a height of 1.50 m and
should not break. If the ball breaks, the amount of cement must be increased.

2.6.2. Consistency Test

The consistency test aims to optimize the amount of added water content after the
preliminary tests, assessing the workability and segregation potential of the microsurfacing
material. This test aimed to determine whether the added water amount determined by
the pizza test reflected the ideal water content for each mixture.

The test followed the European Standard EN 12274-3 and was conducted at room
temperature using a frustum of a cone with a height of 75 mm, a diameter of 40 mm at
the top and a diameter of 90 mm at the bottom; a spatula; and a metal plate graduated
in eight concentric circles, each increasing the radius by 10 mm. The test consisted of
preparing 400 g of the mixture and pouring it into the cone in the center of the metal plate.
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Immediately, the cone was removed, and the sample could flow freely. The outflow of the
mixture was then measured from the inner circle at four points 90◦ apart, and the average
of the four flow values was taken as the consistency test result. In this test, a microsurfacing
mixture with 25 mm to 35 mm flow values has adequate workability [30].

2.6.3. Cohesion Test

The cohesion test (EN 12274-4) is used to determine the development of the curing
process of a microsurfacing mixture over time when subjected to torque. Thus, this test
determines the time required for the microsurfacing to be open to traffic. Also, this test was
used in this work to determine the ideal relationship between the percentage of emulsion,
added water, and cement in microsurfacing mix designs.

The test was carried out with specific equipment and measured the torque applied to
microsurfacing samples at different curing times, i.e., 5, 10, 15, 30, 60, 90, and 120 min. The
first step of carrying out this test was to prepare the mixture samples and place them in
metallic molds soon removed to inhibit the mixture from adhering to them while waiting for
the pre-set curing time of each sample. After the predetermined curing period, the sample
was placed centrally under the equipment piston, which was gently lowered, applying an
air pressure of 200 kPa. Soon after, the torque meter was placed on the upper end of the
cylinder rod and twisted in a smooth and firm horizontal movement through an arc of 90◦
to 120◦, and the applied torque was recorded using dedicated software.

2.6.4. Shaking Abrasion Test

This test was carried out following the EN 12274-7 standard; it determines the loss of
adhesiveness of microsurfacing mixtures due to their sensitivity to water, as it measures
the loss of material from compacted standard specimens when they are placed in cylinders
filled with water that is turned from end to end in specific equipment. Four cylindrical
samples, each with a height of 25 mm and a diameter of 30 mm, were tested.

The specimens were obtained by adding approximately 45 g of the mixture (prepared
following the EN 12274-7 standard) in a mold, compacted by applying a 10 KN load at a
speed of 20 mm/min. Subsequently, the water absorption of each specimen is calculated
according to the procedure presented in the EN 12274-7 standard.

After this process, each sample was placed inside a different stirring cylinder previ-
ously filled with 750 mL of fresh drinking water at 25 ◦C. The mechanical stirrer operated
at 20 rpm at room temperature until reaching 3600 rotations, i.e., after 3 h of testing. Finally,
the samples were removed from the cylinders, washed to remove all loose material, allowed
to dry, and reweighed. The mass loss was then calculated to determine each specimen’s
adhesiveness loss.

3. Results

3.1. Aggregate Characteristics

The grading curve of the mixture of aggregates studied was adjusted to the grading
envelope defined by Infraestruturas de Portugal [29]. Only the most commonly used
microsurfacing asphalt mixture among the three alternatives presented in Infraestruturas
de Portugal [29] was studied. Thus, the grading envelope of the second layer in a double
microsurfacing was selected. The best fit for the recommended grading envelope is pre-
sented in Figure 4. The percentage of aggregates passing through the 2 mm sieve dividing
the coarse and fine fractions previously mentioned was 52%.

The value of the MDE coefficient of the basaltic aggregate (between the dimensions
of 4 mm and 6.3 mm) obtained in this study was 9.7%. This value is significantly lower
than the threshold value of 25% established in the specifications from Infraestruturas de
Portugal [29]. The aggregates showed a 2.78 Mg/m3 density and a water absorption value
of 1.85%, typical of a basalt aggregate.
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Figure 4. Aggregate gradation adopted for each microsurfacing asphalt mixture.

The results of the aggregate’s affinity to both emulsions studied (the percentage of the
aggregate surface covered with binder) are presented in Table 1. Figure 5 shows the visual
appearance of some aggregate particles covered with Emulsion 1 after 6 h, 24 h, and 48 h
of testing to demonstrate the reduction in the area of the aggregate surface covered with
binder over time.

Table 1. Result of the affinity test between the basalt aggregate and the studied emulsions.

Time Emulsion 1 Emulsion 2

After 6 h 95% 90%
After 24 h 70% 50%
After 48 h 50% 30%

 
(a) (b) (c) 

Figure 5. Example of basalt aggregates surface covered with bitumen when using Emulsion 1 after
the following testing periods: (a) 6 h, (b) 24 h, and (c) 48 h.

This test showed a better affinity of the basalt aggregates with Emulsion 1 compared
with Emulsion 2, which could result in a better performance of the corresponding microsur-
facing mixture. The visual assessment of the aggregate surface covered with binder over
time was more difficult using basalt due to its color, but the brightness of the binder in
water facilitates this task.

3.2. Asphalt Emulsions’ Characteristics

The breaking values obtained were 121.9 for Emulsion 1 and 158.3 for Emulsion 2. Ac-
cording to the EN 13808 standard, the emulsions can be classified as class 4 for the breaking
value parameter (values between 110 and 195). The asphalt content and the emulsifier’s
amount and type influence the emulsion’s breaking value. Therefore, emulsions with the
same classification but different suppliers may have different breaking values.

The adhesion value obtained for Emulsion 1 was 90%, and for Emulsion 2, it was
75%. Concerning the EN 13808 standard for this parameter, Emulsion 2 can be classi-
fied as class 2 (≥75%), while Emulsion 1 belongs to class 3 (≥90%). These results align
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with those previously obtained when studying the aggregates’ affinity to both emulsions
(EN 12697-11).

After the binder recovery by evaporation, characterization tests were carried out.
The results are shown in Figure 6. Regarding the EN 13808 standard for cationic asphalt
emulsions, the penetration values of the bitumen recovered from the two studied emulsions
can be classified as class 3 (≤100 × 0.1 mm). Regarding the softening temperature result,
the Emulsion 1 bitumen belongs to class 3 (TR&B > 55 ◦C), and the Emulsion 2 bitumen
belongs to class 2 (TR&B > 60 ◦C).

 
(a) (b) 

Figure 6. Characterization test results of binders recovered from asphalt emulsions: (a) penetration
and softening point and (b) cohesion and elastic recovery.

According to the cohesion results, the bitumen recovered from Emulsion 1 had a value
greater than 1 J/cm2 at a temperature of 5 ◦C, corresponding to class 4 of the EN 13808
standard. The bitumen recovered from Emulsion 2 did not reach the minimum cohesion
value established for this test temperature, corresponding to a lower performance class.
The results of the elastic recovery test showed that the bitumen binders recovered from the
two studied emulsions belonged to class 5, with values greater than 50%.

Figure 7 shows the dynamic viscosity results obtained for both emulsions using the
dynamic shear rheometer (DSR) for temperatures up to 88 ◦C (parallel plates configuration)
and the rotational viscometer for temperatures above 90 ◦C (cup and bob configuration).

According to the results, it is possible to conclude that at lower temperatures (below
40 ◦C), the Emulsion 1 binder presents higher viscosity values. A different behavior was
observed above the temperature of 40 ◦C: there was a faster decrease in the viscosity with
increasing temperature in the Emulsion 1 binder, and the Emulsion 2 binder presented
viscosity values that were less susceptible to temperature variations.

The master curves of the stiffness modulus and phase angle values obtained in the
DSR after carrying out frequency sweep tests at different temperatures under controlled
strain levels are presented in Figure 8 for a reference temperature of 40 ◦C. The equipment
software carried out the time–temperature superposition using the WLF equation because
the tests were performed in the linear viscoelastic regime.

The stiffness modulus results showed that the binder recovered from Emulsion 1
was stiffer than that recovered from Emulsion 2 at higher frequencies (i.e., above 1 Hz),
demonstrating that this binder had a higher strength at temperatures lower than 40 ◦C.
At higher temperatures, the stiffness of the binder recovered from Emulsion 2 became
higher, confirming the viscosity and softening point test results. These results suggest that
the base bitumen used to produce Emulsion 1 was more viscous than that of Emulsion 2,
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but the latter should have a higher polymer content that increases the strength at higher
temperatures.

Figure 7. Dynamic viscosity of the binders recovered from the studied emulsions.

 
(a) (b) 

Figure 8. Rheological characterization of binders recovered from asphalt emulsions (master curves
obtained for a reference temperature of 40 ◦C): (a) stiffness modulus and (b) phase angle.

The phase angle results also suggested a lower modification level of the binder recov-
ered from Emulsion 1 compared with Emulsion 2 since it achieved a higher peak value of
around 80◦ at a higher equivalent frequency, which, according to Peralta et al. [31], corre-
sponds to a lower relaxation time (i.e., the inverse of frequency) and reduced resistance to
permanent deformation at high temperatures.

Additionally, the rheological characterization of the binders recovered from both
emulsions provided their high-temperature PG grades, which are typically used to compare
the performance of asphalt binders. Thus, the asphalt binder recovered from Emulsion 1
was a PG 70 binder, while that recovered from Emulsion 2 was a PG 76 binder.
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3.3. Microsurfacing Test Results
3.3.1. Preliminary Design of Microsurfacing Mixtures

Several preliminary tests were performed for each microsurfacing mixture with two
test repetitions per composition to determine the initial amounts of added water and
cement. According to a previous study by RILEM TC 280-CBE, asphalt emulsion was fixed
at 12% for all mixtures to estimate the starting percentages of added water and cement for
performance testing. The results obtained at this stage for the mixtures produced with both
asphalt emulsions are presented in the following paragraphs.

The first microsurfacing mixture produced with asphalt Emulsion 1 used 10% water
and 2.0% cement. This mixture showed poor workability, and molding the pizza and the
ball was impossible. Then, the amount of cement was increased to 2.5%, allowing the pizza
and ball samples to be shaped. However, the mixture still presented a dry aspect with a low
consistency. Thus, a new mixture was prepared with 2.5% cement, increasing the amount
of water to 11%. This composition presented improved consistency, fulfilling the expected
results in both preliminary tests. The pizza cured after one hour, and the ball did not break
after falling to the ground. Figure 9 shows the test samples of this final microsurfacing
mixture with Emulsion 1.

 
(a) (b) (c) 

Figure 9. Samples used for preliminary design of microsurfacing asphalt mixtures: (a) pizza sample
just after molding, (b) pizza sample after 60 min, (c) sample for ball test.

The first microsurfacing mixture produced with Emulsion 2 was based on the last
composition studied for Emulsion 1, comprising 11% water and 2.5% cement. However, the
water content was too high, delaying the pizza curing process. Thus, a new mixture was
designed for Emulsion 2 with a lower water content (10%) and the same cement content
(2.5%). This final mixture fulfilled the expected results in both preliminary tests: the pizza
cured after one hour, and the ball did not break after falling from a 1.5 m height.

3.3.2. Consistency Test Results

The consistency test results for the microsurfacing mixtures produced with both
asphalt emulsions studied in this work are presented below. The initial compositions
studied at this stage were based on the preliminary test results for Emulsions 1 and 2.

Firstly, 400 g of microsurfacing mixture was produced with emulsion 1, using 52% fine
aggregates and 48% coarse aggregates, 2.5% cement, 12% emulsion, and 11% water. The
average flow value of the mixture measured at four points in perpendicular directions was
25 mm, confirming that 11% water assures adequate workability for mixtures produced
with Emulsion 1. Figure 10 shows the test preparation and its final result.

The initial mixture produced with Emulsion 2 used 52% fine aggregates and 48%
coarse aggregates, 2.5% cement, 12% emulsion, and 10% water. However, the average flow
of the mixture was higher than 35 mm, showing that 10% water was excessive for mixtures
produced with Emulsion 2. Therefore, a new microsurfacing mixture was designed with
less water (9%), which presented an average flow of 30 mm measured at four points in
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perpendicular directions, thus improving the workability of the mixture produced with
Emulsion 2.

  
(a) (b) 

Figure 10. Example of the different phases of the consistency test for the microsurfacing asphalt
mixture prepared with one of the emulsions: (a) test preparation and (b) final result.

The results of this test demonstrated that microsurfacing mixtures can use varying
amounts of added water to guarantee adequate workability depending on the type of
emulsion used. The results of this work suggest that emulsions with lower residual binder
contents, such as Emulsion 2, may result in microsurfacing mixtures demanding lower
amounts of added water.

3.3.3. Cohesion Test Results

This test was carried out following the EN 12274-4 standard. Seven samples were
produced for each composition and tested after 5, 10, 15, 30, 60, 90, and 120 min of curing.
Figure 11 shows the molds used to produce the test samples and the samples in the curing
process before the test. According to the ISSA [32], the most critical parameters assessed in
the cohesion test are the torque values obtained after 30 and 60 min of microsurfacing curing.
For this test, the ISSA defines the set time as the point at which the microsurfacing system
reaches a minimum of 12 kgf cm torque, and the straight rolling traffic time corresponds to
a minimum torque of 20 kgf cm. Therefore, a quick-set system should reach 12 kgf cm of
torque within 30 min, while a quick-traffic system should reach 20 kgf cm of torque within
60 min.

 
(a) (b) 

Figure 11. Preparation of microsurfacing asphalt samples for cohesion test: (a) molds used in the test
and (b) samples in the curing process.
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The initial composition studied in this test for the microsurfacing mixture produced
with Emulsion 1 was based on the mix design resulting from the consistency test, i.e., 52%
fine aggregates and 48% coarse aggregates, 12% emulsion, 2.5% cement, and 11% water.
However, the mixture did not reach the cohesion values defined by ISSA for a quick-set and
quick-traffic system after 30 and 60 min of curing. Thus, new compositions were designed
to improve the microsurfacing cohesion values.

The second microsurfacing mixture studied increased the emulsion content to 13%
while maintaining all the other composition parameters. This mixture presented a cohesion
value of 17.12 kgf cm within 30 min of curing and 21.11 kgf cm within 60 min, fulfilling the
target results defined by the ISSA for a quick-set and quick-traffic system and confirming
that this composition can be assumed to have adequate performance. Nevertheless, new
mix compositions were studied to assess the possibility of producing more sustainable
solutions with equivalent cohesion values.

The third mixture kept the added water at 11%, reducing the asphalt emulsion to
12% and the cement to 2.0%. This composition slightly increased the cohesion value after
30 min of curing, but decreased it after 60 min. Finally, two additional compositions were
studied to evaluate the effect of increasing the emulsion content to 13% and 14%, keeping
the added water at 11% and the cement at 2%. Table 2 summarizes all the results obtained
for Emulsion 1.

Table 2. Mixture compositions produced with Emulsion 1 for the cohesion test.

