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Abstract

This paper presents the results of an experimental investigation which focused on self-compacting
cement-bound mixtures to be employed for paving applications, especially for pavement foundations
in road tunnels. Recipes of the investigated mixtures, which contain reclaimed asphalt pavement
material and mineral sludge, were defined by optimizing the packing of the aggregate skeleton and
by checking the flowability characteristics of cement pastes and composite mixtures. Long-term
stiffness and strength properties were evaluated by means of triaxial and quick shear tests. Based on
the obtained results and on their interpretation, a mix design procedure was proposed. General
conclusions were drawn with respect to the behaviour of self-compacting cement-bound mixtures and
to the possible developments of future research.
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1. INTRODUCTION

Use of cement-bound or cement-stabilized mixtures in pavement construction is quite common due
to the remarkable contribution they can provide to the enhancement of bearing capacity [1-4]. Past
studies have widely discussed their mix design and performance-related characterization, and as a
consequence they are included as standard materials in technical specifications and design manuals
[5-7].

In the specific case of road tunnels, the use of cement-bound mixtures can be of interest not only for
the formation of the sub-base, but also for the construction of the so-called foundation, which is
comprised between the base of the tunnel and the pavement [8-9]. In particular, it may be especially
attractive to make use of self-compacting cement-bound mixtures (hereafter indicated as SC-CBMs)
which can be quickly laid on site with no need of compaction even in the presence of a congested
network of buried utilities [10]. Such mixtures are required to possess a limited strength, which
corresponds to an acceptable excavatability, since they should allow easy access to buried conduits
in case of maintenance. Furthermore, when designed with the supplementary objective of
guaranteeing a low thermal resistivity, they can aid the dissipation of heat produced by high-voltage
cables which are embedded in the pavement foundation [10-12].

Based on the discussion provided above, it is apparent that SC-CBMs are quite similar to Controlled
Low Strength Materials (CLSMs), which are usually employed for trench filling operations [13].
However, they are different in terms of their composition, which entails the presence of coarser
aggregates, and of their expected functions in service, which include bearing capacity.

Typical components of SC-CBM s are fine and coarse aggregates, Portland cement, water, and various
admixtures. However, their composition can be much more complex since they may also include a
wide range of industrial by-products and recycled materials to reduce costs and increase sustainability
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of construction operations. As in the case of CLSMs, cement kiln dust, fly ash and slag can be used
as partial replacements of cement, while virgin aggregates can be substituted by construction and
demolition wastes, recycled concrete aggregates, scrap tyre particles and reclaimed asphalt pavement
(RAP) [14-20].

Whatever the available set of component materials, SC-CBMs should be designed based upon their
performance requirements. However, no mix design method is currently recognized as a standard.
As illustrated in this paper, the Authors worked on the development of a mix design procedure for
SC-CBMs in which optimal mixture composition is identified as a function of engineering
requirements which are expressed in terms of flowability, stiffness and strength. These properties are
dependent upon several factors, among which the most relevant are cement content, water content
and particle size distribution. A further tailoring of the characteristics of SC-CBMs can be obtained
by making use of the various admixtures and by adjusting their dosage.

The proposed method combines elements which were drawn from other studies carried out on CLSMs
and on Self-Compacting Concrete (SCC), which share with SC-CBMs common flowability
characteristics. SCC design methods are well-defined, whereas CLSMs are mostly designed by means
of empirical approaches [21].

A key role in the definition of the optimal mixture recipe was given to aggregate packing, which in
the mix design of SCC is addressed by referring to target distributions containing relevant portions
of filler [22-24]. Such a feature was also considered in the investigations carried out on CLSMs by
Pajudas et al. [25], who based the choice of optimum proportions of constituents on wet packing tests
carried out on a large number of trial mixtures.

With respect to the assessment of mechanical properties, the main references were taken from
research work carried out on CLSMs, which possess low strength characteristics that are similar to
those of SC-CBMs. In particular, it was observed that Janardhanam et al. [26] proposed a mix design
method which takes into account workability, setting time, mechanical properties and durability,
while Bhat and Lovell [27] suggested a procedure which included the evaluation of unconfined
compressive strength. Consideration was also given to the studies carried out by Bouzalakos et al.
[28], which employed response surface methods to highlight the sensitivity of mixture behaviour to
variations of the different components. Finally, relevant information was drawn from the work of
Alizadeh [29] which led to the definition of a mix design procedure that requires the combined
adjustment of various ratios defining the composition of CLSMs.

Development of the proposed mix design method was based on a laboratory experimental
investigation carried out by considering a given set of component materials. These included virgin
aggregates and two granular components of recycled origin. Given that flowability is a prerequisite
of SC-CBMs, use was also made of a superplasticizing additive. Experimental results highlighted the
effects of several composition parameters on the flowability and mechanical properties of the
considered SC-CBMs. As a result, the mix design procedure was rationalized and presented in a form
which may be of practical use to designers.

