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Abstract: Plastic Concrete is a low-strength (f.,, 234 < 1.0 MPa), low-stiffness impervious
concrete used for cut-off walls in earthen dams worldwide. These properties are achieved
through a very high w/c ratio (w/c > 3.0) and water-binding additions (e.g., bentonite). To
date, the effect of mix design, especially w/c ratio, as well as bentonite content and type,
on the long-term time development of the microstructural properties and corresponding
compressive strength of Plastic Concrete has yet to be systematically studied. Furthermore,
in the literature, mercury intrusion porosimetry (MIP) and X-ray diffractometry (XRD) have
yet to be applied systematically to Plastic Concrete for this purpose. The present study
closes this gap. Ten Plastic Concrete mixes with two bentonite-cement ratios, three types of
sodium bentonite and two swelling times were produced. MIP and XRD measurements
and compressive strength tests were performed at sample ages of 7 d, 28 d, 56 d, 91 d and
four years. The results show that both MIP and XRD can be successfully used; however,
meticulous sample preparation and data analysis must be considered. The porosimetry
results show a bi-modal pore size distribution, with two age-dependent peaks at approxi-
mately 10,000-20,000 nm and 100-700 nm. The results also exhibit a clear pore refinement
over time, with coarse porosity dropping from 26% to 15% over four years. In addition, the
fine porosity peak is significantly refined over time and positively correlates with the sig-
nificant increase in compressive strength. The XRD results show no unexpected crystalline
phases over the same period. Overall, this study links MIP and corresponding compressive
strength data specifically for Plastic Concrete for the first time, confirming the key role
that the mix design of Plastic Concrete plays in defining its long-term microstructural and
mechanical properties and ensuring more realistic cut-off wall design in the future. In
addition, the experimental boundaries for MIP testing on Plastic Concrete are set out for
the first time, enabling future research in this field.
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1. Introduction
1.1. Background

The most common solution for the remediation of earthen dams and levees is the
design and construction of cut-off walls [1,2]. The planned cut-off wall is generally con-
structed as a slurry-trench wall [3] and extended into an underlying impervious stratum [4].
The excavated trench is filled with a support fluid to stop the excavated trench from collaps-
ing and then backfilled using the tremie method [1,2]. For backfill materials, a wide range
of possibilities exist, and there is growing interest in Plastic Concrete due to the material’s
suitable characteristics [1].
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Plastic Concrete is a low-strength, low-elastic-modulus concrete characterised by a
high deformation capacity under load, which, in turn, decreases both rupture probability
and crack opening width, which would result in an increase in material permeability [1,2,5].
The key component differentiating Plastic Concrete from ordinary concrete is the very high
w/c ratio (w/c > 3.0) used and the addition of water-binding additions (e.g., bentonite),
which ensure fresh concrete stability and create a highly ductile and impermeable mate-
rial [1]. Furthermore, Plastic Concrete has a low cement content (<200 kg/ m?) and uses
regular aggregate with a maximum grain size of 12 mm (due to the segregation risk) [1].
With this, Plastic Concrete’s compressive strength typically ranges between 0.5 MPa and
2.5 MPa at 28 days [1].

In general terms, bentonite encompasses any clay rock composed of smectite minerals,
which, in turn, dominate the physical properties [6]. Smectite minerals form platelets
composed of three layers, with montmorillonite being the most typical representative,
consisting of two 5iO4-tetrahedrons on opposite sides of an AlOg-octahedron [7,8]. Due to
the partial, isomorphic substitution of some cations, a layer charge is generated, which is,
in turn, counter-balanced by other cations within the interlayer space such as Ca**, Mg?*
or Na* [8-10]. Furthermore, the weak layer charge permits the interlayer cations to adsorb
and retain water molecules [9,11]. This water adsorption phenomenon causes the clay
minerals, especially montmorillonite, to significantly increase in volume, multiplying their
starting volume manifold [9,11].

Despite its indisputably beneficial material properties, Plastic Concrete has not yet
been thoroughly studied. To date, the design of cut-off walls considers Plastic Concrete
to be a linear-elastic material with a defined compressive strength at 28 days [12], and
close to no studies provide reliable estimates of its material behaviour over time [1]. The
lack of a realistic constitutive law for Plastic Concrete is not least because most previous
studies do not establish to which extent the mix design and microstructural properties
(especially porosity) influence Plastic Concrete’s mechanical and hydraulic behaviour over
an extended period of time.

The most common method used to investigate the pore structure of cementitious
materials is mercury intrusion porosimetry (MIP), as it covers the wide range of pore sizes
present in hardened cement paste and is a relatively fast measurement technique. The
measurement principle is based on applying an increasing pressure to force the intrusion
of the non-wetting fluid mercury into pores while measuring the intruded volume for
each pressure [13]. The higher the applied pressure, the smaller the sample pores that can
be intruded, as described by the Washburn equation [14]. MIP requires unique sample
preparation (e.g., direct drying) to evacuate all water in cementitious samples prior to
sample testing [13]. The difficulty herein lies in removing as much free water from the pore
space as possible and, at the same time, avoiding damaging the pore structure by capillary
hydrostatic stresses due to receding water menisci during drying or by removing chemically
bound water [13]. Despite criticism on the validity and accuracy of MIP for the quantitative
determination of sample porosity due to these sample preparation techniques [13,15-18],
MIP is still a valid measuring technique to comparatively study the pore structure changes
of cement-based materials [19,20], e.g., with varying mix design or sample age.

