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ABSTRACT

The application of the circular economy concept to construction engineering and to transportation geotechnics, brings
several challenges associated to the use of non-conventional artificial materials. Steel slags can replace natural raw
materials, but a thorough mechanical characterisation is needed to assure an adequate behaviour and quality control
parameters. The focus of this paper is a mixture of two types of steel slags (a reducing slag and an oxidizing slag) from
electric arc furnace steel production. The mixture has cementing properties, mainly due to the reducing slag, being stable
in water after compaction. Due to its high stiffness and reduced permeability, the evaluation of the degree of saturation
of the mixture using the conventional Skempton parameter B is not very reliable. In this work, P wave velocity
measurements in specimens with different cementation levels (given by amount of reducing slag and curing time) and
soaked conditions (before and after submersion) were compared. In addition, the elastic shear stiffness evolution with
time obtained by S wave velocity measurements demonstrated a clear increase in stiffness with curing time especially in
soaked specimens. The aim of the paper is thus to discuss the advantage of P waves to identify full saturation in stiff
specimens that harden with time and water. It was found that it is very difficult to evaluate the degree of saturation of a
highly cemented specimen, either with the B value or with the P-wave velocities. However, the usual mechanical

evaluation by triaxial compression tests is still valid provided that suction is low.
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1. Introduction

Slags from electric arc furnaces can be distinguished
into black or oxidizing steel slags (Electric Arc Furnace
-EAF), and white or reducing steel slags (Ladle Slag -
LS), where black slags are typically denser than white
slags (Geyer 2001). In Portugal, EAF with controlled
production have been certified as "Inert Steel Aggregate
for Construction", being currently applied in civil
engineering works, for instance as aggregate in
bituminous or Portland cement concrete. In opposition,
the LS has currently no application in construction due to
its fine grain size, low strength and high percentage of
calcium and magnesium oxides, which can cause
expansion problems (Kambole et al. 2017). Varanasi et
al. (2019) states that the valorisation of slags is directly
linked to the characterization and knowledge of the
production process and its behaviour. Although the LS
has a similar behaviour to lime, which is already
frequently used to stabilise soils, it has not been applied
in construction to improve soils or aggregates. This is
mainly due to lack of studies and dynamic chemical
composition resultant from the industrial process,
according to the different temperatures and components
that are inserted into the furnace (Aminorroaya et al.
2004).

Since the EAF have reduced percentage of fines
(particles smaller than 0.063 mm), larger particles
become mostly in contact with each other to distribute the
loads, and the fines are not enough to fill the voids

between the coarse particles. This results in higher
porosities and lower densities when the layer is
compacted. For this reason, technical specifications for
earthworks usually specify a small percentage of fines in
order to obtain a wider grain size distribution curve. To
address this requirement EAF have to be milled or mixed
with a filler. This filler can be of the same or different
origin and is intended to improve the stability or
mechanical capacity of the mixture. One possibility is to
use the LS for this role.

As currently existing normative and quality control
documents related to unbound granular layers for
transport infrastructures (e.g., AREMA 2013 and NTG
2015) were developed for natural materials, new
materials should be subjected to evaluation of their
technical and environmental performance based on
laboratory and field tests, so that new design parameters
can be provided to ensure the good performance of these
alternative materials. For this reason, laboratory
procedures need to be adapted to these alternative
materials.

This paper addresses some specific issues related to
the evaluation of the degree of saturation in specimens
made of EAF mixed with LS. Since the envisaged
application of this material is for bases and sub-base
layers of transport infrastructures, the material is
supposed to be unsaturated during most of its lifetime.
However, for the lower bound mechanical
characterisation of the material it is important to assure
low values of suction created during layer flooding.



The assessment of soil full saturation is usually
measured by the Skempton pore pressure coefficient (B-
value). This coefficient is defined by the Eq. (1), as the
ratio between the increment of the isotropic confining
pressure (Ao) with the corresponding increment of pore
pressure (Au) under undrained conditions (Skempton
1954).

Au
=i (1)
Due to the volumetric compressibility of granular
media, in fully saturated conditions, the B-value
corresponds to Ag = Au, i.e. it is approximately 1. This
response corresponds to a combination between the bulk
modulus of soil skeleton (K ) and the bulk modulus of
the pore fluid (Ky) descripted by (Skempton 1954).

However, the cementation provided by the LS, which
increases the stiffness and reduces permeability, prevents
an accurate measurement of B value. When a confining
stress is applied to the specimen, its cementing structure
sustains the load without transferring it to the pore water
pressure.