2. MATERIALS AND METHODS

Aggregate fractions employed for the mix design of SC-CBMs were crushed silica coarse sand
(0-6 mm) and medium-fine gravel (8-16 mm). In addition, for the formation of the aggregate skeleton,
two further granular materials were considered: RAP coming from aged and distressed pavement,
and mineral sludge obtained from the washing of crushed natural aggregates. It was envisioned that
by including these recycled materials in the SC-CBMs, they would lead to the design of mixtures
with reduced production costs and enhanced sustainability characteristics [30-34].

RAP, which was provided by a local contractor, derived from the milling of dense-graded asphalt
wearing courses, but its exact age was unknown. Since SC-CBMs have to satisfy the previously
mentioned long-term excavatability requirements, the potential strength reduction due to the presence
of RAP in these mixtures was considered as a positive factor. Similar advantages were attributed to



the use of mineral sludge, which does not lead to any pozzolanic reactions in the presence of water.
Furthermore, the fineness of the mineral sludge was regarded as essential in order to improve the
flowability and stability of the SC-CBMs.

The virgin and recycled granular materials indicated above were preliminarily oven-dried until
reaching constant weight either at 105°C (as in the case of the aggregate fractions and of the mineral
sludge) or at 60°C (in the case of the RAP). A lower drying temperature, which entailed longer
conditioning times, was selected for the RAP in order to prevent the softening of residual bitumen to
take place.

All the dried components were then subjected to sieve analyses for the determination of particle size
distribution as per EN 933-1 [35] and to pycnometer tests for the determination of specific gravity as
per EN 1097-6 [36]. RAP samples were also subjected to the determination of bitumen content as per
EN 12697-39 [37], which entails the evaluation of the mass loss caused by a high-temperature
treatment (at 540°C).

Cement pastes and trial SC-CBMs were prepared in the laboratory by employing a standard Portland
cement and a commercially available superplasticizer. According to the information provided by
suppliers, cement was of the CEM | R42.5 type (EN 197-1) [38], with a specific gravity of 3.150,
while the superplasticizer (Advaflow 455, Grace Products) was a liquid polycarboxylate product with
a specific gravity of 1.060. Whenever used, the superplasticizer was employed with the dosage
suggested by the supplier, equal to 0.5% by weight of cement.

Cement pastes and SC-CBMs were prepared by making use of a mechanical mixer in batches of 200 g
and 2000 g, respectively. The superplasticizer was added in the required quantity by preliminarily
mixing it with the water to be employed in each batch.

Immediately after mixing, both the cement pastes and the trial SC-CBMs were subjected to
flowability tests. In the case of SC-CBMs these tests were carried out by following the procedure
indicated in ASTM D6103 [39], while for the cement pastes the procedure, although similar to the
standardized one, was much simpler.

As indicated in ASTM D6103 [39], the standardized procedure involves the filling with fresh
cementitious mixture of an open-ended cylinder (of 75 mm diameter and 150 mm height, with a
corresponding maximum theoretical volume of 662.7 cm?®) resting on a horizontal, smooth and non-
absorbent surface. The cylinder is then quickly lifted, allowing the mixture to spread under the effect
of its own weight. Following such an operation, the so-called spread diameter (Ds, expressed in mm)
is measured as the average of two readings taken along perpendicular directions. Furthermore, the
mixture is visually inspected in order to detect the signs of any undesired phenomenon such as
segregation or bleeding.

When considering CLSMs employed for trench filling applications, it is usually required that Ds is
comprised between 170 mm and 250 mm in order to ensure a high flowability and simultaneously
guarantee the absence of any bleeding or segregation phenomena [13]. In the case of the SC-CBMs,
which contain coarse aggregates which are larger than those typically employed in CLSMs, greater
values of Ds are expected. Thus, a target range of 200-350 mm was considered more appropriate.
Visual verification of a satisfactory mixture stability (i.e. absence of bleeding or segregation) was
retained as a fundamental phase of testing. Values of Ds greater than 350 mm did not seem compatible
with mixture stability which needs to be absolutely avoided in order not to jeopardize the long-term
behaviour of the mixtures in service.

For the analysis of the flow characteristics of cement pastes, a smaller cylinder was employed, with
a volume of 283.7 cm?®. Such a size was found to be adequate with respect to the volume of the batches
which could be prepared in a representative manner and compatible with the observed spreads. Rather
than measuring Ds values, flowability tests carried out on the pastes only entailed the visual
assessment of the uniformity of flow and of the possible occurrence of clear phase separation
phenomena. Although such a test is merely qualitative, it was found to be useful in order to
discriminate between the flow properties of the various cement pastes.



In order to assess the mechanical properties of SC-CBMs in the hardened state, for each trial mixture
four specimens were cast in cylindrical moulds (diameter 100 mm, height 200 mm) with no
application of any vibration and levelling actions. Specimens were then demoulded after 24 hours
and sealed in plastic bags in order to ensure an optimal curing process. Such a process was carried
out by storing the specimens at room temperature for 28 days, when it was considered that fully cured
conditions were reached.