Mixture
Design of the Microsurfacing Mixture Cohesion (kgf cm)

Water (%) Cement (%) Emulsion (%) After 30 min After 60 min

1 11% 2.5% 12% 16.40 19.06
2 11% 2.5% 13% 17.12 21.11
3 11% 2.0% 12% 17.70 19.89
4 11% 2.0% 13% 17.36 20.74
5 11% 2.0% 14% 19.12 18.22

Since the amount of water was fixed at 11%, the results showed the mutual influence of
the emulsion and cement contents on the cohesion test performance of these microsurfacing
mixtures. The amount of Emulsion 1 showing the best compromise between the 30 and
60 min curing times was 13%, although the quick-set performance may be improved for
higher emulsion contents. Increasing the amount of cement improved the cohesion values
only if the emulsion content was also increased.

Figure 12 shows the variation of cohesion values according to the amount of material
added to the mixture produced with Emulsion 1. The second composition, with 11% water,
2.5% cement, and 13% emulsion, presented the best overall cohesion test performance and
was selected for the shaking abrasion test.

Figure 13 presents the final appearance of the samples after the cohesion test for the
selected microsurfacing mixture. According to the visual assessment criteria defined by
EN 12274-4, the samples with 5 to 30 min of curing time were considered disintegrated,
those with 60 and 90 min of curing time were classified as cracked, and the sample with
120 min of curing time was considered solid. These observations demonstrate the rapid
evolution of the cohesion with the curing time for this mixture composition.

Regarding the microsurfacing mixtures produced with Emulsion 2, the first composi-
tion studied was also based on the final mix design obtained in the consistency test, i.e.,
52% fine aggregates and 48% coarse aggregates, 12% emulsion, 2.5% cement, and 9% water.
However, the mixture with this configuration did not achieve the target cohesion values
mentioned by the ISSA after 30 and 60 min of curing. Thus, new compositions were also
designed to improve the cohesion results.
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Figure 12. Variation of cohesion values according to the material added to the mixture produced
with Emulsion 1.

      
(5 min) (10 min) (15 min) (30 min) (60 min) (90 min) (120 min) 

Figure 13. Samples’ final appearance after the cohesion test for the selected mixture produced with
Emulsion 1.

The second mixture was only increased in the emulsion content by 1%, but that change
had little effect on the microsurfacing cohesion values, which were still typical of a slow-set
and slow-traffic system. Therefore, a third mixture was produced with 13% emulsion
and 3% cement, improving the cohesion results and turning it into a quick-set system,
confirming that the active filler (cement) is vital in the mixture cohesion. However, this
solution could not be considered a quick-traffic system due to insufficient cohesion after
60 min of curing. Thus, a new composition was assessed by increasing the water content
by 1%, which slightly lowered the cohesion value after 30 min but increased the cohesion
value after 60 min (although not reaching a quick-traffic class).

Intending to look for a better combination of the amounts of emulsion, added water,
and cement to improve cohesion, new mix designs were defined that varied the amount of
added water and emulsion but kept the amount of cement at 3%. Table 3 summarizes all
the results obtained for Emulsion 2.

Table 3. Mixture compositions produced with Emulsion 2 for the cohesion test.

Mixture
Design of the Microsurfacing Mixture Cohesion (kgf cm)

Water (%) Cement (%) Emulsion (%) After 30 min After 60 min

1 9 2.5 12 8.09 11.34
2 9 2.5 13 8.74 13.99
3 9 3.0 13 13.49 16.04
4 10 3.0 13 12.68 16.71
5 11 3.0 13 10.62 13.63
6 10 3.0 14 10.35 14.88
7 10 3.0 12 10.02 13.50
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After fixing the amount of cement at 3%, the results of mixtures 3 to 7 showed the
mutual influence of the emulsion and added water contents on the cohesion of these
microsurfacing mixtures. After 30 and 60 min, the best cohesion values were obtained
for 10% water and 13% emulsion. Increasing the water or emulsion contents reduced the
30-min curing time cohesion values by increasing the amount of water needing evaporation.
Reducing the emulsion content also had a negative effect due to a reduction in the amount
of residual binder available in the microsurfacing mixture.

Figure 14 shows the variation of cohesion values according to the amount of material
added to the mixture produced with Emulsion 2. As can be observed, the composition
showing the best cohesion values was that with 10% water, 3% cement, and 13% emulsion,
which, according to ISSA, can be classified as a quick-set and slow-traffic system.

Figure 14. Variation of cohesion values according to the material added to the mixture produced
with the Emulsion 2.

Figure 15 presents the samples’ final appearance after the cohesion test for the selected
mixture produced with Emulsion 2. According to the visual assessment defined by EN
12274-4, the 5 and 10 min samples were considered disintegrated, the 15 and 30 min samples
were classified as cracked, and the 60 to 120 min samples were considered solid. These
results confirmed the quick-set class of this microsurfacing mixture.

       
(5 min) (10 min) (15 min) (30 min) (60 min) (90 min) (120 min) 

Figure 15. Samples’ final appearance after the cohesion test for the selected mixture produced with
Emulsion 2.

After analyzing each microsurfacing mixture separately, Figure 16 shows the evolution
of the cohesion values with the curing time for the two selected compositions.

This graph demonstrates how the mixtures developed strength with time. It can be
noted that both mixtures showed similar patterns, even though cohesion increased more
rapidly and for higher values in the case of Emulsion 1. According to the ASTM [33]
classification, the pattern of cohesion-time curves was a quick-set, quick-traffic system for
Emulsion 1 and a quick-set, slow-traffic system for Emulsion 2. These results could be
related to the binder cohesion values presented previously (1.00 J/cm2 and 0.46 J/cm2 for
bitumen recovered from Emulsion 1 and 2, respectively). Thus, the bitumen cohesion could
be used as an indicator of the shear strength of the microsurfacing mixture. Nevertheless,
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the ultimate cohesion values observed after 120 min were similar for both emulsions and
higher than 20 kgf cm, showing that the mix design method proposed in the present work
could adequately select the compositions for different types of emulsions.

Figure 16. Cohesion values for all curing times for better mix designs for both mixtures.

3.3.4. Shaking Abrasion Test

The shaking abrasion test was carried out to determine the loss of adhesiveness of mix-
tures studied due to their water sensitivity. This test was performed for the compositions
with higher cohesion values previously obtained for both emulsions.

Figure 17 presents the appearance of a sample before and after the test; it can be seen
that the edges of the specimens are polished after the test.

Figure 17. Samples before (left) and after (right) carrying out the shaking abrasion test.

Table 4 presents the results of the tests carried out with the microsurfacing mixtures
produced with both emulsions. The abrasion results are expressed as the mass loss percent-
age and were obtained by averaging the results of the four test specimens. The mixture
with the best performance (lowest mass loss) was prepared with Emulsion 2. Table 4 also
presents the water absorption of the mixtures and the volume of the specimens (Vv) after
vacuum application, showing that the samples produced with Emulsion 1 had slightly
higher volumes than those produced with Emulsion 2. Even though there were no sig-
nificant differences between the two mixtures, the mixture with higher mass loss also
presented a higher volume and water absorption.

The abrasion test rated the microsurfacing mixtures produced with Emulsions 1 and 2
differently from the cohesion test. This demonstrates that the properties of the emulsions
used in microsurfacing mixtures significantly influence the final performance of the material.
The lower abrasion of the mixture with Emulsion 2 may be related to the potential higher
polymer modification of this emulsion, as inferred from its residual binder’s higher elastic
recovery and softening point temperature. The higher amount of cement in that mixture
may have also contributed to the lower abrasion and air void content values measured,
which indirectly reduced water absorption.
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Table 4. Abrasion results for the microsurfacing asphalt mixtures produced with both emulsions
studied in this work.

Emulsion Sample
Vv

(cm3)
Water Absorption

(%)
Abrasion

(%)

Emulsion
1

1 18.2 13.59 1.95
2 18.0 13.26 1.97
3 18.0 12.71 2.21
4 17.8 13.48 2.49

Mean 18.0 13.26 2.15

Emulsion
2

1 17.9 12.22 0.74
2 17.3 12.07 0.51
3 17.9 11.11 0.49
4 17.9 11.73 0.74

Mean 17.8 11.78 0.62

4. Conclusions

This work proposed a new mix design procedure for microsurfacing mixtures, which
was used to assess the influence of the type and amount of asphalt emulsion and the added
water and cement contents on the characteristics of the mixture.

The study started with materials characterization, which provided valuable insights
to help elucidate the mixtures’ behavior in the following tests. The basalt aggregates
demonstrated better compatibility with Emulsion 1 than Emulsion 2, suggesting that
Emulsion 1 may be more suitable for optimal performance. Emulsion 1 also exhibited higher
adhesion and cohesion results than Emulsion 2, meeting the relevant standards. Regarding
rheological properties, Emulsion 1 displayed higher viscosity at lower temperatures, while
Emulsion 2 showed less susceptibility to temperature changes. Additionally, Emulsion 1
had higher stiffness at lower temperatures, whereas Emulsion 2 showed higher stiffness
at higher temperatures, likely due to different polymer contents. The phase angle results
indicated that Emulsion 1 had lower modification levels than Emulsion 2, affecting its
resistance to permanent deformation at high temperatures.

After the materials characterization, two mixtures were produced with emulsions
C65BP4 (Emulsion 1) and C60BP4 (Emulsion 2). A sequence for adding each material was
proposed to standardize the procedure of mixture production since these indications are
missing in the European standards and significantly influence the mixture’s workability.
Furthermore, two preliminary tests were suggested to determine the mixture’s initial
amount of cement and added water: the pizza and ball tests. This work showed that the
pizza and ball tests had good capability in evaluating the effects of water and cement on
the material’s behavior. These tests save time for the subsequent mix design by quickly
approximating the values of water and cement needed for adequate performance.

The consistency test can be used to confirm the amount of added water and the
workability of the mixture. In this work, the amount of water determined in the pizza
and ball tests was confirmed for the microsurfacing mixture with Emulsion 1, while the
mixture with Emulsion 2 required a reduction of 1% in the water content to obtain the
expected workability.

The cohesion test was the most time-consuming phase of the mix design procedure, as
it is necessary to identify the best relationship between the amount of asphalt emulsion,
added water, and cement until a higher cohesion value is found. The cohesion results
of this test were generally higher for Emulsion 1, resulting in a quick-set quick-traffic
system for that emulsion and a quick-set slow-traffic system for Emulsion 2. Moreover, the
ultimate cohesion values observed after 120 min were higher than 20 kgf cm and similar for
both emulsions, showing that the mix design method proposed in the present work could
adequately select the mix compositions for different types of emulsions.

The mixture produced with Emulsion 2 presented better results than those obtained
with Emulsion 1 in the shaking abrasion test, which may be related to this emulsion’s
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potential higher polymer modification, as inferred from its residual binder’s higher elastic
recovery and softening point temperature.

Summing up, microsurfacing systems are strongly influenced by asphalt emulsions
(usually modified), aggregate types, and the water and cement contents. Therefore, their
performance depends on several physical interactions and chemical reactions that are
difficult to isolate. Nevertheless, the mix design process presented in this paper was able to
select the best microsurfacing mix composition for two different emulsions.
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Abstract: The mode of the reinforced embankment overlying voids was generated based on discrete
element software. By changing the vertical distance H and the horizontal distance L, the influence
of the void position on the bearing capacity characteristics, displacement field, stress field and its
reinforcement deformation law of the reinforced embankment was analyzed when a local overload
was applied. Numerical simulation results show that the vertical displacement of the geogrid is
symmetrical around the center of the loading plate, and the transverse displacement of the geogrid
shows a centrosymmetric trend around the center of the loading plate at different void locations.
In addition, the failure mode of the embankment at different void positions is proposed. Four
different failure modes exist for the reinforced embankments overlying voids under local overloading:
perforation failure, collapse perforation failure, void side failure and no impact failure. When L = 0,
as H increases, the embankment failure mode changes from perforation failure to collapse perforation
failure; and when L > 0, as L increases, the failure mode changes from void side failure to no
impact failure.

Keywords: failure modes; reinforced embankments; voids; discrete elements

1. Introduction

With the gradual laying of the traffic road network in recent years, the environment of
road construction has become more and more complex. Some voids are difficult to detect
during the survey process and are gradually enlarged by the self-weight of the embank-
ment or the traffic load during road operation, thus causing road collapse accidents [1–4].
Currently, the horizontal reinforcement method is widely used in engineering to prevent
the sudden settlement and instability of embankments caused by overlying voids [5,6].
Based on the demand of engineering applications, many experts have performed a lot of
research in the field of horizontal reinforcement method to prevent voids. The reason-
ableness of geosynthetic materials to prevent voids was verified via tests [7,8]. Kinney [9]
analyzed the deformation characteristics of reinforced bodies. The results demonstrated
that a geosynthetic material deflection curve did not completely fit a circular nor a parabolic
shape. Huang [10] revealed that the friction angle and particle size within the soil had
obvious influence on the deformation and tension of the reinforcement material with the
help of a trapdoor test model. Lu [11] analyzed the stress–strain characteristics of the
reinforced body and found that the peak tensile strain in the bottom layer of the geogrid
was at the edge of the void. Huckert [12] analyzed the effect of void span on soil displace-
ment and reinforced body deformation during traffic loading. Chevalier [13] analyzed
the load transfer mechanism and the slip surface shape of the upper part of the void.
Benmebarek [14] used PLAXIS to study the effect of reinforcement length and stiffness on
the settlement of reinforced embankments overlying voids. By means of finite element
combined with discrete element methods, the mechanism of force transfer between the soil
and reinforcement was investigated and revealed from a microscopic viewpoint [15,16].
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Li [17] compared and analyzed the deformation of the reinforced body under three types of
load distribution, and concluded that it was economical and reasonable to use the inverted
triangular distribution. Feng [18] considered the vertical deformation of the soil in the
anchorage area and proposed a method for calculating the deformation of the reinforced
body. Chen [19] considered the effect of soil cohesion in the design of the calculation
method. A more systematic study of reinforced embankments where the void has collapsed
below the reinforced body has been presented in the above literature.

In practical engineering, a portion of soil may exist between the void and the rein-
forcement material in the embankment. For such conditions, Das [20] investigated the
relationship between void depth and embankment bearing capacity. Wu [21] studied the
effect of eccentric load and load eccentricity on the bearing capacity characteristics of the
void embankment. Zhou [22] took a square void embankment as the object of study to
investigate the effect of the property of the fill and the relative position of the void on the
failure mechanism of the embankment. Lai [23] proposed a failure model for a reinforced
embankment overlying a void with a full load on the embankment surface. For rigid
pavements, this treatment is feasible.

In the case of flexible pavements, the vehicle traffic load is equivalent to a local
overload acting on the embankment under road operational conditions. The effects of
void depth, reinforced body stiffness and reinforced body burial depth on the bearing
capacity of embankments under strip loading have been studied [24,25], but the failure
mode of reinforced embankments overlying voids under local overload has not yet been
investigated. The discrete element simulation technique based on the mechanics of particles
can consider the discrete characteristics of soil particles, which can effectively reveal the
failure mode and microscopic mechanism of soil structure [26,27].

In this paper, we take the reinforced embankment overlying voids under local overload
as the research object, and establish a discrete element model based on a model test. We
analyze the influence of void location on the bearing capacity characteristics of reinforced
embankment, soil displacement field, contact force chain and the deformation law of the
reinforced body, and reveal the failure mode of reinforced embankment overlying voids
from a microscopic perspective.