Whilst some research has been carried out on the influence of clay additions on the
microstructural and mechanical properties of standard concrete [21-26] (within typical w/c
ratios < 1.0), there have been few experimental investigations into the microstructural prop-
erties of very-high-w/c-ratio mixes (w/c > 3.0) such as Plastic Concrete. Norvell et al. [23]
established that the addition of clay, especially montmorillonite, clearly affects the proper-
ties of fresh and hardened standard-strength concrete, whilst clay-sized particles have a
lesser effect. This is related to the clear water-binding capacity of smectite minerals, and
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its intensity can be correlated to the cation exchange capacity (CEC) [23]. Furthermore, as
reported by Fam and Santamarina [27], the addition of cement to a bentonite slurry, with the
accompanying high pH during cement hydration, favours the solubility of SiO; and Al,O3,
which interact with the Ca®* ions from cement hydration. This increased concentration of
Ca®* causes cation exchange in the interlayer of Na-bentonite, causing shrinkage of the
double layer and possible flocculation [27]. Shi et al. [28] reported a decrease in coarse
porosity (>200 nm) over time in Plastic Concrete, as measured with MIP, which the authors
ascribed to progressing cement hydration; however, the results were based on minimal data.
Yang et al. [26] studied the effect of bentonite addition on cement mortar microstructure
and established that bentonite addition causes pore refinement due to the reduction in free
water during the initial stages of hardening and subsequently densifies the paste matrix.
Furthermore, various studies have suggested that bentonite particles may cause a poz-
zolanic reaction with the Ca(OH), present after cement hydration [29-31]. It has also been
suggested that bentonite may have a nucleation effect on cement phase hydration [26,30]
and could incur a chemical reaction forming new crystalline phases [21]. However, despite
various studies aiming to study these effects using X-ray diffractometry (XRD) or scanning
electron microscopy (SEM), there is still no general agreement [21,28,31-34]. This is not
least due to the explicit dependency of Plastic Concrete properties on the selected mix de-
sign and the chosen proportions of cement, bentonite and water, which dominate material
performance, especially at high w/c ratios [35].

1.2. Focus and Research Questions

In conclusion, the existing literature does not systematically study the effect of mix
design, especially w/c ratio, bentonite content and type, on the specific long-term time
development of the microstructural properties and corresponding compressive strength
of Plastic Concrete. Furthermore, the possible interaction between bentonite and cement
remains unclear, especially in high-w/c-ratio mixes (w/c > 3.0) such as Plastic Concrete. In
addition, in the literature, MIP has yet to be applied systematically to Plastic Concrete at
varying sample ages, with current Plastic Concrete studies failing to study the microstruc-
tural properties of the material beyond the 28-day mark. The successful application of
MIP to low-strength concrete (f, 284 < 1.0 MPa), such as Plastic Concrete, also remains to
be proven.

This paper, therefore, aims to critically study the effect of Plastic Concrete mix design,
especially bentonite content and type, on its microstructural properties. The focus also
lies on the long-term (up to 4 years) time development of the microstructural properties
of Plastic Concrete and the possible correlation with the material’s compressive strength.
The study presented here is the first investigation to systematically use MIP and XRD
specifically on Plastic Concrete samples and therefore also aims to set out the experimental
boundaries of these measurement techniques for high-water-content, low-strength concrete
samples such as Plastic Concrete and enable future studies in this field. The findings should
also contribute to our understanding of Plastic Concrete’s microstructure development over
an extended period of time (here, up to 4 years) and correlate these to the corresponding
compressive strength development, further enhancing the accuracy and specifications of
cut-off wall design.

2. Materials and Methods

2.1. Materials
2.1.1. Cement and Bentonite

In the present study, a German OPC cement CEM I 32.5 R was used according to
EN 197-1 [36]. Three activated sodium bentonites from different European deposits were
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used to study the corresponding effect on Plastic Concrete performance: Bentonil CV15,
Bentonil WW4 and Tixoton, all produced and provided by CLARIANT Deutschland GmbH.
No further SCMs were added.

The chemical composition of the source materials, as determined through X-ray flu-
orescence analysis (XRF), is given in Table 1. The physical characteristics of the source
materials are given in Table 2. In Table 3, the mineralogical composition, as determined by
XRD, and the cation exchange capacity (CEC), as determined through the Cu-trien method
defined by [37,38], of the bentonites used are shown.

Table 1. Chemical composition of the cement and bentonites used, corrected by Lol.

CaO SiO; Al,O3 MgO Fe,O3 Others Lol

CEM1 (wt.%) 61.8 222 52 29 24 3.6 2.7
CV15 (wt.%) 23 598 12.0 1.9 2.2 34 15.7
WWwW4 (Wt.%) 40 506 16.7 3.1 3.8 4.1 17.8
Tixoton (Wt.%) 39 492 17.5 25 5.3 54 18.2

Table 2. Physical characteristics of the cement and bentonite source materials used.

PSD * Density Specific Surface
dlg% d50% dgo% NO-DI’y 60 °C 105 °C Blaine
(pum) (g/cm3) (cm?/g)
CEMI 1.52 17.20 55.30 3.10 - - 3477
CV15 1.20 7.13 38.34 2.40 2.72 2.79 -
WW4 0.93 4.75 39.90 2.54 2.72 2.86 -
Tixoton 1.97 16.78 57.19 2.57 2.72 2.78 -

* Determination in water with NasP>O7 by laser granulometry.

Table 3. Mineralogical composition determined by XRD and the CEC of the bentonites used.

CV15 WW4 Tixoton
Quartz X X X
Carbonate (mainly calcite) X X X
[llite/Mica (di) X
Montmorillonite X X X
Plagioclase X X X
K-feldspar X X
CEC (cmol* /kg) 61 88 65

“X” marks where the minerals are present.

2.1.2. Aggregates and Water

The aggregates used were local Rhine sand and gravel from Graben-Neudorf, Ger-
many. The maximum aggregate size was dmax = 8 mm, in line with considerations in the
literature [1]. The particle size distribution is shown in Table 4 and lies between control
sieve curve A8 and B8 according to DIN 1045-2 [39].

Table 4. Particle size distribution of aggregates used.