An alternative way to know if the specimen is
saturated is to use P wave velocities (Yang 2002; Valle-
Molina and Stokoe 2012). As mentioned by Nishio
(1987) and Kokusho (2000) a change in B-value between
0.8 and 1 leads to a considerable variation in P-wave
velocity and that when the soil voids are filled with water,
Vp should be almost equal to the propagation velocity of
pure water (1500 m/s).

Yang (2002) proposed a simplified model based on
Biot’s theory to correlate P wave velocities (Vp) with B-
value (Eq. (2))
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where Gg,;; is the shear modulus of the soil, K the
bulk modulus of soil skeleton, ps,; the mass density of
the soil, n the porosity of soil, and the py is the is bulk
mass density of the fluid.

This relationship has been applied by other
researchers, demonstrating a good adjustment to different
experimental results (Kumar and Madhusudhan 2012;
Cordeiro et al. 2022).

However, Ishihara et al. (1998, 2001) have found
some discrepancy between theoretical prediction and
experimental data, particularly for B-values between 0.5
and 1. Gu et al. (2021) states that these discrepancies are
due to the effect of the type of fluid and gas, the
distribution and homogeneity of the included air bubbles,
the morphology of soil grains (Astuto et al. 2022) and the
size of soil particles (Hakanata and Masuda 2008). The
discrepancy between the theory and the experimental
data increases as the size of soil particles increases
(Astuto et al. 2022).

Bearing this in mind, P wave velocity measurements
were performed in mixtures of EAF and LS with varying
amounts of LS, creating distinct cementation levels. The
paper presents the comparison of P-wave velocities
before and after submersion, suction measurements by
the paper filter method, as well as the mixture

permeability on the flooded specimens. In addition, the
elastic shear stiffness evolution with time was obtained
by S-wave velocity measurements.

For this purpose, ultrasonic transducers were used
due to its easy application in these stiff specimens since
they are non-intrusive conversely to bender elements.
Also, resonant column tests can be difficult in stiff soil
specimens.

Although Rios et al. (2017) demonstrated the great
advantage of these transducers in cemented soils to
evaluate the stiffness evolution with time, these
measurements generally rely on the use of a fixed input
frequency, corresponding to the nominal frequency of the
transducer. This procedure has shown some limitations
when applied to curing materials, i.e. when the stiffness
is changing with time (Ferreira et al. 2021). To this end,
Ferreira et al. (2021) proposed the use of a wide range of
frequencies, from 24 to 200 kHz, in each of the curing
periods, instead of a single frequency reading. As a result,
an increase in the optimum frequency with curing time
was observed, thus demonstrating that the frequency
should be adjusted with the increase in stiffness due to
curing, generating clearer, more accurate signals. This
enhanced procedure was applied in this work.

2. Testing material and procedures

2.1. Material

Fig.1 shows the grain size distribution curves of both
slags, showing that EAF has lack of fines, as required by
most technical guidelines, such as the Standard
Specification for Roadworks (NTG, 2015) from the
Australian Department of Infrastructure, to enable an
efficient compaction. Table 1 summarises some physical
parameters of both materials.
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Figure 1. Particle size distribution curves of EAF and LS.

Table 1. Physical parameters of the slags

Parameters Material
EAF LS
Gs 3.83g/cm’ 3.18g/cm’
Dimax 9.50mm 2.00mm
Dso 4.47mm 0.07mm
Cu 3.79 8.18
Cc 1.13 1.10

In this study, mixtures of EAF with 30%, 40% and
50% of LS were adopted defined as the amount of LS
divided by the amount of dry EAF. Fig.2 shows their
particle size distribution within the Australian Standard



Specification for Roadworks (NTG 2015) range for sub-
base materials.

100 + -

Mix EAF+30%LS

+ee+ Mix EAF+40%LS
— - =+ Mix EAF+50%LS !
Australian Standard Spindle Kz

90 -

n] @ N
=] S S o

Passing Material (%)
8

0.01 01 1 10 100
Particle Size (mm)

Figure 2. Particle size range of the EAF + LS mix envisaged
for the tests in the spindles defined by the Australian standard
(NTG 2015).

Table 2 summarises the characteristics of the different
mixtures indicating for each mixture the % LS, the dry
unit weight, the water content and the void ratio. Three
unit weights were chosen to perform the tests: 20.5; 21.5
and 22.5kN/m? (corresponding to 90%, 94% and 98% of
the optimum Standard Proctor value). The water content
was fixed for all the specimens corresponding to the
optimum value of the Standard Proctor curve.