2. Model Building

2.1. Test Profiles

Figure 1 shows a schematic diagram of the test model with dimensions of
600 mm × 300 mm. The width of the top surface of the embankment is 240 mm, the
slope ratio of the embankment slope is 1:1.5 and the length of the geogrid is 255 mm (solid
red line). The width of the embankment simulated in the test was 9.6 m and the height
of the embankment was 0.8 m. Considering that the embankment is an axisymmetric
structure, 1/2 of the embankment was taken for the test. The geometric ratio of 1:20 is used
to reduce the size of the embankment and the glass fiber geogrid. Due to conditions, this
test was not scaled down strictly based on similarity ratios, but the reinforced embankment
overlying voids test is still of some research value.

In order to better represent the relative position of the void in the embankment, the
vertical and horizontal positions of the void are expressed by H and L in the diagram,
respectively, where the vertical distance H represents the distance from the top of the void
to the bottom of the loading plate, and the horizontal distance L represents the distance
from the core of the void to the center of the loading plate. The width of the loading plate B
is 60 mm, the distance from the center of the loading plate to the wall at the edge of the
model box is 120 mm, and the depth of the reinforcement body h is 30 mm.
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Figure 1. Test model (in mm).

The testing devices and materials mainly include the model box, loading and mea-
suring devices, the geogrid and water pumping equipment (Figure 2). The size of the
model box is 600 mm × 400 mm × 300 mm (length × width × height, respectively), and
the dynamic and static triaxial loading device developed by the company GCTS, U.S.A.,
is used to load the soil body (the starting load is 0 kPa, and the loading speed is 3 N/s),
which can achieve the real-time collection of load and top displacement data. The size of
the loading plate is 288 mm × 60 mm × 30 mm (length × width × height, respectively),
and the material of the loading plate is high-strength and low-density epoxy resin. The
dynamic and static triaxial loading device is loaded in the center area of the loading plate,
and geogrids are made of glass fiber material. The breaking strength of geogrids in the
transverse and longitudinal directions is 60 kN/m, and the elongation at the break of the
geogrid in the longitudinal and transverse directions is 6%. In addition, a soft plastic hollow
cylinder with a diameter of 60 mm is used to simulate the void. A plastic membrane is
wrapped around the inner and outer sides of the soft plastic cylinder, so that on the one
hand, water is pumped inside the inner membrane by means of water pumping equipment
to form a void, and on the other hand, the outer film prevents water from leaking into
the soil.

 
(a) 

 
(b) 

Figure 2. Cont.
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(c) 

 
(d) 

Figure 2. Schematic diagram of testing devices and materials: (a) model box; (b) loading and
measuring devices; (c) geogrid; (d) water pumping equipment.

This laboratory test uses Fujian standard sand as a filler. After the sieve ratio test, it is
determined that the particle size of the soil is mainly concentrated on the range of 0.5 to 2
mm. The gradation curve is shown in Figure 3 below, and the physical properties of the
sand soil are shown in Table 1.

 
Figure 3. Grain size distribution curves of sandy soils.

Table 1. Physical properties of sandy soils.

Property Value

Gravity, γ (kN/m3) 17.03
Specific gravity of particles, Gs 2.65

Porosity ratio, e 0.585
Water content, w (%) 0.15
Uniformity factor, Cu 1.39

Coefficient of curvature, Cc 0.94

2.2. Construction of Discrete Element Model

The PFC particle flow method decomposes the bulk system into discrete units, which
are used as the basic units to visually express the interaction states and motion properties
between the units at each moment in time. The software replaces the selection of the
constitutive model of the material itself by setting the contact between particles. Since the
discrete elements do not need to satisfy the deformation coordination relationship, it has a
greater advantage in simulating the large deformation of discontinuous media such as soil.
At present, the PFC software has become a recognized numerical simulation software and
has penetrated into almost all directions in the field of geotechnical engineering.
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Based on the above laboratory experiment dimensions, PFC2D software was used
to establish a computational model of the reinforced embankment overlying a void, by
generating spherical particles to simulate the sandy soil and the geogrid, and by creating
wall units to simulate the model boxes and loading plates. Figure 4 shows a schematic of
the numerical simulation model. In the model, blue particles represent soil particles, red
particles represent the geogrid and blue lines represent walls. The surrounding boundary
walls is fixed. The wall is a rigid body and does not produce deformation. The bottom
surface of the loading plate is set as the horizontal observation surface M. The position of
the observation surface M decreases as the loading plate decreases. The load P in the load–
settlement curve is obtained by dividing the loading plate contact force F monitored on
profile M by the loading plate width B. The settlement ratio S/B is obtained by dividing the
wall displacement S directly monitored by the loading plate width B in the Fish language
that comes with the PFC.

Figure 4. Numerical simulation model.

Based on the computational resources of the hardware, the generation of particles
in discrete element software according to laboratory-tested soil particle grading curves
is difficult to realize; therefore, it is necessary to extend the radius of the soil particles.
When the radius multiplier is too small, the number of soil particles will be extensive while
improving the accuracy of the simulation, and thus, the calculation cannot be converged;
when the radius multiplier is too large, the simulation results of the discrete element will
have a large deviation from the actual situation. Based on the requirements of calculation
efficiency and simulation accuracy, this paper has made several attempts to enlarge the
particle size of the soil, so as to obtain reasonable enlargement results. After attempts, we
finally obtained a radius multiplier of 2, and the particle size of sandy soils in the simulation
ranged from 1 to 4 mm. The porosity of the sandy soil was 0.17 upon converting from
3D to 2D [28]. The contact model of sandy soil was chosen as a linear contact model, the
contact between particles of the geogrid was the parallel bonding model and the contact
between sandy soil and geogrid was the linear contact model. The particle size of the
geogrid was 1.5 mm. Based on the idea of inverse simulation, this paper has changed
the microscopic parameters of the model to carry out a large number of simulations on
sandy embankment, reinforced body tensile test and reinforced embankment load test,
respectively, and compared the simulation results with the laboratory test results through
the trial-and-error method, so as to finally obtain more reasonable microscopic parameters
of the discrete element model. The microscopic parameters of each part of the material for
the numerical simulation are shown in Table 2.
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Table 2. Microscopic parameters of each material for the PFC model.

Parameters Soils Geogrid Model Box

Normal contact stiffness of particles (N/m) 5.0 × 108 5.0 × 109 1.0 × 1011

Shear contact stiffness of particles (N/m) 5.0 × 108 5.0 × 109 1.0 × 1011

Normal stiffness of cementation (N/m3) — 6.5 × 108 —
Shear stiffness of cementation (N/m3) — 6.5 × 108 —

Normal strength of cementation (N/m2) — 1.0 × 1011 —
Shear strength of cementation (N/m2) — 1.0 × 1011 —

Friction coefficient 0.8 0.6 0.2

Based on the microscopic parameters in Table 2, sandy embankments, reinforced
bodies and reinforced embankments were built, and the discrete element simulation results
were compared to the laboratory tests by changing the location of the voids. In order to
better verify the accuracy of the model parameters, the following working conditions were
established to compare the simulation and test results, respectively, to finally verify the
rationality of the parameters; the specific working conditions are shown in Table 3.

Table 3. Comparison conditions.

Work Conditions Void Diameter (mm) Reinforced Layers H/B L/B

ZX1 0 0 — —
ZX2 60 0 2 0
ZX3 60 1 2 0
ZX4 60 1 2 1

Figure 5 shows the load–settlement curves of the embankment under the test and
simulation, and Figure 6 is the stress–strain relationship curve for the uniaxial tensile test
of the geogrid. From Figure 5, it can be seen that there is a certain gap between the discrete
element test and simulated load–settlement curves, but the general trend is consistent,
and the similarity between the two is high, and the peak bearing capacity remains at the
same level. Therefore, it can be concluded that the sandy embankment and the reinforced
embankment can be better simulated using the microscopic parameters in Table 2.
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Figure 5. Load–settlement curve for the embankment: (a) sandy embankments; (b) reinforced
embankments.
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Figure 6. Geogrid stress–strain curve.

It can be seen from Figure 6 that there is a gap between the discrete element test and the
simulated uniaxial tensile curves after loading for a certain period of time, which is due to
the fact that the tensile strength of the reinforcing body in the indoor test changes with the
increase in the strain of the reinforcing body, which is not taken into account in the discrete
element simulation, but the general trend between the two is consistent. In both laboratory
tests and simulations, the geogrid achieved a tensile strength of 60 kN/m at a strain of 6%.
Therefore, the above selection of microparameters for the geogrid is reasonable.

This paper mainly analyzed the effects of different void locations on reinforced em-
bankments under local overload conditions. To provide some basis for the design of
reinforced bodies in the embankments overlying voids in practical engineering, the effects
of vertical distance H or horizontal distance L on reinforced embankments overlying voids
were analyzed, and the failure modes of embankment was proposed. The same loading
speed was used for the models of different working conditions, and the specific simulation
test scheme is shown in Table 4. The failure criteria in this paper are based on the provisions
of the Engineering Geology Manual for foundation failure under shallow plate tests [29].

Table 4. Simulated operating conditions.

Work Conditions H/B L/B

A1 1 0
A2 2 0
A3 3 0
B2 2 1
C2 2 2
D2 2 3
E2 2 4

3. Results

3.1. Characterization of Load Bearing Capacity

Figure 7 shows the embankment load–settlement curves at different void locations.
Figure 7a shows the load–settlement curves at different H/B. The load–settlement curves of
each working condition basically overlap under the first 5 kPa load case. After 5 kPa, load
differences start to appear. When H increases from B to 3B, the bearing capacity increases
with the increase in the vertical distance H under the same foundation settlement. A3 and
A2 have an increase of 2.5 times and 1.5 times, respectively, in the ultimate bearing capacity
compared to A1. It can be seen from the above that the ultimate bearing capacity of the
embankment increases non-linearly with the increase in H.
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Figure 7. Load–settlement curves for different void locations: (a) at different H/B; (b) at different L/B.

From Figure 7b, it can be obtained that before the first 20 kPa load, the settlement
curves of each working condition basically overlap, after 20 kPa load, there is a difference.
When the horizontal distance L changes from 0 to 3B, the ultimate bearing capacity of the
embankment increases with the increase in L. When L ≥ 3B, the load–settlement curves
of D2 and E2 basically coincide, the change in L has a small effect on the ultimate bearing
capacity of the embankment at this point.

3.2. Analysis of Displacement Field

In order to analyze the effect of H/B on embankment soil displacement, three repre-
sentative regions, 1, 2 and 3, were intercepted in the embankment. Region 1 and 3 are at the
lower soil of the reinforced body, region 3 is further away from the loading plate compared
to region 1, and region 2 is at the upper part of the reinforced body further away from the
loading plate. Figure 8 shows a diagram of the relative positions of the regions (the solid
red line represents the reinforced body).

 

Figure 8. Schematic diagram of the relative positions of the regions.

Figure 9 shows the displacement vector diagram of the soil inside each region of the
embankment at different H/B. From the diagram, it can be obtained that when H = B
(Figure 9a), the soil displacements in regions 1 and 3 are generally in a downward direction.
The left part of region 2 is in a disorderly state, and other parts of region 2 is moving
downward as a whole because of gravity. When H = 2B (Figure 9b), soil displacements
are generally to the right in region 1 and generally downward in region 3. When H = 3B
(Figure 9c), soil displacements are generally to the right in regions 1 and 3. As H/B
increases, the soil in regions 1 and 3 is transformed from an overall downward vertical
displacement to a horizontal displacement to the right. This is because as H/B increases,
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the soils in regions 1 and 3 are subjected to more loads transferred from the embankment
surface. The transferred loads cause a tendency for the displacements to move horizontally
to the right. Comparing the soil displacement of region 2 at different H/B, it can be found
that when H/B is transformed from 1 to 2, there is a significant increase in the width of the
local slip surface in the upper part of the reinforced body, and when H/B is transformed
from 2 to 3, the increase in the width of the slip surface is not significant at this time.

 
(a) 

 
(b) 

 
(c) 

Figure 9. Soil displacement vector diagram of embankment at different H/B: (a) H = B, L = 0;
(b) H = 2B, L = 0; (c) H = 3B, L = 0.

In order to analyze the effect of L/B on embankment soil displacement, the four
regions, 5, 6, 7 and 8, were intercepted in the embankment. The depth of the four regions
was the same, and the top of the region was equal to the road base surface. The distance
between the center of each region and the center of the loading plate was B, 2B, 3B and 4B,
respectively. Figure 10 shows a schematic diagram of the relative positions of the regions
(the solid red line represents the reinforced body).

 
Figure 10. Schematic diagram of the relative positions of the regions.

Figure 11 shows the soil displacement vectors in each region of the embankment at
different L/B. When L/B is 1, 2, 3 and 4, respectively, the void is located directly below
regions 5, 6, 7 and 8. When comparing the different L/B conditions, it can be found that
the width of the soil region dominated by horizontal displacements in the upper part of the
void gradually increases as L increases. When L/B < 4, the soil on the upper left side of the
void is displaced horizontally to the right, while the soil on the upper part of the void and
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the upper right side of the void is moved downward. This is due to the fact that the load
transmitted from the embankment surface acts on the upper left area of the void, which is
much greater than the self-weight of the soil, which causes the soil to have a tendency to
move horizontally to the right. When L changes, the soil displacement in region 8 is always
predominantly downward, which indicates that the change in L has less of an impact on
the soil in region 8.

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 11. Soil displacement vectors of embankment at different L/B: (a) H = 2B, L = B; (b) H = 2B,
L = 2B; (c) H = 2B, L = 3B; (d) H = 2B, L = 4B.

3.3. Analysis of Contact Force Chain

Figure 12 shows the contact force chain diagram of the embankment at different H/B,
where the circular dashed line represents the position of the void and the red continuous
particles represent the position of the reinforcement body. From the diagram, it can be seen
that the contact force chain is columnar in the upper part of the reinforced body, and the
contact force chain has a triangular blank area at the position above the void. The contact
force chain extends from the embankment surface to both sides of the void. The contact
force chain in the area below the void is thinner than in other areas at the same depth, due
to the void preventing the transfer of load to the lower area of the void. When H/B = 1
(Figure 12a), the void is close to collapsing into the lower part of the reinforced body, and
the contact force chain at the bottom of the embankment is thicker at this time, which is due
to the fact that the embankment is subjected to a smaller load, making the original contact
force of the embankment soil relatively larger. As the vertical distance H increases, the
contact force chain at the top of the void becomes denser and the number of thick chains
increases, the embankment soil can withstand more load at this time.
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(a) 

 
(b) 

 
(c) 

Figure 12. Diagram of the contact force chain at different H/B: (a) H = B, L = 0; (b) H = 2B, L = 0;
(c) H = 3B, L = 0.

Figure 13 shows the contact force chain diagram of the embankment at different L/B.
From the diagram, it can be obtained that the contact force chain on the left side of the
void is significantly larger than that in the right side of the void in terms of coarseness and
density of distribution, which indicates that the existence of the void prevents the transfer
of the embankment surface load to the soil area on the right side of the void. By comparing
the contact force chains at different L/B, it can be seen that the range of action of the coarse
force chain gradually increases as L increases.