Sieve size (mm)  0.125 0.25 0.5 1 2 4 8
Sieve passing  (wt.%) 0.1 6.6 22.5 31.9 38.0 64.6 98.9

The mixing water used was tap water from Karlsruhe, previously tempered to 20 °C,
in line with the requirements according to DIN EN 1008 [40]. No admixtures were used
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since currently available PCE-based admixtures interact (negatively) with clay, rendering
these ineffective [41].

2.2. Methods
2.2.1. Experimental Setup and Mix Design

As mentioned in Section 1, the correlation between porosity and strength for Plastic
Concrete has not yet been studied in detail. Traditionally, mercury intrusion porosimetry
(MIP) is used to investigate the porosity of cementitious materials. Furthermore, it is
common knowledge that the porosity of cementitious materials changes over time due
to the hydration of cement phases. Therefore, this study investigated Plastic Concrete’s
porosity change over time using MIP, with tests performed at 7, 28, 56 and 91 days. In
addition, some samples were also tested after four years to account for long-term material
behaviour. In addition, X-ray diffractometry (XRD) was performed at the same ages to
detect any changes in the mineralogical composition over time. Compressive strength tests
were also performed at the aforementioned ages to correlate material porosity with Plastic
Concrete strength. A timeline of the experimental tests is shown in Figure 1. Some tests
were performed with a 24 h bentonite slurry swelling process, some at 0 h, as noted by the
indexes (see also Section 2.2.2).

(]

©

o MIP, Oh

g XRD, 0h

° 5 Strength, prisms, Oh

S E MIP, 24h MIP, 24h MIP, 24h MIP, 24h

® % XRD,24h XRD, 24h XRD, 24h XRD, 24h MIP, 24h

T Q Strength, prisms,24h  Strength, prisms, 24h Strength, prisms, 24h Strength, prisms, 24h Strength, prisms, 24h

7 days —
28 days —
56 days —
91 days —
4 years

Casting —

Figure 1. Timeline of the experimental testing carried out in this study (index = swelling time).

To further understand the changes in Plastic Concrete porosity, the bentonite type, as
well as the bentonite content, was varied. Three activated sodium bentonites were used
(see Section 2.1.1), and the bentonite-to-cement ratio (b:c-ratio) was varied between 1:3 and
1:2, in line with established proportions in the literature [1]. Furthermore, two swelling
times (24 h and 0 h) were used to investigate the possible influence of the bentonite slurry
properties on Plastic Concrete porosity. An overview of the varying mix design factors and
the corresponding designation of the mixes used are given in Table 5.

Table 5. Overview of the varying mix design factors and corresponding designation of the mix

designs used.

. . . Bentonite Type
b:c-Ratio Swelling Time
Bentonil CV15 Bentonil WW4 Tixoton
1:3 24 h C1:3-Q24 W1:3-Q24 -
' Oh C1:3-Q0 W1:3-Q0 -
12 24 h C1:2-Q24 W1:2-Q24 T1:2-Q24
' 0h C1:2-Q0 W1:2-Q0 T1:2-Q0

It is well established in the literature that the bentonite-to-cement ratio (b:c-ratio), as
well as the w/c ratio, has a crucial influence on the material strength obtained for a Plastic
Concrete mix [1]. A Plastic Concrete mix with 100 kg/ m? of cement and a w/c ratio of 4.0
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was used to obtain a target compressive strength between 0.5 and 2.5 MPa at 28 days [1].
The mix designs of Plastic Concrete used in this study are shown in Table 6.

Table 6. Mix designs of Plastic Concrete.

Mix 1 Mix I1
(kg/m3) (kg/m3)
CEMI325R 100.0 100.0
Water 400.0 400.0
Bentonite 33.3 50.0
Sand (0-2) mm 542.3 536.3
Gravel (2-8) mm 920.3 910.1
b:c-ratio 1:3 1:2

2.2.2. Concrete Batching and Fresh Concrete Testing

Based on the experimental setup developed in Section 2.2.1, and following the consid-
erations in [1], the Plastic Concrete mixes in this study were produced by combining the
dry components (cement and aggregate) with the (pre-hydrated) bentonite slurry. Since no
standardised batching procedure exists for Plastic Concrete, this process is described in
more detail.

The bentonite slurry was produced in a batch suspension mixer type SC-20-K from
MAT Mischanlagentechnik GmbH (Immenstadt, Germany). This mixer reaches a rotational
speed of approx. 3000 rpm (50 Hz) and has a nominal power of 5.5 kW. The capacity of
the mixer is approximately 20 L, with which the bentonite slurry could be produced in one
batch. The batch suspension mixer was filled with 20 L of water (pre-tempered to 20 °C),
and bentonite powder was added evenly to avoid clump formation [42] and subsequently
mixed in the mixer for 6 min to achieve a homogeneous bentonite slurry [1,43]. The slurry
was then filled into buckets through a discharge pipe on the mixer. The 24 h swelling
process and storage required for some mix designs also took place in these buckets, which
were placed in a climate-controlled room with an air temperature of 20 °C and a relative
humidity of 65%.

The fresh Plastic Concrete was mixed using a Zyklos ZZ 75 EH concrete mixer from
Pemat Mischtechnik GmbH (Freisbach, Germany). This mixer has a nominal power of
3.3 kW, a rotational speed of approximately 70 rpm and a capacity of 75 L. Based on the
required sample quantity, 40 to 50 L of Plastic Concrete was mixed, requiring only one
batch per mix design. The ambient temperature in the laboratory was approximately 20 °C.

First, sand, gravel and cement were placed in the mixer drum and premixed for 1 min.
After that, the bentonite slurry (with a prior 0 h or 24 h swelling time) was added to the
mixer drum. The Plastic Concrete was then mixed for 5 min until a homogeneous concrete
mix was obtained. This is in line with the most common mixing procedure for Plastic
Concrete [1].