Table 2. Description of the mixtures of materials under study
LS Dry unit Water Void

Mixture

% weight content ratio
EAF+30%LS 30 22.5kN/m? 12% 0.60
EAF+40%LS 40 22.5kN/m? 12% 0.59
EAF+50%LS 50 22.5kN/m?3 12% 0.58

2.2. Sample preparation

After weighing the slags, they were mixed until
reaching uniform consistency. Water was then added
while continuing mixing until a homogeneous paste was
created, the quantity of water being based on a target
moisture content (Fig.3).

Figure 3. Mixing the material with the optimum water content.

The compaction was carried out in three layers in a
cylindrical stainless-steel mould that has been lubricated.
Moulds with 50 mm of diameter were used for seismic
wave measurements, while moulds with 70 mm of
diameter were used for suction and permeability
measurements. Both had a height/diameter ratio of 2.

Each layer was slightly scratched for better bonding. The
mixing and compaction were performed in less than one
hour. At least 12 hours after moulding (to prevent
swelling) the specimen was extracted from the mould,
and its weight and dimensions were measured with
accuracies of 0.01g and 0.1mm.

The specimens were tested at several curing times (1,
3, 7, 14, 21 and 28 days) in soaked and non-soaked
conditions. Non-soaked specimens were placed in plastic
bags to avoid significant variations of moisture content
(Fig.4) and they were left to cure in a humid room at
23°+2°C temperature and 95% relative humidity. Soaked
specimens were submerged in water after 1 day of curing
and then remained submerged throughout the curing
period.
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Flgure 4. Storage of specimens in cllng film.

2.3. Testing equipment and procedures
2.3.1. Seismic wave measurements

Seismic waves propagation velocity was measured
using a Pundit Lab ultrasonic testing equipment (Fig.5).

Figure 5. Equipment for carrying out the P-Wéve and S-wave
test — PunditLab.

The measuring set included a pulse waveform
generator and data acquisition unit, equipped with an
amplifier, directly logged to a PC, using specific software
to operate as an oscilloscope. The description of the
experimental setup, calibration and measuring procedure
is fully described in Rios et al. (2017).

A pair of piezoelectric ultrasonic compression
transducers was used for measuring P-wave velocities,
with a nominal frequency of 82 kHz and 30 mm in
diameter (Fig.6. A). For measuring S-wave velocities, a
pair of piezoelectric ultrasonic shear transducers was
used with a nominal frequency of 100 kHz and 35 mm in
diameter (Fig.6. B).



Figure 6. Transducers: A. 82kHz to measure P-waves;
B. 100kHz to measure S-waves.

The frequency of the input signal varied between 24,
37, 54, 82 and, on occasion, 150 and 200 kHz, depending
on the specimen stiffness as concluded by Ferreira et al.
(2021). The propagation time was selected in a time
domain procedure based on the first direct arrival of the
output wave method (Viana da Fonseca et al. 2009),
where the direct measurement of the time interval
between the input and output waves assumes the plane
wave-fronts and the absence of any reflected or refracted
waves.

Measurements were taken along the longitudinal axis
of the specimens, with the specimen aligned vertically
and the transducers installed on opposite faces (Rios et
al. 2017). The transmitter was located at the bottom of
the sample, while the receiver was at the top end together
with a 1 kg disc to ensure a good contact between the
transducers and the specimens. Additionally, ultrasonic
gel was used to improve acoustic coupling.

As well-known from the elasticity theory, the shear
wave velocities are directly related to the elastic shear
modulus (Gy), according to Eq. (3).

Go = pV§ (3)

where p is the density of the soil

2.3.2. Suction (Filter paper method) and
Permeability

A simple and cheap way to estimate the soil suction
is the filter paper method based on the principle that when
a wet soil is placed in contact with a drier filter paper
inside a sealed container, the paper absorbs the water
from the soil until both materials equilibrate in suction.
Suction can be obtained by the measured water content
of the filter paper using a calibration curve. For Whatman
No.42 filter paper, suitable for measuring suctions
between 0 and 200 kPa, Chandler et al (1992) proposed
the following equations (Eq. (4) and Eq. (5)) for the
calibration curve:

e If the filter paper water content is higher than
47% (w > 47%):

Suction (kPa) = 10(6-05-2.48logw) o

e If the filter paper water content is lower than
47% (w <47%):

Suction (kPa) = 10(*-84-0.0622w) 5)

The suction was performed on half of the initial
specimen with approximately 70mm high and 70mm in
diameter.