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 13. Diagram of the contact force chain at different L/B: (a) H = 2B, L = B; (b) H = 2B, L = 2B;
(c) H = 2B, L = 3B; (d) H = 2B, L = 4B.
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3.4. Deformation Analysis of Reinforced Bodies

Figure 14 shows the geogrid displacement curves of the embankment of different H/B
at the time of failure. Figure 14a shows the vertical displacement curves of the geogrid at
different H/B. From Figure 14a, the maximum vertical settlement of the geogrid shows a
trend of increasing and then decreasing as H increases. The vertical displacement curve is
symmetrical around the center of the loading plate, and the vertical displacement of the
geogrid within a distance of 60 mm from the center of the loading plate is fitted with a
quadratic parabola. The vertical displacement of the reinforced body gradually decreases
with increasing distance from the center of the loading plate, and the vertical displacement
approaches zero at 60 mm from the center of the loading plate. The deformation of the
reinforcement body around 60 mm from the center of the loading plate shows a circular
segment, and the geogrid in this area has a certain negative deformation, caused by the
extrusion of the surrounding soil. Figure 14b shows the transverse displacement curves of
the geogrid at different H/B. From the figure, the transverse displacement of the geogrid is
centrosymmetric around the center of the loading plate (the direction of displacement of
the geogrid is positive to the right), and the transverse displacement at the center of the
loading plate increases and then decreases as H increases. The transverse displacement
of the geogrid 60 mm outside the center of the loading plate remains almost constant; the
transverse strain of the geogrid in this area is small.
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Figure 14. Geogrid displacement curves at different H/B: (a) vertical displacement; (b) transverse
displacement.

Figure 15 shows the geogrid displacement curves of the embankment at different L/B.
From Figure 15a, when L ≤ 3B, the maximum vertical displacement of the geogrid decreases
as L increases, when L ≥ 3B, the maximum vertical displacement of the geogrid roughly
overlaps. The vertical displacement curves of the geogrid at different L/B are symmetrical
around the center of the loading plate and decrease with increasing distance from the center.
This indicates that the deformation of the geogrid under ultimate load is mainly influenced
by the downward displacement of the loading plate and is less influenced by the horizontal
distance L.
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Figure 15. Geogrid displacement curves at different L/B: (a) vertical displacement; (b) transverse
displacement.

From Figure 15b, it can be seen that the displacement direction of the geogrid at the
center of the loading plate is to the right. The relative displacement of the reinforced soil
interface on the left side of the geogrid is greater than that on the right side, probably due
to the tendency of the soil at the lower right side of the geogrid to move toward the slope
during the loading process, which drives the overall movement of the geogrid to the right.
As L increases from 0 to 3B, the transverse strain rate of the geogrid at the edge of the
loading plate (located 30mm from the center of the loading plate) decreases significantly.
When L increases from 3B to 4B, the transverse strain rate of the geogrid at the edge of the
loading plate does not change significantly, indicating that when L ≥ 3B, the change of L
has a low effect on the transverse strain of the geogrid.

3.5. Analysis of Failure Modes

When the embankment is broken, the stress direction of the soil around the void is not
only affected by the relative displacement of the soil due to the void, but also by the upper
load transmitted by the embankment surface, which leads to more complex deflection of the
soil around the void. The main stress cross has obvious advantages in monitoring the stress
deflection of the soil [30–32], and 4 × 4 measurement circles are distributed in the area of
80 mm × 80 mm on the left and right side of the void, and 10 × 4 measurement circles are
distributed in the area of 220 mm × 60 mm in the upper part of the void. The radius of the
measuring circle is 15 mm. Figure 16 shows the distribution of the measurement circles
around the void.

 
(a) 

 
(b) 

Figure 16. Schematic diagram of the measuring circle arrangement: (a) layout size chart; (b) measure-
ment circle simulation diagram.
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Taking L/B = 0 as an example, the failure modes of embankment at different H/B are
analyzed. Figure 17 shows the displacement vector field of the embankment during damage
at different H/B and the stress deflection distribution around its void (red continuous solid
line represents reinforced body; yellow border line represents the main stress measurement
area). The length and direction of the line segments on the top right indicate the magnitude
and direction of the principal stresses, with the long and short axes indicating the major
and minor principal stresses, respectively.

 
(a) 

 
(b) 

Figure 17. Displacement vector field and deflection of principal stresses around the void at different
H/B: (a) H = B, L = 0; (b) H = 3B, L = 0.

From the displacement vector diagram in Figure 17, we can see that when H = B,
perforation failure occurs on the embankment, and the damage surface extends from the
embankment surface to the side walls above the left and right of the void. The surface of the
damage presents a basin type. The width at the top of the basin damage surface is greater
than the width of the loading plate; this is because the loading plate’s soil downward
pressure under the plate has a horizontal extrusion effect. At this time, because the depth
of the void is too small, the main stress direction above the void is mainly affected by the
vertical load transmitted by the loading plate, and the main stress deflection is small. When
H = 3B, a collapse perforation failure occurs on the embankment; the surface of damage
still extends from the embankment surface to the side walls above the left and right of the
void. It should be noted that at this time, the surface of damage in the lower side of the
reinforced body as a whole is bottle-shaped, and the width of the damage surface in the
reinforced body area has a significant narrowing. The main stress direction above the void
produces a large deflection due to the relative displacement of the soil body, where there is
a significant soil arching effect.

Taking H/B = 2 as an example, the failure modes of embankment at different L/B
are analyzed. Figure 18 shows the displacement vector field of the embankment during
damage at different L/B and the stress deflection distribution around its void. From the
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figure, the soil above the geogrid forms a local damage surface extending to the top of
the embankment under the action of the embankment surface load. The presence of the
geogrid prevents the surface of damage at the upper and lower interfaces of the reinforced
soil from being connected, and the width of the damage surface is narrowed in the area of
the geogrid.

 
(a) 

 
(b) 

 
(c) 

Figure 18. Displacement vector field and deflection of principal stresses around the void at different
L/B: (a) H = 2B, L = 0; (b) H = 2B, L = 2B; (c) H = 2B, L = 4B.

As shown in Figure 18a, when L = 0, at this time, the embankment is consistent with
the failure mode in Figure 17b, i.e., when the collapse perforation failure occurs. The main
stress of the soil around the void is deflected around the void, and the maximum stress area
is concentrated in the upper part of the void. As shown in Figure 18b, when L = 2B, the
damage surface extends from the embankment surface to the collapse area above the void
and the lower left area of the void, forming a void side failure. At the same time, the void
collapse causes less stress in the soil at the top of the void, and the transfer of embankment
load makes the stress maximum area concentrated on the left side of the void, and the main
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stress direction points to the void location. From Figure 18c, it is found that when L= 4B,
the damage surface of the lower part of the geogrid presents a semi-circular arc, but does
not extend to the void. At this time, the stress deflection around the void is mainly affected
by the void, the main stress around the void deflects around the void and the soil arch
effect is relatively obvious, forming a no impact failure.

4. Conclusions

(1) The ultimate bearing capacity of the embankment increases as H increases. When
L < 3B, the ultimate bearing capacity of the embankment increases as L increases.
When L ≥ 3B, the change of L has less influence on the ultimate bearing capacity.

(2) The existence of the void affects the embankment soil displacement. When 0 < L ≤ 3B
and H = 2B, the soil on the upper left side of the void is displaced horizontally to the
right, while the soil on the upper part of the void and the upper right side of the void
is moved downward.

(3) The void hinders the transfer of the load in the soil. When L = 0, the load is transferred
to both sides of the void, and the contact force chain of the soil below the void is
smaller. When L > 0, the load is mainly concentrated on the left side of the void, and
the contact force chain on the left side of the void is obviously larger than that on the
right side.

(4) The maximum vertical deformation of the geogrid increases and then decreases
with the increase in the vertical distance H. When L < 3B, the maximum vertical
deformation of the geogrid decreases with the increase in the horizontal distance
L, and when L ≥ 3B, the change of L has less influence on the maximum vertical
deformation of the geogrid. In summary, when the void is located directly below the
loading plate, the deformation of the reinforced body is the largest. In the design of
the reinforced body, it is safer to consider that the void is located directly below the
loading plate.

(5) When L = 0, as H increases, the failure mode of the embankment is transformed from
perforation failure to collapse perforation failure, and when L > 0, as L increases,
the failure mode of the embankment is transformed from void side failure to no
impact failure.
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Abstract: Controlled low-strength materials (CLSMs) have been developed using various byproducts
for backfilling or void-filling around pipelines or culvert boxes. However, these CLSMs have encoun-
tered issues related to their inadequate placement around underground facilities, despite satisfying
the performance requirements, especially flowability, recommended by the American Concrete Insti-
tute (ACI) 229 committee. In this study, a new CLSM is developed to ensure a significantly higher
flowability, lower segregation, and faster installation compared with previously developed CLSMs.
This is achieved through a series of laboratory tests. To enhance the flowability and prevent segrega-
tion, a calcium-sulfoaluminate-based binder and fly ash are used in combination with two types of
additives. The measured flowability of the new CLSM is 700 mm, while its compressive strength and
bleeding satisfy the general criteria specified by the ACI 229R-13. In addition, the performance of
the developed CLSM is compared with that of predeveloped CLSMs. The new CLSM was not only
shown to exhibit the highest flowability, but also to satisfy the specified requirements for compressive
strength and bleeding. Overall, it is anticipated that the developed CLSM can significantly reduce
the costs related to the disposal of old pavements, the installation of new pavements, and other
construction expenses compared to the costs related to the conventional method, even though the
expenses for the backfill materials could increase due to the higher production costs of CLSMs than
soil. In addition, there is a need to investigate its field applicability in order to evaluate the precise
costs, maintenance, and long-term stabilities after installation.

Keywords: controlled low-strength material; high flowability; backfilling; fly ash; calcium-sulfoaluminate-
based binder

1. Introduction

In metropolitan cities, ground sinking generally occurs due to the deterioration, crack-
ing, and breakage of sewage pipes (Figure S1), as well as the inadequate compaction
of backfill materials (Figure S2). These factors can lead to the formation of void spaces
around sewage pipes and culvert boxes. Subsequently, ground sinking occurs as void
spaces become larger. Jo et al. [1] reported that the vibration transmitted by vehicles in
metropolitan cities could cause the collapse of enlarged underground void spaces. The con-
ventional method involves compacting well-graded soils around sewage pipes or culvert
boxes using mechanical equipment (e.g., a vibrator) to prevent ground sinking. However,
due to the limitation of mechanical equipment, the area adjacent to sewage pipes and
culvert boxes is typically left uncompacted, in some cases leading to ground sinking. The
foregoing is recognized as one of the causes of ground sinking in metropolitan cities. Ac-
cordingly, the utilization of controlled low-strength materials (CLSMs) has emerged as a
highly effective solution for backfilling or void-filling around pipelines or culvert boxes
and underneath roads.

The American Concrete Institute (ACI) 229 committee defined CLSMs as self-compacting
cementitious backfill materials. Other terms used to describe CLSMs include flowable
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fill, unshrinkable fill, controlled density fill, flowable mortar, plastic soil cement, soil–
cement slurry, and K-Krete. CLSMs have been widely used for numerous applications
(e.g., backfilling, road bases, pipeline and culvert filling, void filling, tank fills, insulation,
and isolation filling) in lieu of conventional compact fillers [2–5]. Table 1 summarizes the
guidelines set out by the ACI 229R-13 that need to be satisfied by each CLSM application.
In accordance with these guidelines, CLSMs should exhibit a high flowability, low bleeding,
early cementation, and sufficient strength [3,6,7]. The ACI 229R-13 document [8] is not
only the main guideline used in the USA, but has also been widely referenced in many
countries. Ling et al. [9] also noted that apart from the USA, there have been no specific
standards or CLSM specifications published by other countries. Therefore, many countries
have developed their own CLSM guidelines based on the ACI 229R-13 document.

Table 1. General criteria and requirements for CLSM application and target performance in this study.

References CLSM Application Criteria and Requirements to Be Fulfilled

ACI 229R-13

General backfilling
(void filling, filling abandoned
underground structures, etc.)

High degree of flowability (>200 mm spread)
Setting time and early strength are not critically essential

Twenty-eight-day compressive strength should be less
than 0.5 MPa

Excavatable backfilling
(underground water, sewer and

storm drainage pipelines,
roadway trenches, etc.)

High degree of flowability
Less subsidence and quick setting time

Easy to re-excavate—manually or mechanically
Twenty-eight-day compressive strength should be less

than 2.1 MPa

This study
(Target performance)

General and excavatable
backfilling (void filling)

Considerably high degree of flowability (>400 mm spread)
Less subsidence (<5% bleeding)

Quick setting time (>0.1 MPa at 4 h)
Easy to re-excavate—manually

Twenty-eight-day compressive strength ≤ 1.0 MPa

Since the 2000s, previous researchers have developed CLSMs using various waste
materials/industrial byproducts (e.g., fly and bottom ashes, ground granulated blast
furnace slag, waste foundry sand, cement kiln dust, steel slag, waterworks and paper
sludges, waste rubber tires, and red mud) [7,10–29]. However, the application of these
previously developed CLSMs to underground facility backfilling has been challenging
due to three primary reasons: (a) previous CLSMs have relatively long durations for
hardening; (b) poorer flowability than grout mortar; (c) large equipment is needed for
the placement of CLSMs. In addition, these CLSMs only satisfied the acceptable level of
flowability recommended by the ACI 229R-13 (i.e., more than 200 mm spread, as listed in
Table 1) [5,6,11,23,30–33].

Even though the performance of predeveloped CLSMs satisfied the requirements
set out by the ACI 229R-13, especially flowability, those CLSMs could lead to problems
of insufficient placement around underground facilities (i.e., pipes and culverts) and
cause inconvenience to citizens in metropolitan cities due to the relatively long hardening
time [5,6,23,34]. Therefore, there is a need to develop a new CLSM with much higher
performance (i.e., high flowability, low bleeding/segregation, and quick setting time) than
predeveloped CLSMs.

In this study, a new CLSM with high flowability, low segregation, and quick setting
time is developed. The target performance criteria for the developed CLSM are summa-
rized in Table 1. In particular, the water volume increased and the materials (i.e., binder
and byproduct) volume was minimized in order to facilitate the placement of the CLSM.
To achieve the foregoing, a series of laboratory tests were conducted to measure the flowa-
bility, density, bleeding, and compressive strength of the new CLSM in accordance with
test standards [35–38]. A sensitivity analysis was performed to compare the flowability,
bleeding, and compressive strength of the new CLSM according to the water–material ratio
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(W/M). Finally, the performance of the newly developed CLSM was compared with that of
predeveloped CLSMs based on soils and bottom ash collected in South Korea.

2. Materials and Methods

2.1. Preparation of Binder

A CLSM is typically composed of a binder, cement, byproduct materials (e.g., bot-
tom/fly ashes and other recycled materials), an aggregate, and water. Schmitz et al. [39]
reported that the characteristics of CLSMs can vary depending on the type of binder. In
this study, calcium sulfoaluminate (CSA) was selected as the primary binder due to its
quick hardening and early strength characteristics. Table 2 summarizes the amounts of
CSA, anhydrous gypsum (AG), and water used to determine the optimal mixture ratio
for the binder. To enhance the early strength and quick hardening, CSA and AG, with
relatively high specific surface areas (more than 500 m2/kg), were used. The powders were
premixed and then mixed with water for 2 min. The paste was cured in a 50 mm cubic
square mold at ambient conditions. The early compressive strength of the binder specimen
was tested at 4 h from mixing in the water. The amount of water was fixed, and AG was
used to supply sulfate ions (SO4

2−), which could produce ettringite by reacting with CSA.
Ordinary Portland cement (OPC), classified as a type 1 cement, was added into the CSA
mixtures (i.e., CSA-6~10) in order to accelerate the generation of ettringite. Figure 1a shows
the binder specimens manufactured based on the mixture proportions in Table 2.