The finalised fresh concrete was then tested, with the slump test according to DIN
EN 12350-2 [44] and flow table test according to DIN EN 12350-5 [45] being performed
immediately after mixing. Following on from this, the fresh concrete density according to
DIN EN 12350-6 [46] and air content according to DIN EN 12350-7 [47] were measured.

Thereafter, part of the concrete was cast into standard 40 x 40 x 160 mm? steel prism
moulds according to DIN EN 196-1 [48] and vibrated on a shaking table with a 40 Hz
frequency for 15 s. All samples were then stored in the moulds for 72 h (due to the low
early age strength) at 20 °C under plastic foil and wet jute to avoid desiccation of samples
following DIN EN 12390-2 [49]. The demoulded samples were then cured under water at
20 °C for the entirety of the sample storage duration.
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2.2.3. Mercury Intrusion Porosimetry (MIP)

To ensure comparability of all MIP measurements, it is vital that sample preparation
and testing are carried out identically [20]. Therefore, the cast and stored prisms were
removed from the water bath and surface dried. After that, a centre piece of the prism was
extracted with a chisel and a hammer. The obtained granulate was then oven dried at 60 °C
for 24 h, achieving mass constance (see also Section 3.3.3).

Mercury intrusion porosimetry was conducted according to DIN EN 15901-1 [50] using
two different devices. The main part of the measurements was carried out in the laboratories
of the Institute of Concrete Structures and Building Materials (IMB) using a Micrometrics
Autopore V porosimeter. The other measurements were carried out at the Institute of
Applied Geosciences (AGW) using a Micrometrics Autopore IV porosimeter. In both cases,
the mercury pressure increase was applied stepwise in 142 steps. The measurement was
performed in two regimes: a low-pressure regime from approximately 0.004 MPa to 0.2 MPa
and a high-pressure regime from approximately 0.2 MPa to 406 MPa. These correspond to
pore entry radii of approximately 210,300 nm to 3700 nm and approximately 3700 nm to
1.9 nm, respectively. The contact angle was set to 141.3°, as no cement-bentonite-specific
contact angle is available in the literature [51]. Due to the different penetrometers used, the
sample mass at IMB was approximately 2.5 g and at AGW approximately 1.0 g. However, it
was ensured that the STEM volume (percentage of the maximum intrusion volume utilised
in each station) was within the manufacturer’s recommendations (between 25% and 90%)
for all measurements at both institutes. For every point in time and selected mix, at least
two separate samples were tested.

2.2.4. X-Ray Powder Diffractometery (XRD)

Similarly to the MIP testing, a part of the granulate obtained from the centre piece of
the stored prisms was oven dried at 60 °C for 24 h and then ground using a mortar. The
obtained powder was then sieved through a 10 pm sieve and loaded into a preparation
holder from the back side to ensure a low preferential orientation [52].

X-ray powder diffractometery was conducted according to DIN EN 13925 [52-54]. The
XRD device used was a D8 Advance diffractometer from Bruker AXS GmbH (Karlsruhe,
Germany). CuKoaradiation was used with the angular range 20 between 5° and 70°.

2.2.5. Compressive Strength Testing

Since the Plastic Concrete studied here has a maximum aggregate size dmax of 8 mm,
prisms could be used for compressive strength determination. Three prisms were cast
following DIN EN 196-1 [48] for all given ages and mixes. The cast prisms were removed
from the water bath curing and surface dried using a cloth towel. Thereafter, the prisms
were halved and subsequently used for compressive strength testing (testing cross-section
40 x 40 mm?2). The compressive strength was not tested according to DIN EN 196-1 [48]
but according to DIN EN 1015-11 [55] since the loading speed could be changed in line with
the low strength requirements of Plastic Concrete. The loading speed was set to 0.005 kN/s
for testing lasting up to 91 days, as similarly described in DIN 4093 [56] for the testing
of strengthened soil samples. For the 4-year-old samples, the loading speed was set to
0.025 kN/s to account for the expected higher strength of these samples.

3. Results
3.1. Fresh Concrete Results

As mentioned in Section 2.2.2, fresh concrete tests were performed on the concrete
batches produced. Figure 2 provides an overview of the fresh concrete test results.
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Figure 2. Fresh concrete test results of all mixes.

The graph shows that, at a constant b:c-ratio, the bentonite type used clearly affects the
concrete workability, with mixes produced with Tixoton displaying the highest workability
overall. This is likely due to the varying water-binding capacity of the different bentonites
used in the presence of cement particles, which also affect the stability of the concrete
mixes. The results also show that, as expected, for one constant bentonite type, a higher
b:c-ratio incurs lower concrete workability due to the water-binding capacity of bentonite.
The results are in agreement with other research, where a similar workability loss with
increasing bentonite content was reported [23-25,34]. On the other hand, no significant
difference between the two swelling times (0 h and 24 h) is evident for identical mix
compositions. Finally, the results display a good correlation between the flow table and
slump test results for Plastic Concrete fresh concrete testing, as expected for concrete within
this consistency range. However, further fresh concrete testing should be conducted to
ensure the reproducibility of these test results. Therefore, a further study by the authors
addresses this issue and analyses the correlation between both test methods [57].

3.2. Compressive Strength Results

As mentioned in Section 2.2.5, the compressive strength was tested according to DIN
EN 1015-11 [55]. For every point in time and selected mix, three prisms were split under
tension. Subsequently, six prism halves (testing cross-section 40 x 40 mm?) were tested
on compression. In Figure 3, the results from compressive strength testing over time are
shown, with each point representing the mean value of six results.
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Figure 3. Mean compressive strength (and standard deviation) of six prism halves (40 x 40 mm?)
over time depending on Plastic Concrete mix design.