Although ASTM D5298-94 (ASTM 1998) suggests
that filter paper should be oven dried, for these tests air
dried filter paper was used directly from the box as
suggested by Marinho and Oliveira (2006) to avoid any
influence on the absorption characteristics of the filter
paper. Pieces of Whatman No.42 filter paper are placed
above and below the sample (being previously weighted
in a high precision balance with precision of 0.001 g)
which is then wrapped in cling film to ensure good
contact between the soil and the filter paper. The
specimens were placed in a sealed plastic bag and, then
placed in a Styrofoam box during the equilibrium time to
avoid temperature fluctuations. An equilibrium time of 7
days was considered according to ASTM D5298-94
(ASTM 1998). After this time, the filter paper was
removed and its weight was measured in a high precision
balance as soon as possible. The specimen was also
weighted so that its water content was evaluated and
consequently the degree of saturation (S) was obtained.

Permeability tests were performed in a triaxial cell.
First a percolation stage was performed during 6 hours
with back pressures of 10 kPa at the bottom and 0 kPa at
the top, and 20 kPa or cell pressure. Then the pressures
were increased to back pressures of 105 kPa at the bottom
and 95 kPa at the top, and 110 kPa of cell pressure. These
pressures were kept constant until a constant flow rate
was obtained, so that permeability could be calculated
applying Darcy law.

3. Results
3.1.1. Shear wave velocities

Fig.7 shows, as an example, the S waves output signal
obtained on EAF+30%LS mixture, indicating the
propagation time recorded in each measurement at 0, 3,
7, 14, 21 and 28 days of curing, using a classical time
domain approach (Viana da Fonseca et al. 2009).

1d =
[ ]
/
/
/
’
3d /

3 /
5 !
b4 ]
5 7d- 1
a 1
< ¢/
< 144 —WN
()
3 i
£ 1
B sat—1!
< 21d -

]

28d +— |
|
S-wave — - — Arrival Time
0 200 400 600 800 1000

Time (ps)

Figure 7. Determination of S-wave propagation time for a
mixture of EAF+30%LS.



The identification of S-wave the propagation time
corresponds to the first big break downwards (the
polarity of the signals was determined during
calibration), corresponding to the beginning of a low
frequency wave with 24Hz, typical of shear waves.

Note that this a pure shear wave and the flexural mode
can be disregarded since the contact between the
ultrasound transducer and the specimen is face to face,
thus it is unlikely that flexural propagation occurs.

Fig.8 and Fig.9 shows the evolution of the shear wave
velocity with curing time for the three mixtures with 30,
40 and 50% of LS up to 28 days. Three specimens were
cast for each mixture, identified as EAF+30%LS,
EAF+40%LS and EAF+50%LS, and then an average line
was drawn to ensure a more accurate comparison.

There is a significant evolution of shear wave
velocities with curing time, especially for soaked
conditions. In fact, soaking conditions demonstrated to
have a very significant influence on shear wave
velocities, and consequently, on the material elastic
stiffness. This may be due to the calcium hydration
present in the LS leading to cementitious compounds that
bind the EAF particles increasing the overall stiffness.
This is more evident when the LS content is higher,
justifying the higher stiffness of EAF+50%LS mixture.
Associated to higher shear wave velocities, a higher
evolution rate is also observed in the soaked specimens,
indicating that the access to water may not be just an
acceleration mechanism but also a way to improve the
final strength. However, further tests with higher curing
periods are needed to clarify this.
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Figure 8. Shear wave velocity evolution with time for soaked
condition
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Figure 9. Shear wave velocity evolution with time for non-
soaked condition.

3.1.2. Compression wave velocities

Fig.10 illustrates, as example, the determination of the
P-wave  propagation time for EAF+30%LS,
corresponding to the first break of the received wave
signal.
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Figure 10. Determination of wave propagation time for a
mixture of EAF+30%LS for P-wave

The Vp values obtained for soaked condition ranged
from 1256 m/s to 1883 m/s (Fig.11), and for non-soaked
condition from 719 m/s to 1636 m/s (Fig.12). It is also
interesting to notice that the values of Vp in soaked
condition (Fig.11) are practically the same for the three
mixtures, indicating that their different stiffnesses has no
effect (Fig.12).