Table 2. Mix proportions of CSA-based binder for each specimen.

Specimen CSA (g) AG (g) OPC (g) Water (g)

Without
OPC

CSA-1 900 100 -

350

CSA-2 800 200 -
CSA-3 700 300 -
CSA-4 600 400 -
CSA-5 500 500 -

With
OPC

CSA-6 720 180 100
CSA-7 640 160 200
CSA-8 560 140 300
CSA-9 490 210 300
CSA-10 480 120 400
CSA-11 400 100 500

  
Figure 1. Specimens for compressive strength tests: (a) CSA-based binders; (b) CLSMs.

2.2. Properties of the CLSM
2.2.1. Flowability

High flowability is a crucial characteristic, enabling the CLSM to exhibit self-flowing
properties during backfilling. It eliminates the necessity for compaction while effectively
filling voids around civil utilities (e.g., pipelines and culvert boxes). The high flowability
of the CLSM offers several advantages, including the ability to preserve the alignment of
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pipes and reduce the likelihood of ground sinking [40–42]. In addition, since the CLSM
is injected to fill voids around pipelines, culverts, and underneath roads, it is essential
to ensure sufficient flowability. This enables the CLSM to reach specific spots quickly,
facilitating the efficient and precise placement of the material.

The flowability of the CLSM is influenced by the water content, with an increase in
water content generally resulting in a higher flowability. However, it is crucial to maintain
a balance, because an excessive water content can cause segregation and bleeding. To
resolve this problem, the inclusion of high volumes of fine particles is recommended. These
fine particles aid in reducing the segregation and enhancement of the overall stability
of highly flowable CLSM mixtures. Ling et al. [9] reported that adequate materials and
mixture proportions were important to achieve the required flowability (>200 mm) without
segregation and bleeding. In this study, the flowability of the CLSM was evaluated based
on ASTM D 6103. Figure 2 shows the flowability test, and the description and standard
limit are listed in Table 3.

 

Figure 2. Flowability test of CLSM developed in this study.

Table 3. Test methods and acceptance criteria for determination of CLSM mixtures.

Property Method Description Standard Limit

Flowability ASTM D 6103 [34] 75 × 150 mm openended cylinder
modified flow test

Low flowability: <150 mm
Normal flowability: 150–200 mm

High (good) flowability: >200 mm

Compressive
strength

ASTM C 109 [35]
(For binder)

Determination of compressive
strength of hydraulic cement

mortars using 50 × 50 × 50 mm
cube specimens

Do not consider manifestly faulty specimens
Maximum permissible range between specimens

from the same mortar batch, at the same test age is
8.7% of the average compressive strength

ASTM D 4832 [36]
(For CLSM)

Procedures for the preparation,
curing, transporting, and testing of

the cylindrical specimen
(150 × 300 mm) of CLSM for the

determination of
compressive strength

Special care may be needed because
the specimens are often

very-low-strength and fragile

Maintaining strengths at a low level and allowing
for excavation is an important

consideration for CLSMs.
Strengths between 0.3 and 2.1 MPa are allowed for
future excavation. Even less than 0.3 MPa is also

acceptable for future excavation

Density ASTM D 6023 [37]
Test method for unit weight, yield,

and air content (gravimetric)
of CLSM

Density of normal CLSM in place is in the range of
18.0–22.8 kN/m3, which is greater than most

compacted materials. However, a CLSM mixture
with only fly ash, cement, and water should have a

density of 14.1–15.7 kN/m3
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2.2.2. Compressive Strength

Compressive strength is one of the essential properties for CLSMs. In general, the
ACI 229 committee defined that the 28-day compressive strength of CLSMs should be
8.3 MPa or less to be sufficient. Moreover, they stated that a long-term compressive strength
of less than 2.1 MPa is also allowed to enable future excavation. In this study, a compressive
strength of 1.0 MPa or less was set as the target value (Table 1). Compressive tests were
conducted based on the ASTM C 109 [36] for the binders and ASTM D 4832 [37] for the
CLSM. Figure 1 shows the binder and CLSM specimens for the compressive strength tests.
The description and standard limit are summarized in Table 3.

2.2.3. Density and Bleeding

The ACI 229 committee specified that the density of a normal CLSM in place should
be in the range of 18.0–22.8 kN/m3, which is greater than most compacted materials.
However, a CLSM mixture with only fly ash, cement, and water should have a density of
14.1–15.7 kN/m3. The density of the CLSM developed in this study was also measured
based on ASTM D 6023 [38], and the measured value was described in Section 4.3. The
description and standard limit are shown in Table 3. The bleeding of the CLSM was
measured based on ASTM C 940 [43] at 2 h from mixing.

2.3. Filler

The specific characteristics of each CLSM can depend on the fillers and binders used.
In general, byproducts and coarse or fine aggregates are used as the fillers. In particular, fly
ash in a CLSM can improve its flowability and strength. Fly ash can also reduce bleeding,
shrinkage, permeability, and volume changes because its particle shape is spherical and it
has a low specific gravity and pozzolanic reactivity. Moreover, it functions as a binder or
fine aggregate in CLSMs [11,25,44–46].

Therefore, in this study, fly ash was used as the filler material. Table 4 shows the
chemical composition, specific surface area, and density of the fly ash and other materials
used in this study. The chemical composition was investigated with X-ray fluorescence
(XRF) and the specific surface area was determined with the Blaine test.

Table 4. Chemical composition and physical characteristics of materials used in this study.

Materials
Chemical Composition (%) Physical Characteristics

SiO2 Al2O3 Fe2O3 CaO MgO SO3 Na2O K2O LOI S.S.A. * (m2/kg) Specific Gravity

Fly ash 58.42 18.42 0.89 17.4 0.83 1.8 0.05 0.28 2.41 342.6 2.36

CSA 8.67 33.5 1.75 42.51 1.43 8.45 0.14 0.31 0.7 535.0 2.88

AG 1.41 0.31 0.36 40.0 0.75 53.3 0.36 0.55 1.75 526.2 2.94

OPC 21.1 5.24 3.85 62.1 2.31 2.1 0.10 0.44 2.71 321.0 3.14

* Abbreviation of specific surface area.

3. Determination of Binder

Binder strength can vary depending on the proportions of ingredients, and can influ-
ence the strength of the CLSM. The optimum proportion of binder necessary for the rapid
consolidation of the CLSM was determined in this section. In laboratory tests, the targeted
initial compressive strength of the binder was 10 MPa in order to minimize the amount of
binder in the CLSM composition.

Figure 3 summarizes the 4 h compressive strength of CSA-based binders without OPC
(i.e., CSA-1~5 in Figure 3) and with OPC (i.e., CSA-6~11 in Figure 3). The 4 h compressive
strength after curing the binder specimens was measured. This was because attaining
sufficient compressive strength in the early stage was necessary for quick hardening and a
short setting time in order to prevent the segregation of the highly flowable CLSM.
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Figure 3. Compressive strength of specimens according to the ratio of base materials.

The mixed proportions are summarized in Table 2. The compressive strength of CSA-1,
4, and 5 was below the target strength (i.e., 10 MPa), whereas that of CSA-2 and 3 exceeded
10 MPa. The highest compressive strength was measured (i.e., CSA-3 in Figure 3) as the
amount of AG reached 300 g. The reasons related to the foregoing were analyzed as follows:
(a) the CSA produced ettringite when sufficient calcium hydroxide and sulfate existed
during hydration [47–49]; (b) the compressive strength of CSA-2 and 3 was accelerated due
to the supply of sufficient sulfate, facilitating the production of ettringite; (c) specimens
CSA-4 and 5 contained a smaller amount of CSA compared with specimens CSA-2 and 3;
consequently, the strength increase in CSA-4 and 5 was lower than that of CSA-2 and 3;
(d) AG accelerated the hydration of CSA.

The measured compressive strength of the CSA-based binder with OPC (i.e., CSA-6~11
in Figure 3) was larger than the target compressive strength of 10 MPa, except for CSA-6.
Overall, the compressive strength of the CSA-based binders with OPC was larger than that
of CSA-based binders without OPC. This was because OPC can accelerate the hydration
of CSA-based binders through calcium hydroxide (Ca(OH)2), which is induced by OPC.
However, due to the short curing time of 4 h, the observed compressive strength of the
binders could potentially have been influenced by the free lime content of OPC rather than
the hydration products. The highest compressive strength was measured (i.e., CSA-9 in
Figure 3) when the amount of CSA, AG, and OPC was 490 g, 210 g, and 300 g, respectively.
Subsequently, the compressive strength reduced as the amount of CSA and OPC decreased
and increased, respectively. Pelletier et al. [48] stated that CSA was the main component to
increase the compressive strength of the binders and an increased amount of OPC could
lead to a reduction in compressive strength due to the increase in the porosity of the binders.
In particular, their analysis showed that if the OPC content was high and CSA content
was low, the production of ettringite and microcrystalline aluminum hydroxide, which are
considerably related to the compressive strength of binders, could be reduced. In this study,
the mix proportion of CSA-9, shown in Figure 3, was the most adequate for the CLSM
development, because the performance of CSA-9 achieved the goal of a quick hardening
binder with the highest and early-stage compressive strength.

4. Development of CLSM

In general, the mix design of CLSMs has previously been established by engineers
based on experience or the trial-and-error method. Mostly, they were designed to achieve
a sufficiently low compressive strength (i.e., less than 2.1 MPa) and high flowability
(i.e., more than 200 mm spread) to allow re-excavation in the future, as well as to pro-
vide sufficient backfilling and void-filling [9,45,50–52].

4.1. Compressive Strength, Flowability, and Bleeding

In this section, the optimal mixture ratio between the binder and fly ash was investi-
gated in order to develop the CLSM, satisfying the target fluidity, strength, and bleeding.
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Ling et al. [9] reported that CLSMs typically consist of cement (Type 1 Portland), fly ash
(Class C or F), a fine aggregate, and water. In this study, fly ash was selected as the filler, and
two types of additives were supplemented to reduce the settlement of the mixtures. These
materials were Na–montmorillonite as the settlement inhibitor and potassium carbonate
(K2CO3) as the accelerator. As mentioned in Section 3, CSA-9 in Figure 3 was selected as
the binder to develop the new CLSM. The water–material ratio was set to be 1:1 (i.e., W/M
is equal to 100%).

Figure 4 shows the compressive strength at 4 h, 8 h, 1 d, 3 d, 7 d, and 28 d, the
flowability after mixing, and bleeding at 2 h of each CLSM specimen. Detailed information
related to the composition of the CLSM is shown in Table 5. The compressive strength
(qc) typically increased as the proportion of the binder increased, and the qc of the entire
specimen satisfied the target strength (i.e., 28-day compressive strength had to be less
than 1.0 MPa in Table 1). The qc of CLSM-5 and CLSM-1 showed the highest and lowest
compressive strengths (i.e., 0.784 MPa and 0.099 MPa) because the proportion of binder
was the highest and lowest, respectively (Figure 4a). As shown in Figure 4b, the flowability
of the specimens satisfied the target value (i.e., more than 200 mm spread in Table 1).
The flowability increased as the amount of binder reduced. Therefore, the flowability of
CLSM-1 and CLSM-5 was the highest and lowest, respectively, contrary to the results of
the compressive strength.

 

  
Figure 4. (a) compressive strength, (b) flowability and (c) bleeding for each developed CLSM specimen.

Bleeding was generated in seven specimens (i.e., CLSM-1, 2, 3, 4, 6, 8, and 9). The
bleeding of CLSM-1 and CLSM-2 was approximately 20% (Figure 4c). This suggested the
following: (1) bleeding can increase as the amount of binder decreases; (2) the binder content
of more than 10% in CLSMs can prevent segregation caused by a high water content.

Overall, CLSM-10 exhibited the best performance based on laboratory tests. This
specimen satisfied the target performance established in this study (Table 1). It showed a
high degree of flowability (700 mm), no bleeding (0%), and an adequate 28-day compressive
strength (0.533 MPa). The compressive strength of CLSM-5 satisfied the target strength,
but the flowability of CLSM-5 was less than that of CLSM-10, even though the bleeding of
CLSM-5 was 0%. The flowability and bleeding of CLSM-7 satisfied the target performance,
but the compressive strength of CLSM-7 was only 0.2 times that of CLSM-10. The results
indicated that fillers composed of small particles (e.g., fly ash) and the quick-hardening
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binder could prevent bleeding in spite of a high water content (i.e., water content was more
than 100%). Furthermore, the incorporation of finer particles had the potential to reduce
the required binder content and/or increase the water content within the CLSM mixture.
This could increase the flowability of the CLSM and decrease the bleeding, as well as secure
a sufficient compressive strength.

Table 5. The composition of CLSM specimens.

Specimen
Composition (g)

Binder Fly Ash
Additive Water

I II

CLSM-1 50 950 - -

1000

CLSM-2 75 925 - -
CLSM-3 100 900 - -
CLSM-4 125 875 - -
CLSM-5 150 850 - -
CLSM-6 98 900 2 -
CLSM-7 96 900 4 -
CLSM-8 98 900 - 2
CLSM-9 96 900 2 2

CLSM-10 96 900 3 1

4.2. Sensitivity Analysis

The compressive strength, flowability, and bleeding of the CLSM were measured
depending on the water–material ratio (W/M). In Figure 5, specimen B is CLSM-10. The
W/M was changed by varying the amount of water, whereas the amount of the CLSM was
fixed. The compressive strength decreased and the flowability and bleeding increased as
the proportion of water increased. In addition, the compressive strength and flowability
of specimens A and B were similar, and bleeding was equal to 0%. This indicated that
the CLSM could be produced by changing the W/M from 90 to 100% depending on the
objectives of construction and the geological properties at the sites of interest.

  

 

 

Figure 5. The results of sensitivity analysis for the developed CLSM specimens depending on the
ratio of water–material; (a) compressive strength for each specimen; (b) flow for each specimen;
(c) bleeding for each specimen.
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4.3. Geotechnical Strength Parameters of the Developed CLSM

Table 6 shows the geotechnical strength parameters (i.e., friction angle, cohesion, and
total unit weight) of the CLSM developed in this study (i.e., CLSM-10 in Figure 4). The
friction angle and cohesion were determined through a triaxial compression test, and the
total unit weight was measured based on ASTM D 6023 [38]. These parameters are planned
to be used for future studies (i.e., numerical analysis).

Table 6. The results of triaxial compression test for CLSM developed in this study.

φ (◦) Cu (kPa) γt (kN/m3)

12.4 69.3 13.8

5. Comparison between New and Predeveloped CLSMs

In this section, the performance of the CLSM developed in this study (i.e., CLSM-10
in Figure 4) was compared with that of predeveloped CLSMs by conducting additional
laboratory tests in order to measure their flowability and compressive strength. The
predeveloped CLSMs were based on sandy and clayey soils and bottom ash. Based on
the unified soil classification system (USCS), each soil was classified into silty sand (SM)
and inorganic silt with low-to-medium compressibility (ML). They were collected at a
construction site in Boryeng-si, South Korea. The detailed geotechnical characteristics
and particle size distribution of this soil are shown in Figure S3 and Table S1, respectively.
The bottom ash was collected at a power plant in Pohang-si, South Korea. The chemical
properties of the bottom ash are listed in Table S2.