Figure 3 shows that the compressive strength increases steadily from 7 days onwards.
The compressive strength at 28 days lies between 0.50 MPa and 0.75 MPa, consistent
with the results expected from the literature for the chosen mix [1,35]. In addition, the
strength increase beyond 28 days is far greater than that of standard concrete, likely due
to Plastic Concrete’s far higher w/c ratio. Moreover, these results are consistent with the
literature findings that suggest retardation of cement hydration through the addition of
bentonite [27,33,58]. The compressive strength of the Plastic Concrete samples tested here
increases by approximately 50% to 80% between 28 days and 91 days.

Moreover, the results show a clear correlation between compressive strength and the
b:c-ratio used since, for a given bentonite type, the compressive strength of mixes with a 1:2
ratio (circles) lies above that of 1:3 mixes (squares). This is consistent with the assumption
that higher bentonite content is incurred at a lower effective w/c ratio, allowing for a
more dense cementitious matrix and thus increasing the compressive strength [33,58]. The
overall strength is, however, also dependent on the bentonite type used, for which the
literature currently does not provide any apparent cause.

Plastic Concrete’s compressive strength development over time is very significant and
is therefore investigated in more detail in a further study by the authors [57].

3.3. Porosity Using Mercury Intrusion Porosimetry (MIP)

In Figure 4, the differential mercury intrusion porosimetry results of all tests performed
on samples with 24 h swelling time (Q24) at all ages are shown. Standard concrete results
from [17] and from internal research at the authors’ institute at a sample age of 28 days
with similar drying techniques are shown for comparison purposes.
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Figure 4. Overview of all differential mercury intrusion porosimetry results for Q24 at all time steps
with two standard concretes as comparison.

Firstly, it can be seen that Plastic Concrete samples have a far greater overall porosity
than standard concrete, shown by a far higher mercury intrusion volume. In addition,
Plastic Concrete samples compellingly show a bi-modal porosity distribution not present
in standard concrete. However, it is common knowledge that differing sample preparation
techniques and porosimeter settings may affect the results obtained from testing [17,20,51].
As mentioned in Section 1, no systematic MIP tests on Plastic Concrete have been reported
in the literature to date. Therefore, no precedent Plastic-Concrete-specific settings could be
used, and general concrete settings were relied on. Thus a more detailed investigation into
the porosimeter settings and sample preparation techniques was conducted within this
study. In the following, various aspects are highlighted which detail the sample preparation,
data interpretation and data validation efforts taken into account in this paper.

3.3.1. Influence of Porosimeter Settings

As mentioned in Section 2.2.3, two separate mercury intrusion porosimeters were used,
with both performing tests applying a low-pressure regime and a high-pressure regime.

In addition, for the reliable evaluation of sample porosity, the following changes
during the measurement have to be compensated: the compressibility of mercury and
oil, the change in dielectric constants and the change in sample vessel (penetrometer)
volume. At the Institute of Concrete Structures and Building Materials (IMB), this was
achieved by performing a blank measurement (without any sample) for each sample vessel
with the same conditions as the samples and subtracting this baseline (hereinafter “blank
measurement calibration”). However, at the Institute of Applied Geosciences (AGW),
another possible procedure was used. For each measurement, the same stored formula
provided by Micromeritics and based upon the averages of large numbers of different blank
measurements of various materials was applied (hereinafter “formula calibration”). A
comparative example of the mercury intrusion porosimetry test results is given in Figure 5.
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Figure 5. Exemplary comparison of a differential mercury intrusion porosimetry results using blank
measurement calibration or the formula calibration provided by Micrometrics.

It becomes apparent from Figure 5 that the two calibrating methods provide similar
results for a wide pore entry radius range between 70,000 nm and 100 nm. For a very small
pore entry radius, especially those smaller than 10 nm, there is a clear diverging trend
between both methods. The formula calibration displays an unexpectedly high porosity
below the 10 nm mark, clearly overestimating this porosity range. On the other hand, the
blank measurement calibration exhibits negative porosity for a pore entry radius smaller
than 4 nm, which is also technically impossible. However, since no blank measurement
runs were conducted at AGW, all test results from both porosimeters were recalibrated
using the formula calibration to ensure overall data comparability. To ensure correct data
validation, the porosity for a pore entry radius smaller than 10 nm is therefore excluded
from further analysis.

For a very large pore entry radius above 70,000 nm, the porosity increases unexpect-
edly. This behaviour can be attributed to two effects: On the one hand, the tested Plastic
Concrete samples contain aggregates which incur gaps between the individual sand grains
in this order of magnitude. On the other hand, MIP can reach its experimental limitations
since very large pore entry radius correspond to very-low-pressure regimes, close to the
atmospheric pressure, and cause unreliable measurements. To ensure correct data valida-
tion, the porosity for a pore entry radius greater than 70,000 nm is therefore excluded from
further analysis.

Furthermore, all test results (as also shown in Figure 4) display a drop in mercury
intrusion at a pore entry radius of approximately 3000 nm. This radius corresponds
to the radius at which the samples must be moved from the low-pressure to the high-
pressure testing apparatus within the mercury intrusion porosimeter (see also Section 2.2.3).
Therefore, the drop in porosity should be ascribed to the test setup and not material
behaviour. Thus, the porosity for a pore entry radius between 4000 nm and 2000 nm is
excluded in further analysis.

Taking into account all aforementioned influencing parameters, it seems reasonable
to only evaluate the overall porosity in two separate segments, defined as coarse porosity
(with a pore entry radius of 70,000 nm to 4000 nm) and fine porosity (with a pore entry
radius of 2000 nm to 10 nm), marked in Figure 5. The fine and coarse porosity results will
be discussed in Section 4.
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3.3.2. Influence of Multiple Measurements

To ensure the repeatability of measurements, preliminary testing was conducted.
Three Plastic Concrete samples were prepared from one prism, and triple measurement
was performed. Figure 6 displays the average porosity of the three samples and the

associated standard deviation.
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Figure 6. Differential mercury intrusion porosimetry results from triple measurement and corre-

sponding standard deviation.