It is well known that Vp in water is around 1500 m/s.
Therefore, in loose sandy soils which have Vp in
unsaturated conditions below 1500 m/s, Vp approaches
1500 m/s when the soil is saturated as the wave
propagates much faster through the water than through
the soil grains. For this reason, P wave velocities are
frequently used to evaluate if the soil is saturated (Valle-
Molina and Stokoe, 2012; Cordeiro et al., 2022). This
idea seems to be applicable to this particular material, as
their Vp in unsoaked conditions is below 1500 m/s.
However, Fig.8 and Fig.9 indicate that there is a
substantially increase in stiffness when the specimens are
placed in water, which means that it is not totally obvious
that the P waves will propagate faster through water in a
saturated cemented specimen.

Although equation (2) was not developed for this
material and may not be totally applicable, it is
interesting to notice that B values obtained with that
relation are around 0.5, expressing non saturated
conditions.
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Figure 11. Compressional wave velocity evolution with time
for soaked conditions.
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Figure 12. Compressional wave velocity evolution with time
for non-soaked conditions.

3.1.3. Poisson ratio

Fig.13 and Fig.14 present Poisson ratio values
obtained in the soaked and non-soaked specimens
respectively. Fig.14 shows a tendency of Poisson ratio
decrease with curing time and LS content, obtaining
minimum values of approximately 0.26 and 0.28 for
mixtures with 50% and 40% LS at 28 days. These values
are typical of highly cemented specimens (Rios et al.,
2017). In non-soaked conditions, Fig.13 shows more
constant values around 0.3, since the cementation was not
enhanced by the contact with water.
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Figure 13. Poisson ratio evolution with time for soaked
conditions.
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Figure 14. Poisson ratio evolution with time for non-soaked
conditions.

However, in any case the Poisson ratio approaches
0.5, which would indicate a P wave propagation through
water. This indicates that, either the specimens are not
saturated or P waves are not going exclusively by the
water due to the high stiffness of the soil skeleton.

3.1.4. Suction and permeability

The permeability values obtained after 1 and 28 days
(Fig.15), show that for mixtures of EAF+30%LS,
EAF+40%LS and EAF+50%LS, the permeability varies
from 1.42x107 m/s to 7.37x10° m/s at day 1, and from
6.84x10° m/s to 1.42x107 m/s at 28 days, as can be seen
on Fig.15. The reduction in permeability at 28 days is a
result of cementation, especially in the stiffer mixtures.
For the less stiff mixture (EAF+30%LS) permeability
reduces to half of its value, while for the stiffer mix
(EAF+50%LS) permeability reduces to 2% of the initial
value. This demonstrates that permeability reduces
significantly with curing time and LS content, as the
cemented structure is more closed and the voids are
smaller.
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Figure 15. Permeability values at 1 and 28 days.

Analyzing the suction results presented in Fig.16 it
becomes clear that suction is higher in the less permeable
specimens. This indicates that lower permeability
reduces the migration of water to the specimen surface in
contact with the filter paper. However, the suction values
are quite low and similar between the specimens, which
assures that it has an insignificant effect on any strength
evaluation.



Moreover, the degree of saturation calculated from
the water content of the specimen after the filter paper
measurements was around 73.1%.
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Figure 16. Suction values at 1 and 28 days.

4. Conclusions

Recognizing that Skempton B parameter is not very
reliable in very stiff cemented specimens, P wave
velocities could be an alternative way to assess full
saturation. This paper discusses this issue for a mixture
of two different steel slags which tend to cement in
contact with water. P wave velocities were higher in
soaked conditions in comparison to non-soaked
conditions, being as high as 1750 m/s at 28 days.
However, Poisson ratio values never got close to 0.5,
which would be a sign of P wave propagation through
water. So, in spite of very high values of P wave
velocities it is possible that the specimens are not fully
saturated. The fact observed in Fig.11 that P wave
velocities are similar for the different specimens may be
explained by a combination of P wave propagation
through soil skeleton and water. When the contact bonds
are stronger (as it is the case of more cemented
specimens), the wave may propagate faster in the soil
skeleton, while in the less cemented specimens, the wave
may have a higher propagation path through water. The
low values of the saturation degree and the low values of
B obtained by equation (2), indicate that eventually the
specimens are not saturated. Is it possible that a specimen
submerged in water for 28 days is not at least 90%
saturated? The conclusion of this work is that it is very
difficult to assess the saturation degree of a highly
cemented specimen (especially if its stiffness increases in
water) either with B value or P wave velocities. However,
provided that suction is a minor component of the
measured strength, the usual mechanical evaluation by
triaxial compression tests is still valid. This enables the
necessary strength parameters to evaluate the material
performance in the support layers of transport
infrastructures, even when flooded.
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