In order to investigate and compare the flowability and compressive strength of the
predeveloped CLSMs with those of the new CLSM, the specimens were manufactured
based on previous studies by Cho [17] and Saman [52] on soils and Lee [53] on bottom
ash (Figure 6).

  

Figure 6. Comparison of (a) flowability and (b) unconfined compressive strength between CLSM
developed in this study and predeveloped CLSMs [17,53].

The CLSM developed in this study showed the highest flowability (Figure 6a). This
indicated that injecting the developed CLSM into desired locations near underground pipes
or culverts could considerably reduce costs. As shown in Figure 6b, the 28-day compressive
strength of the CLSM developed in this study was within the standard limit (i.e., from
0.3 to 2.1 MPa). Overall, the developed CLSM possessed a high flowability, which could
facilitate placement and re-excavation, as well as provide sufficient compressive strength
to support embedded structures, such as pipes, culverts, paved roads, etc.

Even though the new CLSM developed in this study showed good performance, future
studies are needed to analyze several uncertainties as follows: (a) due to its exceptional
flowability (i.e., the flowability was 700 mm), the precise endpoint and total quantity and
installation timeframe of the CLSM injection in fields should be investigated; (b) in terms
of the soundness (i.e., volume stability) of the CLSM specimens, it is less likely that the
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soundness of the binder would be a major concern, because the microstructure of the CLSM
was much looser compared to that of concrete and the proportion of binder was relatively
small. However, the soundness of the CLSM should be analyzed based on the acceleration
test method proposed by Mehta [54] and Kabir [55] for field applicability.

6. Conclusions

In this study, a series of laboratory tests were conducted to measure the flowability,
density, bleeding, and compressive strength of controlled low-strength materials (CLSMs)
to develop a new CLSM that could secure high flowability and low segregation, as well
as a quick setting time in order to reduce the inconvenience of citizens in metropolitan
cities. In addition, the performance of the developed CLSM was compared with that of
three different predeveloped CLSMs. The following conclusions were drawn from the
analysis results.

The optimal binder was developed by mixing calcium sulfoaluminate (CSA), anhy-
drous gypsum (AG), ordinary Portland cement (OPC), and water. As the amounts of CSA
and OPC increased, the compressive strength of the binder increased. Eventually, the
optimal proportion of binder was determined to be 0.25:0.11:0.15:0.5 in the order CSA, AG,
OPC, and water, respectively.

The compressive strength, flowability, and bleeding were measured based on the
developed binder, fly ash, and two types of additives. The compressive strength typically
increased with the binder’s proportion. In contrast, the flowability and bleeding increased
as the binder’s proportion decreased. Overall, most specimens satisfied the target values.
A new CLSM developed in this study showed exceptional flowability (i.e., 700 mm) as
well as no bleeding and a suitable 28-day compressive strength. In addition, the CLSM
could be manufactured by selecting a W/M in the range from 90 to 100%, depending on
the objectives of construction and the geological properties at the sites of interest.

It is anticipated that the developed CLSM could significantly reduce the costs related
to the disposal of old pavements, the installation of new pavements, and other construction
expenses compared to the costs related to the conventional method, even though the
expenses for backfill materials could increase due to the higher production costs for CLSMs
than soil. In addition, there is a need to investigate its field applicability in order to evaluate
the precise costs, maintenance, and long-term stabilities after installation.
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Abstract: The remolding toughness property of fine-grained soil has not been investigated that much,
mainly because it has not lent easily to direct measurement, with soil toughness usually qualitatively
described. In practical terms, as the plastic limit wP is approached, tougher soils require greater rolling
effort during the wP test, such that plasticity and toughness properties can be used to distinguish
those plastic soils having greater deformation resistance for various field applications. This state-of-
the-art review paper presents a critical appraisal of soil remolding toughness determination and its
limited use, to date, in the classification of fine-grained soils. The recent developments reviewed and
critically assessed include mechanical thread rolling for nominal toughness measurement during
the wP rolling-out procedure, various extrusion approaches, and proposed correlations between
toughness and the plasticity index to liquid limit ratio. From statistical analysis of previously
reported toughness–consistency limits data, some new correlations are introduced in the present
paper. Soil classification using the traditional Casagrande plasticity chart is not entirely accurate for
certain soil types in that one can observe soils that present high toughness (something typical of clay)
being incorrectly classified as silt soil. From this perspective, a new toughness chart is introduced
to augment (or for use instead of) the Casagrande plasticity chart in obtaining more reliable soil
classification. This paper concludes with recommendations on future research efforts for routinely
obtaining soil toughness measurements.

Keywords: extrusion; plastic limit; soil classification; soil plasticity; toughness; workability

1. Introduction

Plasticity can be defined as the material property that enables significant deformation
to occur without fracture when sufficiently high stresses are applied (i.e., exceeding the
material’s yield stress) and the ability to retain the deformed shape on removal of those
stresses. For soils, and specifically fine-grained soils, plasticity is directly related to the platy
habit exhibited by most clay mineral particles that favors their sliding with respect to each
other when enough moisture is present (i.e., for water content (w) values within the plastic
range). The plasticity of these materials is commonly assessed using the manual “rolling
of threads” method, with the plastic limit (wP), originally described by Atterberg [1,2],
defined as the water content at which the soil threads just begin to crumble (cracking
longitudinally and transversely) during the standardized thread rolling (by hand) test [3,4].
In other words, the wP defines the ductile–brittle states transition. Attempts to improve on
the repeatability and reproducibility of the standard hand rolling wP test (by minimizing
the uncertainties associated with the rolling out (by hand) procedure; i.e., rate of rolling,
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the hand pressure, and/or the initial and final thread diameter criteria) include the thread
rolling device technique proposed by Bobrowski and Griekspoor [5]. Their method, which
follows the same basic principles as the standard thread rolling (by hand) test, has been
standardized and presented as an alternative method for wP determination in ASTM
D4318 [3] and AASHTO T90 [6]. A comprehensive statistical analysis performed on a
database of 60 diverse fine-grained soils demonstrated that these hand and device rolling
methods produce essentially similar wP values for a given fine-grained soil tested [7].

For fine-grained soil (and mainly clays), remolding toughness (T) represents the me-
chanical resistance offered when its wP is about to be reached [8] for reducing water content
in the plastic range. For instance, as the wP is approached, tougher soils require noticeably
greater rolling effort for reducing the soil thread diameter from a starting 6 mm dia. down to
approx. 3 mm dia. at the crumbling condition [3,9]. Together, the plasticity and toughness
properties are used to identify soils that provide greater resistance to deformation while
retaining plastic behavior for use in various field applications. For instance, soil remolding
toughness is important for the choice and performance of field compaction machinery in
earthwork construction and it influences the integrity of earthwork components, e.g., the
core of earthen dams and clay liners in water-retaining structures and landfills [8].

Greater plasticity and toughness arise from increases in the quantity of expanding
lattice-type clay minerals with greater specific surface area (SSA) and cation exchange, and
for decreases in the ion concentration of the pore fluid and the valency of exchangeable
cations present [10]. Fundamentally, within the plastic range (of water contents), saturated
clayey materials develop suction, such that active/high plasticity clays (characterized
by the highest air-entry values) have the highest toughness. For instance, at (just above)
the wP, silty, sandy, and peaty soils present slight toughness, whereas low-to-medium
plasticity soils (e.g., silty clays) display medium toughness, with active clays exhibiting
high toughness [11–13]. As stated on page 805 of the paper by Casagrande [14], “the
higher the position of a soil above the A-line on the plasticity chart (CL, CH), the stiffer are the
soil threads near the plastic limit”. Hence, the concepts of plasticity and toughness could be
considered synonymous from a practical standpoint. Note that another term often used to
denote toughness is workability [8,9,13], perhaps of more importance for the ceramics and
brick-making industries and in an agricultural context [8].

Atterberg [1,2] identified the water content range over which soil behaves in a plastic
manner using the plasticity index IP (= wL − wP), where wL is the liquid limit water
content. These index parameters are ubiquitously used for fine-grained soil classification,
typically employing the Casagrande plasticity chart that plots IP against wL, with the
test soil classified as clay or silt material depending on its position relative to the A-line
demarcation boundary in the IP versus wL plot [14–16]. However, the size of the water
content range over which the soil behaves plastically (i.e., given by its IP) or the upper limit
of that range (i.e., wL) are not, by themselves, satisfactory measures of soil toughness. In
other words, soil toughness is a more fundamental plasticity property, typically quantified
as the amount of work undertaken per unit soil volume necessary to change shape, remold,
or, as in the case of the standard wP test, roll out uniform soil cylinders (threads) applying
sufficient finger pressure during the repeated traverses [8,17,18].

The literature presents only a handful of cases employing empirical classifications of soil
remolding toughness (these are based on qualitative or subjective assessments/descriptions
of the observed soil behavior). A few cases reported in the literature purport to provide
semi-quantitative assessments of soil toughness, and apparently, only one reported appara-
tus and test method [8,17,18] presently exists to provide direct toughness measurements.
Neither has the property of soil remolding toughness been used that much in soil clas-
sification systems, with all of these points reflected by the sparsity of published work
on the subject matter compared to, for instance, the voluminous reported work on the
consistency limits (i.e., wL and wP) determination. This includes improved knowledge and
understanding of the fall cone and Casagrande wL [19–21] and Atterberg wP [8,17,18,22]
state transitions and their experimental determination, methods of relating Casagrande cup
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and fall cone wL for a given fine-grained soil investigated [19,23,24], and various alternative
proposals for soil plasticity (wP) determination, mostly based on fall cone approaches.
The latter includes using a modified fall cone setup with an enhanced cone mass and
incorporating a drop height [25,26] (such that the falling cone hits the surface of the soil
test specimen with an impact velocity) for the determination of the “plastic strength limit”
PL100 parameter [19,22,27,28] and various investigations of the fall cone flow curve for soil
plasticity determination [29,30]. Significant recent developments in fine-grained soil classi-
fication systems based on plasticity include the proposals of Moreno-Maroto and Alonso-
Azcárate [11,31] and Vardanega et al. [32]. Moreno-Maroto and Alonso-Azcárate [11,31]
developed their proposal according to objective criteria based on the quantitative measure-
ment of properties, such as soil toughness, the bending capacity of formed soil threads, and
the observation of adhesive consistency, whereas the Vardanega et al. [32] system requires
only fall cone wL test results to achieve the classification of fine-grained soils to an accept-
able degree of accuracy, i.e., the approach does not require wP measurement, removing the
dependence on the thread rolling wP test that can have high operator variability [25,33].
There is also greater awareness of the limitations of standard/conventional consistency
limits test methods and fine-grained soil classification systems for investigations on uncon-
ventional soils, including (fibrous) peats [34] and diatomaceous soil [35]. In other words,
the measured consistency limits of these soils do not provide reliable information on the
soils’ likely geotechnical properties as they are conventionally expected to do.

On the subject topic of soil toughness, Casagrande [36] introduced an index of tough-
ness at the wP (denoted herein as IT(C)), defined as the logarithm of the undrained shear
strength (su) ratio determined for the wP-to-wL water contents. Casagrande [36] also pro-
posed that the value of IT(C) could be determined as the ratio of IP to the flow index (IF), with
IF determined as the gradient of the w versus Log10 N plot obtained from percussion cup
test data for wL determination. However, this approach for IT(C) determination is not reli-
able as it assumes a linear Log10 su versus w correlation applies over the full plastic range of
fine-grained soil, which is generally not the case in practice, instead often exhibiting highly
nonlinear behavior [19,37–39]. Since the early work of Casagrande [36], the property of soil
toughness has not been investigated that much in geotechnical engineering, mostly because
it does not lend itself easily to direct measurement. In a follow-up paper, Casagrande [14]
gave a qualitative classification of soil toughness considering the “cohesiveness” near the
wP, using the descriptive terms of “very weak”, “weak”, “firm”, “medium tough”, “tough”,
and “very tough”. The ASTM visual–tactile field tests [40] include subjective assessments
of the finger pressure required in rolling out uniform soil threads and the stiffness of a soil
lump formed from amassing those threads, assigning descriptive terms of “non-plastic”,
and low, medium, and high toughness accordingly. The US Department of Agriculture Soil
Survey Manual [41] considers the relative force required to form 3 mm dia. soil threads at a
water content near or at the wP. In other words, soils are classed as having low, medium,
and high toughness for the exertion of <8 N, 8–20 N, or >20 N of force applied by the
operator’s finger pressure during the repeated traverses [41] because when testing tougher
soils, such as those with a high montmorillonite content, greater force is required to roll out
and cause a reduction in diameter of the soil threads prepared at the wP water content [9,13].
Various attempts have also been presented for soil toughness classification employing the
Casagrande plasticity chart, with different zones or classifications of toughness at the wP
identified in the chart. For instance, the Naval Facilities Engineering Command [42] uses
the qualitative terms “slight”, “slight to medium”, “medium”, and “high” when identifying
toughness zones for soils plotting above and below the A-line boundary marked in the
Casagrande plasticity chart.

Some quasi-toughness tests have been developed specifically for the ceramics industry,
with various investigations performed to assess soil remolding toughness. These include a
novel proposal by Astbury et al. [43], who defined soil toughness considering the amount
of energy absorbed by the test specimen during one cycle of a cyclic torsion test and which
was quantified as the area within the experimental stress–strain hysteresis loop. The ASTM
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C181-11 standard [44] presents a test to determine a “workability index” for fireclays and
high alumina refractory plastics by measuring the plastic deformation of a molded test
specimen when subjected to impact. This approach is comparatively similar in function
and outcome to the moisture condition apparatus and test [45] that are used to assess the
suitability of mainly cohesive soils for incorporation into earthworks. With tougher soil
lumps being more resistant to remolding, thereby requiring more compaction energy and
giving higher moisture condition values (MCVs), Barnes [8] suggested that the moisture
condition test could potentially be used to assess soil toughness.

Fitzjohn and Worral [46] performed extrusion tests on brick clays, measuring their
extrusion rates as a function of the applied extrusion pressure (pe) for different clay contents.
Subsequently, CERAM Research [47,48] developed a ceramic rheology tester, termed the
Martin flow instrument (MFI), which is a modified version of the melt flow indexer used
for testing the flow properties of plastics and polymers. For the MFI, a standard length of
cored soil sample is inserted into a cylindrical barrel that contains a die at the base. A piston
placed inside the barrel applies pressure via a deadweight load to cause the extrusion of
the soil to occur through the die orifice. The time period required for a known soil volume
to flow through the die orifice is measured, with the flow time (extrusion rate) dependent
on the soil toughness, with tougher materials taking longer [47]. The soil sample, from
soft earthenware clays to some advanced ceramic materials, is tested within a preferred
shear rate range (relevant to the subsequent processing of the material) by employing an
appropriate deadweight in the range of 2–30 kg applied to the piston [47].