These data show that the standard deviation is relatively low overall and most pro-
nounced at the fine (left) porosity peak and for large pore entry radius values above
70,000 nm. Since the most pronounced standard deviation in the left peak is limited to
a short pore entry radius range, its effect is minor on the cumulative porosity. Further-
more, the larger standard deviation for pore entry radius values above 70,000 nm does
not affect the following data interpretation since this porosity was already discarded (see
Section 3.3.1). Due to the results mentioned above from the preliminary study, all following
mercury intrusion porosimetry tests were performed solely with double measurement.

3.3.3. Influence of Drying Temperature

It is common knowledge in the literature that the drying temperature influences the
measured porosity of samples [13,17,18]. Especially, too high drying temperatures may
cause the pore structure to collapse, increasing the number of large pores. Therefore, to
establish the influence of the drying temperature specifically on Plastic Concrete samples,
a preliminary study was performed with one Plastic Concrete mix by varying the drying
temperature of the prepared granulate before testing. Three granulate samples were
therefore oven dried at 40 °C, 60 °C and 105 °C for 24 h, respectively, achieving mass
constance. The samples were then tested using an identical MIP test setup. The mercury

intrusion porosimetry results are shown in Figure 7.
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Figure 7. Differential mercury intrusion porosimetry results depending on sample drying tempera-
ture.

The results indicate that, within the valid data range between 70,000 nm and 10 nm,
some differences in porosity exist with different drying temperatures. As reported in [13],
it can be expected that higher drying temperatures incur a shift of the left peak towards a
larger radius. However, this cannot be observed here. A sample direct drying temperature
of 105 °C exhibits a higher porosity between 10 nm and 100 nm and an apparent shift
towards a smaller pore entry radius, as shown in Figure 7. On the other hand, the coarse
porosity between 10,000 nm and 70,000 nm is slightly reduced, and an apparent shift
towards a larger pore entry radius is visible. It can therefore be confirmed that direct
drying at 105 °C leads to a slight overestimation of total porosity, as described in [17]. No
significant differences can be observed between direct drying at 40 °C and direct drying at
60 °C. In line with these results, the drying temperature for all the following experiments
was therefore set to 60 °C to ensure sufficient, fast drying of specimens with the lowest
possible level of structure damage.

3.4. X-Ray Powder Diffractometery (XRD)

As described in Section 2.2, all Plastic Concrete samples up to the age of 91 days were
also tested using X-ray powder diffractometry (XRD). In Figure 8, the X-ray diffractograms
of the mixture C1:3, illustrative of all other diffractometery results, at different test ages
and swelling times are compared. In addition, the diffractograms of the source materials
are also shown.
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Figure 8. XRD diffractogramms of Plastic Concrete mix CV15 1:3 over time and corresponding source
materials, vertically shifted. Phase identification with nomenclature according to [59].

It is apparent that the results of the Plastic Concrete mixes are almost identical, in-
dependent of test age or swelling time. The minimal differences in signal intensity are
likely due to sample preparation inhomogeneities. Compared to the source materials, it
also becomes clear that the more prominent peaks can be attributed to the aggregates
used, especially quartz phases. Bentonite (e.g., montmorillonite) peaks are barely visible
in the overall peak intensity of the Plastic Concrete samples. Moreover, some bentonite
peaks overlap with those of the aggregates. Some minor changes in the peak intensity of
portlandite (Ca(OH);) can be seen, which correspond to the typical depletion of portlandite
during cement hydration [60]. These results reflect those found in the literature, where no
additional unexpected mineral phases were observed [28,32,34].

Nonetheless, this cannot rule out the formation of crystalline and amorphous phases
due to the measurement uncertainty inherent to XRD testing. Further investigations using
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other methods (e.g., NMR) or procedures are needed to fully rule out the formation of such
phases.

4. Discussion
4.1. Analysis of Bi-Modal Porosity Distribution

The results in Figure 4 show that the Plastic Concrete samples displayed a bi-modal
porosity distribution. In addition, the porosity of Plastic Concrete samples was far greater, in
a significantly wider porosity range, than that of the standard concrete samples. Especially,
the displayed coarse porosity (with a pore entry radius of 70,000 nm to 4000 nm) and its
corresponding peak should be analysed in more detail.

It is possible to hypothesise that the coarse porosity peak at approximately 10,000 nm
to 20,000 nm occurred due to shrinkage processes in the cement-bentonite paste, caused
primarily by the high water content in the Plastic Concrete paste matrix. To follow up on
this theory, some of the aforementioned prism samples were taken out of the water bath,
split and subsequently studied using light microscopic imagery captured with a Keyence
VHX-2000 microscope at a magnification of 1200x. In addition, the same sample was then
dried at 60 °C for 24 h and subsequently placed under the microscope in the identical
position. The comparative microscopic imagery results of one sample are shown in Figure 9.
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Figure 9. Light microscopic imagery of a prism sample (a) before and (b) after drying at 60 °C for
24 h at a magnification of 1200 x.

It can be seen that the cement-bentonite paste (white) is evenly distributed around
the aggregate particles, and no cracking can be seen. After a 24 h drying process at 60 °C,
it becomes apparent that the drying process results in microscopic, shrinkage-related
cracking, with cracks varying in width from 12 pm to 37 pm. These cracks may also occur
in standard cement paste (without bentonite), and can be ascribed to irreversible shrinkage
during sample drying, and must be considered as part of MIP’s limitations during data
analysis [61]. However, for Plastic Concrete, it remains unclear whether shrinkage during
sample preparation may be, at least partially, reversible due to the rehydration of bentonite
particles in contact with water [26,33]. In addition, it can be expected that, due to the (likely)
rehydration of bentonite, the pore entry radius of Plastic Concrete samples in non-dried
conditions will decrease, thus reducing overall sample porosity and decreasing sample
permeability. Furthermore, the mentioned cracks are of the same order of magnitude
as the right peak of the mercury intrusion porosimetry differential curves, as shown in
Figures 4 and 7, and would explain this secondary rise in porosity. Moreover, and as
shown in Section 3.3.3, the occurrence of these cracks is unavoidable, independent of the
selected drying temperature, due in part also to the high w/c ratio used in Plastic Concrete.
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Furthermore, the vacuum applied during the mercury intrusion porosimetry measurements
could further increase crack width. Additionally, sample preparation through crushing can
further coarsen the measured pore structure, especially in the range of large pores, further
enhancing these results [20]. This undesired micro-cracking of Plastic Concrete mortar
samples, however, could also reduce the “ink-bottle” effect of MIP measurements [16],
enhancing accessibility to the internal porosity and providing better comparative results
for all tested mixes.