In soil mechanics, the extrusion approach has also been investigated for the testing of
fine-grained soils to possibly assess/measure their toughness [12,13], including proposed
power-based extrusion approaches for consistency limits determination [13,49]. These
aspects will be discussed in detail later in the paper. Closely replicating Atterberg’s hand
rolling of threads method, Barnes [8,17,18] developed a mechanical thread rolling apparatus
and test that allow nominal applied stress and diametrical strain measurements for a
uniform soil cylinder (thread) during the rolling out procedure. The toughness-related soil
properties and the value of wP can be determined from the obtained experimental T–w plots
(associated methods are elaborated later in Section 2.1). Based on this research, Barnes [17]
proposed a tentative toughness classification based on the remolding toughness mobilized
at the wP water content (i.e., the maximum remolding toughness, Tmax). Finally, the work of
Moreno-Maroto and Alonso-Azcárate [11] is briefly introduced at this point. They obtained
a quantitative relationship between the IP/wL ratio and Tmax, thereby allowing toughness
estimation for fine-grained soil based solely on consistency limits measurements, allowing
them to develop a soil plasticity classification system in which the determining factor
is toughness.

The aim of the present paper is to present a state-of-the-art review of soil remolding
toughness, with emphasis on its experimental determination and the quantification of soil
toughness using various related index properties and coefficients. This review focuses
particularly on various extrusion proposals [12,13,47–49] and Barnes’ mechanical thread
rolling apparatus and methodology [8,17,18], which are presently the only means available
for obtaining quantitative soil remolding toughness measurements. Challenges arise
in the quantification of, and in assigning units of measurement to, the soil remolding
toughness. These aspects are discussed in the context of Barnes’ thread rolling approach.
Attention then turns to the quantitative assessment of soil toughness via correlations, firstly
reporting on the correlation of the Tmax to IP/wL ratio after Moreno-Maroto and Alonso-
Azcárate [11]. Then, employing a large dataset assembly from the available literature, new
correlations between Tmax and the consistency limits parameters are deduced in the present
paper, facilitating the indirect determination of soil remolding toughness from ubiquitously
measured Atterberg (consistency) limits parameters. The toughness-based classification
of fine-grained soil is discussed, intending to give a more mechanical perspective to fine-
grained soil classification. A novel toughness chart is then introduced to augment (or be
used instead of) the traditional Casagrande plasticity chart for obtaining more reliable soil
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classification when investigating some hitherto challenging fine-grained soil types. For
instance, based on the toughness criterion, a previous study by the authors has shown
that the Casagrande chart tends to classify soils with intermediate characteristics between
clays and silts (e.g., silty clays, clayey silts, or clayey sands) as clay if wL < 50% and as
silt if wL > 50%, while a wide range of clays could be classified as silt for wL > 65% when
using the aforementioned classification [50]. Next, the small number of fundamentally
correct approaches for soil remolding toughness determination are compared based on their
advantages and disadvantages. This paper concludes with a discussion on recommended
future experimental research efforts for soil remolding toughness determination. Note that
this review paper concerns itself with the remolding toughness (of ductile soil); for fracture
toughness, which applies to brittle soil (i.e., w < wP), the reader is referred to the papers by
Hanson et al. [51] and Wang et al. [52].

2. Soil Remolding Toughness Measurement

2.1. Barnes’ Thread Rolling Apparatus and Method

Barnes [8,17,18] developed an apparatus (see Figure 1) and test method for the rolling
of a uniform soil cylinder (thread) between two configured plates. For each traverse,
the applied downward force is controlled and recorded, and the actual tread diameter
is recorded, such that the graphs of nominal acting stress against the diametrical strain
can be computed for a range of investigated water contents (Figure 2a) that reduce in
value to the wP. Based on the areas beneath the produced experimental stress–strain plots,
nominal toughness measurements can then be obtained, and are plotted against water
content (Figure 2c).

Figure 1. Elevation drawing of the Barnes’ mechanical thread rolling apparatus [17].

In quantifying remolding toughness, the measurement units of toughness (i.e., work/unit
volume) must take into account the number of traverses undergone by the plastic soil thread
during the mechanical rolling-out procedure. Barnes [8,17,18] decided that the value of
toughness T assigned to the test soil would be based on the cumulative work undertaken
per unit soil volume per 100 reversals (i.e., giving units of kJ/m3/100 r) in reducing the soil
thread diameter from initially 6 mm down to 4 mm because, over this range of diameters,
the soil threads were found to undergo plastic straining in a steady fashion. As described
by Barnes [8,17,18], from investigation of the plastic test soil prepared at a range of different
water contents, various toughness-related properties can be derived from the obtained
experimental T–w plot. For reducing water content, these include the toughness limit
wT (i.e., the water content at zero toughness), the stiffness transition wS (i.e., the water
content below which the remolding toughness increases at a greater rate for many soils),
and the maximum remolding toughness Tmax, which is mobilized at the wP and represents
the main toughness indicator. Figure 2 shows the experimental sequence carried out by
Barnes [8,17,18] in determining the value of Tmax (i.e., the value of T corresponding to the
measured wP water content).
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Figure 2. Determination of Tmax according to Barnes’ method [8,17,18]: (a) graph of nominal stress
against cumulative diametrical strain obtained for clay cylinders (threads) rolled out using Barnes’
apparatus; (b) cumulative work per unit soil volume plotted against thread diameter, with the former
obtained as the product of nominal stress and diametrical strain for 100 reversals; (c) produced
relationship between remolding toughness (T) and water content, where T is calculated as the
cumulative work per unit volume required to reduce the thread diameter from initially 6 mm down to
4 mm. The presented plots have been extracted and edited from Barnes [18]. Note: w, water content;
wP, plastic limit; wS, stiffness transition water content; wT, toughness limit; Ts, toughness mobilized
at wS.
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Based on the deduced bi-linear T–w relationship (Figure 2c), the plastic range of a
given test soil can be subdivided into three distinct regions, namely a workable stiff plastic
region for wP < w < wS, a workable soft plastic region for wS < w < wT, and an adhesive
plastic region for wT < w < wL [8,18]. In other words, at the wT, fine-grained soil behavior
transforms from workable soft plastic to almost non-workable adhesive plastic. Moreover,
for w > wT, the soil would not only be difficult to form (roll) into a thread to display
plasticity, but it would also be very sticky. From the authors’ independent analysis of the
experimental data presented for 55 inorganic fine-grained soils reported by Barnes [8], their
wS water contents corresponded to a liquidity index (IL) of ~0.12 (standard deviation of
σ = 0.05), with measurable toughness evident for IL < 0.43 (σ = 0.14). In other words, wT
could be approximated as follows:

wT = wP + 0.43 IP (1)

Vinod and Pillai [53] showed that wT shows a good correlation with the optimum
water content for compaction. At all energy levels studied, they found that the maximum
dry unit weight displayed a good correlation with the dry unit weight at the wT water
content. Additionally, Shimobe et al. [54] investigated wT and a soil state index parameter
defined as SSI = wT × e0, where e0 is the initial void ratio, as predictors of the compression
index (Cc) parameter. The inclusion of e0 means that the SSI takes into account the effects
of several index properties, including the initial density and consistency of soils. They
concluded that wT and, more so, the SSI are reasonable predictors of the Cc parameter.

Furthermore, the toughness coefficients, as given by the gradients of the bi-linear T–w re-
lationship, the workability index IW (Equation (2)), and the toughness index IT(B) (= wT − wP),
can be derived [8,17,18]. Here, the toughness index IT(B) simply gives the water content
range over which the soil would be plastic and workable:

IW =
w − wP

wT − wP
(2)

where w = soil water content, wP = plastic limit, and wT = toughness limit (i.e., water content
at zero toughness).

Barnes’ workability index IW [17] relates the soil’s actual water content to its “work-
able” range of wP < w < wT (i.e., for w = wT, IW = 1 ⇒ T = 0 and for w = wP, IW = 0 ⇒
T = Tmax). In other words, this definition of a workability index does not really relate to the
degree of workability (toughness) of the test soil, and, therefore, it does not allow one to
discern between silt and clay materials, whose toughness are very different. Note, Barnes’
definition for the toughness index (i.e., IT(B)) is different from the IT(C) parameter, after
Casagrande [36], previously mentioned in the Introduction. Additionally, as presented in
Table 1, Barnes [17] proposed a tentative classification of soil toughness (from “very low”
to “extremely high” toughness) based on assigned ranges of Tmax values mobilized at the
wP water content.

Table 1. Proposed classification of soil maximum remolding toughness Tmax (mobilized at wP), as
determined using Barnes’ thread rolling apparatus [17].

Toughness Classification Tmax (kJ/m3/100 r)

Very low <5

Low 5–10

Moderate 10–20

High 20–30

Very high 30–50

Extremely high >50

175



Appl. Sci. 2023, 13, 5711

Note that Barnes’ definition of and measurement units for soil toughness represent
one of many possible ways of quantifying toughness and, therefore, could be viewed
as providing relative measures (based on the 100 reversals (i.e., 100 r) definition) of the
soil’s toughness properties/characteristics. Barnes could have chosen to base his work
calculations on any set number of reversals (e.g., 20 r, 50 r, 120 r, etc.), thereby giving a
different definition and hence producing an altered value of Tmax for investigating the
same fine-grained soil. For instance, compared to the 100 r definition, a greater value of
Tmax would arise with the toughness calculation defined for a larger number of reversals.
From the authors’ viewpoint, if one knows the distance traveled for each reversal during
the experimental testing, a possible solution could be to translate those reversals into the
distance traveled (in meters), simplifying the measurement units to something like kJ/m4,
which is the same as kN/m3. Using Barnes’ rolling apparatus, the travel distance in each
reversal could be fixed (by the apparatus set-up), or alternatively, it could also be recorded
during the testing.

2.2. Proposed Extrusion Approaches

The extrusion method has been recently investigated for the determination of the consis-
tency limits and also possibly of the remolding toughness of fine-grained soils [12,13,28,49,55].
Extrusion involves a reduction in the cross-sectional area of the soil billet (test specimen)
by forcing it to flow through a die orifice under the action of a force Fe (extrusion pressure
pe), employing either direct extrusion (DE) or reverse extrusion (RE) approaches [12] (refer
to Figure 3). Note, RE is conventionally assumed to require a steady-state pe (Figure 3d),
whereas this is not the case for DE (Figure 3c), which is affected by friction effects at the
soil billet–chamber-sidewall interface [12]. Typically, a constant ram/die displacement rate
(and hence extrusion velocity of the soil worm) is employed for consistency limits deter-
mination and su testing. The resulting plot of extrusion force (pressure) against ram/die
displacement (Figure 3c,d) can be regarded as the work diagram of extrusion [12].

Figure 3. Schematic diagram of extrusion approaches ((a) direct extrusion, (b) reverse extrusion)
and the characteristic extrusion pressure against ram/die displacement trace ((c) direct extrusion,
(d) reverse extrusion) (after O’Kelly [12]). Note: Do, billet diameter; Fe, ram/die force; L, initial billet
length; pe, extrusion pressure.
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2.2.1. Extrusion and Remolding Toughness

Based on a reassessment of an extensive RE dataset compiled for many hundreds of
different fine-grained soils reported in the existing literature, O’Kelly [12] found that for a
given extrusion apparatus with a set die orifice configuration, the pe value corresponding to
the wP (i.e., pe(PL)) appeared to show a marginally increasing trend for increasing plasticity
(IP) investigated over a very wide IP range. Considering that extrusion involves the plastic
flow of the test soil, O’Kelly [12] postulated that, whereas su is the soil property governing
the extrusion resistance capacity for the adhesive plastic region (with zero toughness),
when considering the workable soft and stiff plastic regions (i.e., wP < w < wT), it is the
remolding toughness. Compared with low-plasticity soil, it would follow that for water
contents in the workable soft plastic and especially the stiff plastic regions, the superior
toughness of fine-grained soils with greater plasticity would require higher ram/die force
(i.e., energy) application to produce extrusion. On this basis, the steady-state pe value
mobilized using the RE approach for the workable soft- and stiff-plastic water content
ranges would provide a relative measure of the soil toughness (T) [12]. That is, at the same
IL, high values of pe are needed for tougher soils. Having determined the wP value for
the test soil using the standard thread rolling method [3,4], the associated value of pe(PL)
can then be deduced from the regression analysis of the obtained experimental steady-
state pe—w correlation [12]. To apply this approach for assessing relative values of Tmax
mobilized between fine-grained soils of different plasticity (toughness) levels, the pe data
employed in the Tmax determinations should be for water contents limited to the workable
stiff plastic region (wP < w < wS), given the characteristic bi-linear nature of the T (pe)—w
relationship [12].

2.2.2. Power-Based Approaches for Consistency Limits Determination

Employing purpose-built DE apparatus, O’Kelly [13] described an investigation of
the power concept (i.e., the work undertaken for the extrusion of a known soil volume
in a given time period) to potentially determine the consistency limits. Referring to
Figure 4, the self-weight of the moving ram assembly applies a constant vertical force
(pressure pe) to the remolded soil sample that initially fills the cylindrical chamber (inter-
nally 35 mm dia. × 50 mm deep), causing its downward extrusion to occur via die orifices
in the chamber base. This experimental method is analogous to the MFI tester [47,48] ap-
proach described in the Introduction, with them both measuring the time period required
for the known volume of soil to flow through the die orifice(s) under constant deadweight
load action. In other words, for these particular tests, the extrusion process is load/pressure
controlled (i.e., not displacement rate controlled). Note that a larger and more complex
DE device that essentially follows the same testing methodology as described in [13] is
presented by Manafi et al. [49], wherein the power-based extrusion testing approach is
termed as a “workability” measurement. O’Kelly [13] hypothesized that the power-based
extrusion methodology could potentially serve as an alternative means for the classification
of fine-grained soils based on the values of power required to cause extrusion at their wP
water contents.

However, with a given extrusion apparatus and die–orifice combination, the power-
based extrusion criterion [13,49] that employs a defined (set) value of power in the determi-
nation of the wP for all inorganic fine-grained soils is fundamentally not correct [9,13,56].
This results from different fine-grained soils invariably having dissimilar values of Tmax
at their wp water contents [8,11,12,17,18]. In other words, with the extrusion rate varying
according to the soil toughness (e.g., [47]), tougher soils would take longer to flow through
the die orifice(s) and, therefore, they would require relatively lower power inputs to cause
soil extrusion, and vice versa. The power-based extrusion criterion could be validly applied
for the determination of the wL, as it is defined based on a small (measurable) su value
(e.g., [19–21]), with the experimental pe for the adhesive plastic region related to the soils’
su [12]. However, the wL can already be reliably determined, e.g., using the simpler fall-cone
liquid limit method [4,19,56].
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Figure 4. Trinity College Dublin (TCD) direct-extrusion apparatus for testing fine-grained soils
(O’Kelly [13]).

3. Quantitative Assessment of Tmax (after Moreno-Maroto and Alonso-Azcárate [11])

As the consistency limits are strongly dependent on the soil mineralogical properties
(of the clay fraction) [19], it would be expected for Tmax to correlate with the values of
wL, wP, and hence IP. Direct experimental measurements of soil remolding toughness
were reported by Barnes [8] for 59 inorganic fine-grained soils, including natural clays,
brick and ceramic clays, and for different mixtures of clay, silt, and sand materials with
pure kaolinite and montmorillonite samples, with these test soils encompassing a very
wide range of plasticity/toughness characteristics. Extracting Barnes’ [8] reported data
of Tmax, the fall cone wL (i.e., wL-FC, as obtained using the 80 g/30◦ fall cone device [4])
and IP (= wL-FC − wP), Moreno-Maroto and Alonso-Azcárate [11] plotted the IP/wL-FC ratio
against Tmax for the 59 investigated soils (Figure 5). In this analysis, they choose the IP/wL
(IP/wL-FC) ratio as it relates to the IP against wL plot form of the traditional Casagrande
plasticity chart. A good correlation was found between IP/wL-FC and Tmax (Equation (3)
and Figure 5). In particular, based solely on consistency limits measurements, Equation (3)
provides a simple means of identifying those fine-grained soils with measurable remolding
toughness and then estimating their values of Tmax (as defined for Barnes’ thread rolling
apparatus in units of kJ/m3/100 r):

IP

wL−FC
= 0.0077 Tmax + 0.3397 (n = 59, R2 = 0.76) (3)
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Figure 5. Relationship between maximum remolding toughness Tmax and the plasticity index to
liquid limit (IP/wL-FC) ratio (after Moreno-Maroto and Alonso-Azcárate [11], prepared using data
extracted from Barnes [8]).

4. Correlating Tmax with the Consistency Limits

Using tabulated data presented for inorganic fine-grained soils reported on pages
187–191 of Barnes [8], this section investigates new correlations between the consistency
limits and Tmax (Figure 6). As expected, there are clear trends of Tmax increasing overall
for increasing wL-FC, wP, and IP (Figure 6a–c), with the clay soils mobilizing significantly
greater toughness than the silt soils. Compared to the data plot against IP (Figure 6c), there
appears to be a strong demarcation between clay and silt evident for plotting the data in
the Tmax versus wP chart of Figure 6b. The authors have included a tentative demarcation
line (i.e., Tmax = 1.1 × wP − 20) in Figure 6b for distinguishing between clay and silt soils,
whose original classification, as reported in Barnes [8], was based on the Casagrande
plasticity chart. As indicated in Figure 6c, the decision on the positioning of the clay–silt
demarcation line in the Tmax versus wP chart was aided by the fact that, when the data
were plotted in the Casagrande plasticity chart, three of the investigated soils were plotted
on the A-line boundary. Figure 6d presents a plot of Tmax against the wP/wL-FC ratio,
termed the “plasticity ratio” by Shimobe and Spagnoli [57]. They showed that the wP/wL
ratio inversely correlates with SSA, which is consistent with greater remolding toughness
for increasing SSA [10]. From an inspection of Figure 6d, with an increasing plasticity
class level from CL to CE, the value of Tmax reduces due to the increasing wP/wL-FC ratio,
according to Equation (4):

Tmax = 70 − 98 × wP/wL-FC (n = 55, R2 = 0.76) (4)
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Figure 6. Maximum remolding toughness (Tmax) of inorganic fine-grained soils plotted against
(a) fall cone liquid limit, wL-FC; (b) thread rolling plastic limit, wP; (c) plasticity index, IP; and (d) the
wP/wL-FC ratio (plots prepared using data extracted from Barnes [8]). Soil classes (CL, CI, CH, CV,
CE, MH, MV) are referring to the British Standard soil plasticity classification obtained using the
Casagrande chart [16].

5. Distinguishing between Clay and Silt Soils Based on the Value of Tmax

Based on Equations (3) and (4), there is a real influence of the clay mineral content on soil
toughness for wP/wL-FC < 0.71 and IP/wL-FC > 0.3397 (i.e., ~0.33), with Tmax > 0 kJ/m3/100 r
mobilized. Conversely, considering that plasticity (toughness) is a property exclusive
to clayey materials [14], this means fine-grained soils cannot be considered as clay for
wP/wL-FC > 0.71 or IP/wL-FC ≤ 0.33 (i.e., Equations (3) and (4) give a computed Tmax = 0);
that is, those inorganic soils would have no workable soft- and stiff-plastic water content
ranges. Owing to their lack of toughness, silts and sandy soils produce low plasticity
results, only requiring slight finger pressure to be applied during the rolling out of the soil
threads for wP determination, and they also do not present the typical sticky consistency
of clays, while non-plastic soils can be considered as materials with an IP/wL (IP/wL-FC)

180



Appl. Sci. 2023, 13, 5711

ratio < 0.1896 (rounded to 0.2) [11]. Relying on Barnes’ toughness classification (see Table 1),
“high”, “very high”, and “extremely high” plasticity clay should mobilize a value of Tmax
≥ 20 kJ/m3/100 r, which, according to Equation (3), corresponds to IP/wL-FC ≥ 0.4937
(i.e., ~0.5). Hence, Moreno-Maroto and Alonso-Azcárate [11] concluded that those fine-
grained soils with clay minerals present but which do not exert a significant influence on
plasticity would exhibit IP/wL-FC ratios of between 0.33 and 0.5.

6. Toughness-Based Classification of Fine-Grained Soils

Soil classification using the Casagrande plasticity chart is not entirely accurate, being
inefficient in discerning toughness, e.g., some soils with high toughness (typical of clay) can
be incorrectly classified as silt, and vice versa [50]. This observation supports a toughness-
based soil classification to augment (or be used instead of) the Casagrande plasticity chart
in obtaining more reliable soil classification for some hitherto challenging fine-grained
soil types.

Based on fundamental experimental observations described in the previous section and
directly connecting plasticity with toughness, Moreno-Maroto and Alonso-Azcárate [11]
proposed an updated soil plasticity classification method in which the determining factor
is toughness. For measured wL-FC and IP, the soil is non-plastic for IP/wL-FC < 0.2 and low
plastic for 0.2 ≤ IP/wL-FC ≤ 0.33 (i.e., silt, organic soil, sandy soil, etc., with computed Tmax
of ~ 0 kJ/m3/100 r). Soil with a low or moderate influence of clay minerals (i.e., clayey
silt, sandy clay, etc., whose Tmax < 20 kJ/m3/100 r) has 0.33 < IP/wL-FC < 0.5, while clay
(i.e., plastic soil with Tmax ≥ 20 kJ/m3/100 r) has IP/wL-FC ≥ 0.5 [11]. The developed soil
classification chart of Moreno-Maroto and Alonso-Azcárate [11] is presented in Figure 7a.
Moreno-Maroto et al. [50] investigated the correctness of soil classifications assigned to
31 different inorganic fine-grained soils by applying six of the main plasticity-based soil
classification proposals (charts), including the Moreno-Maroto and Alonso-Azcárate [11]
and Casagrande plasticity charts, with their research results ranking the Moreno-Maroto
and Alonso-Azcárate [11] chart (Figure 7a) as having the strongest predictive capacity
among the examined proposals.

An original contribution of the present paper is the chart presented in Figure 7b, which
provides a simple and expedient way of estimating the value of Tmax from the measured
consistency limits values. Taking into account Equation (3), Figure 7b was produced by
calculating the Tmax isolines (of 0 to 80 kJ/m3/100 r) and then plotted them in the typical
plasticity chart (of IP vs. wL-FC).
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Figure 7. Toughness-based classification of fine-grained soil: (a) classification chart of Moreno-
Maroto and Alonso-Azcárate [11]; (b) chart for estimating maximum remolding toughness, Tmax,
from consistency limits measurements (present study). Note: CH, clay of high plasticity; CL, clay
of low plasticity; MH, silt of high plasticity; ML, silt of low plasticity; IP, plasticity index; wL, liquid
limit water content; wL-FC, fall-cone liquid limit water content.

7. Advantages/Limitations of the Existing Methods for Toughness Determination

In the preceding sections, four different approaches were highlighted as the fun-
damental ones for soil toughness assessment/determination: i.e., manual rolling of soil
threads [3,4,40,41], Barnes’ thread rolling apparatus [8,17,18], extrusion approaches [12,13,46–49],
and via various correlations deduced in the present paper and reported in [11] between the
consistency limits and values of Barnes’ Tmax. Their advantages and disadvantages are sum-
marized in Table 2. Manual and mechanical thread rolling are classed as direct methods as
they conform to the definition of toughness and the original protocol for its determination.
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Table 2. Advantages and weaknesses of the main methods employed for soil toughness determination.
Note: wL, liquid limit; wP, plastic limit; Tmax, maximum remolding toughness (mobilized at wP).

Method Type Advantage Weakness

Manual thread
rolling [3,4,41] Direct Meets original definition of toughness. Qualitative (does not allow obtaining numerical

values). Subjectivity; high operator dependence.

Barnes’ thread
rolling apparatus

[8,17,18]
Direct Meets original definition of toughness.

Objectivity (mechanically determined).

According to [50]: relatively complex
measurement approach; slowness (many

experimental points required); great skill on
operator’s part to reach value of Tmax.

Extrusion
[12,13,46–49] Indirect

Objectivity (mechanically determined).
Good correlation between extrusion

resistance and toughness [12,13,46,47].

Non-standardized (features of extruder device
and extrusion conditions may give

different results).
Equipment cost.

Estimation from
consistency limits
([11], this paper)

Indirect

wL and wP obtained using standardized and
widely known methods.

Good correlation with Barnes’ values of Tmax.
Speed and low cost.

Of the parameters associated with consistency
limits, only the wP test meets

toughness definition.
Based on estimates according to statistical

criteria, outliers may not fit estimated values.

Considering their various advantages and weaknesses, as listed in Table 2, it is not
a simple task to determine which of these four approaches may prove to be the more
effective for toughness determination. When the aim is to get accurate results, the use
of relatively complex measurement devices, such as Barnes’ thread rolling and various
extrusion apparatuses, seems to be a good alternative, particularly the Barnes’ approach, as
it is a direct method. However, along with associated equipment costs and complexity, these
mechanized methods can present certain operational disadvantages during the testing, as
well as a long test duration with associated time/cost implications. On the other hand,
manual thread rolling would be the simplest and fastest of all four approaches and the
one that most closely approximates the original definition of toughness. However, being
qualitative, subjective, and hence highly dependent on the operator’s performance [25,33],
the manual thread rolling approach is deemed not suitable when trying to get quantitative
and precise results. Therefore, the statistical approximations obtained via consistency limits
results (e.g., [11]) do seem to find a balance with what has been said previously, with
the obtained toughness predictions conforming satisfactorily to the actual Tmax values
measured for dozens of different fine-grained soils investigated by Barnes [8,17,18]. Given
that the consistency limits are basic index tests performed on fine-grained soils, the use of
their parameters for obtaining Tmax estimations does not entail any additional testing cost
or time (i.e., from the authors’ perspective, the purpose of soil toughness determination
is not to replace the ubiquitous consistency limits testing used to obtain wL and wP). As
it is based on statistical criteria, probably one weakness of this approach is that it could
potentially give erroneous Tmax predictions for soils with atypical behavior. In this regard,
the authors consider that the observations of an experienced operator in judging the relative
force and effort required to form and roll out uniform soil cylinders for the thread rolling
test method would serve as quality control of the mathematical Tmax estimation. Therefore,
continued use of standard consistency limits testing along with the estimation of Tmax via
correlations with IP/wL-FC or wP/wL-FC (i.e., using Equations (3) and (4)) is judged as the
most satisfactory option.

8. Recommendations on Future Research Efforts for Soil Toughness Determination

The authors’ recommendations for future research work on the topic include in-
vestigations of soil remolding toughness employing (i) the MFI apparatus and testing
approach [47,48] and (ii) the moisture condition test and obtained MCV results [45]. As
described earlier in the paper, the MFI tester measures the time period required for a known
soil volume to flow through a die orifice under a constant deadweight load action. The
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mobilized toughness for a particular fine-grained soil (and water content) is related to the
flow time (soil extrusion rate), with tougher materials taking longer periods [47]. For the
moisture condition test, tougher soils (and for lower water content) give higher MCVs, as
more compaction effort is needed to remold the lumps of clay in performing the testing,
with Barnes [8] envisaging that the MCV should correlate satisfactorily with the values of
toughness. As such, increased research efforts should be directed toward investigating the
MFI and/or moisture condition tester for soil toughness determination. Other ways of soil
classification, based on remolding toughness parameters or incorporating the concept to
complement existing plasticity-based classification systems, also merit investigation for
obtaining more reliable soil classification when investigating some hitherto challenging
fine-grained soil types.

9. Summary and Conclusions

This review paper covered the basic index (i.e., Atterberg/consistency limits) test-
ing of fine-grained soil, the fundamental understanding of soil plasticity and remolding-
toughness properties, and their determination/measurement and use in the classification
of fine-grained soils. Plasticity and toughness properties can be used to distinguish plas-
tic soils that provide greater deformation resistance for various field applications. The
maximum remolding toughness Tmax correlates well to the consistency limits parameters,
particularly with the IP/wL and wP/wL ratios, and the presented Equations (3) and (4)
allow indirect Tmax estimations via these ratios from consistency limits measurements
for fine-grained soils. Being inefficient in discerning toughness, soil classification using
the traditional Casagrande plasticity chart system is not entirely accurate (e.g., some soils
with high toughness can be incorrectly classified as silt, something typical of clay, and vice
versa). As part of the original research work in the present paper, a strong demarcation
between clay and silt soils was found in the plot of Tmax against wP for 59 dissimilar fine-
grained soils (Figure 6b), giving a more mechanical perspective to soil classification. A new
toughness chart, in which the presented Tmax isolines were deduced via correlations with
the consistency limits parameters (i.e., using Equations (3) and (4)), was introduced as a
graphical and simple way to estimate the tenacity of fine-grained soils. This chart, with the
inclusion of the demarcation zones of IP/wL-FC ≤ 0.33 for silt (ML, MH), IP/wL-FC ≥ 0.5
for clay (CL, CH), and 0.33 < IP/wL-FC < 0.5 for intermediate soils (0.33 < IP/wL-FC < 0.5),
augments (or can be used instead of) the Casagrande plasticity chart for obtaining more re-
liable soil classification. Various useful toughness coefficients and indices can be measured
using Barnes’ thread rolling apparatus and method, but this approach is relatively complex
and time-consuming. Accordingly, the less complicated and quicker MFI and moisture
condition test approaches are recommended for future research investigations in regard to
obtaining routine soil toughness measurements.
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Abbreviations

CE clay of extremely high plasticity
CH clay of high plasticity
CI clay of intermediate plasticity
CL clay of low plasticity
CV clay of very high plasticity
DE direct extrusion
MCV moisture condition value
MFI Martin flow instrument
MH silt of high plasticity
ML silt of low plasticity
MV silt of very high plasticity
RE reverse extrusion
SSA specific surface area
SSI soil state index
Notations

e0 initial void ratio
Do billet diameter
Fe ram/die force
IF flow index
IL liquidity index
IP plasticity index
IT(B) toughness index (after Barnes)
IT(C) toughness index (after Casagrande)
IW workability index (after Barnes)
L initial length of billet
n number of observations or data points
N number of blows
pe extrusion pressure
pe(PL) extrusion pressure at plastic limit water content
PL100 plastic strength limit
R2 coefficient of determination
su undrained shear strength
T remolding toughness
Tmax maximum remolding toughness (at wP water content)
Ts remolding toughness at stiffness transition water content
w water content
wL liquid limit water content
wL-FC fall-cone liquid limit water content
wP plastic limit water content
wS stiffness transition
wT toughness limit
σ standard deviation
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