Despite the results of coarse porosity being influenced by sample preparation, the
magnitude of this influence is also likely dependent on sample age due to the expected
pore refinement over time, as described in the following section. This further supports the
use of MIP in the present research since the study focused on comparing similar samples
with identical sample preparation.

4.2. Microstructural Change over Time

As shown in Sections 3.2 and 3.3, an increase in Plastic Concrete compressive strength,
as well as a change in porosity, can be observed. In concrete technology, a decrease in poros-
ity has been shown to result in higher compressive strength; thus, it can be hypothesised
that this behaviour also exists for Plastic Concrete. Due to the difficulties present in Plastic
Concrete MIP data interpretation described in Sections 3.3.2 and 3.3.1, the cumulative
porosity cannot be used to establish this correlation. Therefore, the cumulative porosity of
the two segments, coarse porosity (70,000 nm to 4000 nm) and fine porosity (2000 nm to
10 nm), were calculated for all Plastic Concrete mixes and ages.

In Figure 10, the porosity of the W1:2-Q24 mix, representative of all mixes, is shown
in detail. The cumulative pore volume of the two segments is therein laid out against
sample age. In addition, the percentage share of the porosity is shown within the individual
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Figure 10. Cumulative porosity and percentage share of porosity of the W1:2-Q24 mix over time.

It becomes apparent that the coarse porosity share decreases and the fine porosity
share increases over time. This likely relates to pore refinement due to continuous cement
hydration within the samples. However, the unexpected increase in cumulative fine
porosity is likely to be due to data calculation errors since the porosity between 4000 nm
and 2000 nm is not considered for calculation. Due to pore refinement over time, some
porosity in this middle segment shifts towards finer porosity and is then recorded within
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the fine porosity segment, thus increasing overall porosity. Furthermore, with increasing
sample age, the total coarse porosity (4000 nm to 70,000 nm) decreases, as also shown
in [28]. The decreasing porosity is likely due to an increase in C-S-H and concurrent
pore refinement over a long period of time, which thus increases the sample strength at a
microscopic scale and thereby reduces the influence of sample preparation (see Section 4.1).
The significant increase in fine porosity between 91 days and 4 years further confirms the
very slow cement hydration rate in Plastic Concrete, concomitant with the high w/c ratio
and the use of bentonite [35,58].

The representative effects on porosity over time of mix W1:2-Q24 (as demonstrated
in Figure 10) also apply to all other mixes. In Figure 11, an overview of the differential
mercury intrusion porosimetry results of all mixes over time depending on mix design is
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Figure 11. Differential mercury intrusion porosimetry results depending on mix design and sample

age.
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As can be seen in Figure 11, the pore entry radius of the left peak shifts slightly towards
smaller pores with increasing sample age in the first 91 days in all tested mixes. In addition,
as mentioned previously, the coarse porosity (described by the right peak) also decreases
for all samples over time, thus confirming the results shown in Figure 10. Furthermore, no
systematic correlation between the bentonite content and the overall porosity can be seen,
confirming results from previous studies [28]. The samples tested at 28 days with different
swelling times (0 h/24 h) also do not show significant differences. However, comparing
the results of mixes of identical bentonite type but differing bentonite content (e.g., C1:2
vs. C1:3), it becomes apparent that the pore entry radius of the left peak decreases with
increasing bentonite content, suggesting a slight pore refinement due to a reduced w/ c ratio.
The results in Figure 11 also show that there is a significant change in both fine porosity
(left peak) and coarse porosity (right peak) between 91 days and 4 years, further confirming
the pore refinement over time. In addition, this effect is more predominant with mixes with
a higher bentonite content (b:c-ratio = 1:2), which can be ascribed to the lower effective w/c
ratio.

Finally, the literature often suggests using two parameters to characterise MIP re-
sults: threshold pore entry radius and critical pore entry radius [20,51]. However, the
bi-modal porosity distribution in this study’s results makes it impossible to determine
these parameters since the cumulative intrusion curve displays more than one inflexion
point. Alternatively, a simple approach can be used where the pore diameter at which
the cumulative porosity equals 5% of the total intrudable porosity [20]. However, for the
present results, the 5% will always lie within the coarse porosity peak and can therefore not
be used to describe the overall sample porosity.

4.3. Porosity and Compressive Strength Correlation

Based on the proven pore refinement of Plastic Concrete samples over time, it can be
expected that this positively correlates with the increasing compressive strength. To further
analyse this correlation, the pore entry radius at the maximum of the fine porosity peak
in the differential MIP results (shown in Figure 4) was extracted and plotted against the
compressive strength of the same sample. The results are shown in Figure 12.

12
N
IS
S °
Z 10} -
5 o - L = CL3
; ® Cl:2
> 08F 1 = w13
e [ ] .
= W1:2
% ° [ ] ® TI1:2
5 06F Cm o -
(7]
g s ] ® Q24
‘@ © QO
B 04} o |
o Y | |
£
(@]
o 1 1 1 1 1

100 200 300 400 500 600

pore entry radius feg peak (NM)

Figure 12. Compressive strength of Plastic Concrete samples with corresponding pore entry radius of
the left peak up to 91 days.

From this graph, it can be seen that no direct correlation between an absolute com-
pressive strength value and a pore entry radius of the left peak exists. However, the pore
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entry radius range is clearly associated with the selected mix design, e.g., the pore entry
radius of the left peak for C1:2 mixes lies between 95 nm and 197 nm, while those of T1:2 lie
between a different range of 444 nm and 556 nm. In addition, for one given bentonite type,
the pore entry radius of the left peak decreases with increasing bentonite content, further
confirming the reduction in the effective w/c ratio. The swelling time has a minor effect
on the pore entry radius or compressive strength (solid vs. open symbols). The pore entry
radius of the left peak can therefore be used to identify the specific mix used. Moreover, for
a given mix, the pore entry radius mostly decreases with increasing compressive strength,
and thus increasing time, further confirming the porosity refinement of the samples and
a positive correlation with its compressive strength. These results can further be verified
with the results of the 4-year-old samples (not shown here, see Figure 4). Furthermore, the
pore entry radius of the left peak correlates more closely to the porosity refinement than
the cumulative porosity since it is less affected by the standard deviation of sample testing
(see Section 3.3.2) as well as the shrinkage cracking (see Section 4.1).

Overall, these results indicate that pore refinement over time also exists for Plastic
Concrete, correlating to an increase in compressive strength independent of the selected
mix design.

5. Conclusions
5.1. Summary

This study aimed to determine the effect of Plastic Concrete mix design, especially ben-
tonite content and type, on the long-term development of Plastic Concrete’s microstructural
properties and corresponding compressive strength. In addition, this study was designed to
systemically use mercury intrusion porosimetry (MIP) and X-ray diffractometry (XRD) for
the first time on Plastic Concrete samples, thereby setting out the experimental boundaries
of these measurement techniques for high-water-content, low-strength concrete mixes such
as Plastic Concrete.

Firstly, the results show that the fresh Plastic Concrete properties are clearly dependent
on the bentonite type and b:c-ratio used. These parameters also influence the achievable
compressive strength. The Plastic Concrete’s compressive strength increases over time,
especially beyond the 28-day mark, and is significantly higher than that of standard
concrete.

The results of this study also show that MIP, despite the technique’s inherent limi-
tations, could successfully be applied for the first time to systematically study the pore
structure changes of Plastic Concrete with varying mix designs and sample ages. The
porosimetry results of Plastic Concrete samples showed a bi-modal pore size distribution
with two singular, age-dependant peaks, which have not been reported in the literature to
date. In addition, the experimental boundaries of MIP testing specifically for Plastic Con-
crete samples were set out for the first time, with this study highlighting the key aspects to
be considered regarding sample preparation (e.g., drying temperature), porosimeter setup
(e.g., calibration) and data analysis (e.g., measurement standard deviation). Furthermore,
the obtained data show a clear pore refinement over time, with the coarse porosity share
dropping significantly over the four years. In addition, this pore refinement positively
correlates with a significant increase in compressive strength. In addition, the fine porosity
peak clearly relates to the bentonite type and b:c-ratio used. XRD was also successfully per-
formed on Plastic Concrete samples, confirming that no unexpected crystalline phases form
over 91 days. Overall, the mix design, especially bentonite content and type, significantly
influenced the microstructural properties and compressive strength results, which were
clearly dependent on sample age, with significant material property changes far beyond the
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28-day mark. Finally, the results presented here provide a solid basis for further research
using MIP on high-water-content, low-strength concrete samples such as Plastic Concrete.

All in all, the present study is the first to comprehensively investigate the effect of
mix design, especially bentonite content and type, on the microstructural properties and
compressive strength of Plastic Concrete. In addition, it has provided more profound
insights into the time development of these properties over an extended study period of 4
years. Furthermore, these findings are of significant value for Plastic Concrete cut-off wall
design since a more realistic and accurate time-dependent design of Plastic Concrete cut-off
wall design will be possible in future.

5.2. Future Research

Future research should be carried out to explore the effect of different sample prepa-
ration techniques on the measured porosity of Plastic Concrete using mercury intrusion
porosimetry (MIP). It may therefore be expedient to use other sample preparation tech-
niques such as solvent exchange, vacuum drying or freeze drying [17,18] rather than the
direct drying method established in this study. However, whether these alternative tech-
niques also work for high-water-content cementitious systems such as Plastic Concrete
remains unclear. Other microstructural analysis techniques such as backscatter-mode
SEM [15] or Small-Angle X-Ray Scattering (SAXS) [13] may also provide further porosity
measurements for Plastic Concrete samples. However, these are also technically more
challenging and not available at all research institutions. Also, methods like isothermal
calorimetry, Nuclear Magnetic Resonance (NMR), Thermogravimetric Analysis (TGA) and
SAXS could provide new insights into whether bentonite has a nucleation effect on C-5-H
crystallisation in Plastic Concrete [62]. In addition, XRD tests on Plastic Concrete with paste
samples (without aggregate), as described in [58], could further confirm the assumption
that no new mineral phases develop during the hydration of Plastic Concrete. Finally, in
situ XRD, as described by [63], could be beneficial for establishing the early reaction mecha-
nisms of Plastic Concrete more clearly since no sample drying and preparation are required.
Based on the results of this study, which show that similar compressive strengths can be
achieved while exhibiting different fine porosity (with different b:c-ratios and bentonite
types), further research should be carried out to systematically study which fine porosity is
most suitable for typical applications such as cut-off walls (e.g., which mix provides the
lowest overall material permeability). Finally, to validate the effects of porosity changes
on permeability and long-term durability, water absorption tests could be performed. In
this way, the correlation between microstructure evolution and functional performance
could be strengthened. However, as conventional methods are labour intensive, it could
be beneficial to use new methods that leverage automatic weight measurement [64] and
computer vision technique [65] to analyse the fluid absorption of building materials.
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