Hardened SC-CBM specimens were subjected to testing in accordance to AASHTO T 307-99 [40]
(sub-base protocol) for the determination of the resilient modulus (My). Such a parameter is usually
adopted for the description of the stress-strain response of soils and granular materials under traffic
loading conditions [41-43] but has also been employed to assess the mechanical behaviour of cement-
stabilized and cold-recycled bituminous mixtures [44-46]. Tests are carried out by making use of a
triaxial apparatus which allows the simultaneous control of confining pressure (o3), which is kept
constant, and of deviatoric stress applied in the vertical direction (cq), which varies in time by
following a haversine-shaped function. Corresponding strains (e1), of reversible and permanent nature
(e1r and €1p, respectively), are measured in the vertical direction.

According the reference standard, a single specimen is subjected to 15 loading sequences composed
of 100 cycles with various combinations of o3 and 64 which are comprised in the 0.0207-0.1379 MPa
and 0.0186-0.2482 MPa, respectively. These stress components lead to values of the bulk stress, given
by the sum of the three principal stresses applied to the test specimen, comprised between 0.08 MPa
and 0.66 MPa, thereby allowing experimenters to capture the non-linear response of the considered
materials. According to its definition, for each considered stress condition, resilient modulus is
calculated by means of the following expression:

M, = — 1)

glr,max

where €1rmax IS the maximum value of the recoverable portion of vertical axial strain recorded in the
100 loading cycles associated to the applied deviatoric stress og.

In absolute terms, no threshold values can be fixed for the definition of M acceptance requirements
in the case of SC-CBMs. This is due to the fact that for each specific application the minimum long-
term bearing capacity is inherently dependent upon pavement cross section, expected loading
conditions and target design life [8]. Nevertheless, it may be considered that technical specifications
frequently refer to a minimum modulus assumed in pavement design calculations which for roads of
primary importance is of the order of 100-120 MPa [7, 47-49]. In the case of road tunnels, where it
may be convenient to reduce the thickness of the upper bound layers as a results of high service
temperatures, such a limit may be increased on a project-specific base [8].

After being tested for the evaluation of resilient modulus, and by making use of the same triaxial
equipment, SC-CBM specimens were subjected to the so-called quick shear tests [40]. As per the
corresponding standard, applied axial load was progressively increased by imposing a vertical strain
rate of 1 %/min, which approximately corresponds to a displacement rate of 2 mm/min. Although the
reference standard requires the application of a confining pressure for subgrade soils and granular
subgrades (equal to 27.6 kPa and 34.5 kPa, respectively), in the case of the SC-CBMs tests were
carried out by applying vertical loads only. Thus, the adopted procedure is similar to the one described
in ASTM D1633 [50] for the determination of compressive strength of soil-cement, which requires a
slightly lower displacement rate (equal to 1.3 mm/min).

In quick shear tests, values of applied load are recorded by a load cell and can be converted into
normal vertical stresses (o1), while average axial strains induced in the specimens (e1) can be
calculated from imposed vertical displacements. As a result, stress-strain curves can be obtained, and
the values corresponding the peak load may be indicated as quick shear strength (oqss) and strain at
failure (&f).



When considering the failure properties of SC-CBMs, excavatability requirements need to be taken
into account. In such a context, upper limits have been defined for CLSMs by referring to a maximum
compressive strength determined on cylindrical specimens equal to 2.1 MPa [51-52]. Such a limit
was maintained when analysing the results of tests carried out with the quick shear protocol in the
absence of confining pressure.

Table 1 provides a synthesis of the experimental tests carried out on the various materials. Listed
codes correspond to the section numbers in which obtained results are presented and discussed.

Table 1 Synthesis of experimental tests

- Sieve Spec!flc Flowability Resilient Quick
Materials gravity modulus shear
analyses tests
tests tests tests
Granular components 3.1 3.1
Cement pastes - - 3.2 - -
SC-CBMs - - 3.4 35 3.5

3. RESULTS AND DISCUSSION
3.1 Characterization of granular components

Results obtained from particle size distribution analyses and specific gravity (SG) tests are provided
in Fig. 1 and Table 2, respectively.

It was observed that silica sand and RAP were characterized by continuous size distributions which
seemed suitable to form most part of the composite skeleton of the SC-CBMs, whereas the available
gravel was almost single-sized, and therefore fit for use in order to provide bulk effects to the
mixtures. In the case of the mineral sludge, it was recorded that it possessed a very high content of
filler, of the order of 60%. Such a characteristic made it a very good candidate to ensure an adequate
filling of the voids structure of SC-CBMs and to guarantee a proper flowability of their cementitious
paste.

With respect to SG values, very similar values were recorded for the aggregates and sludge (of similar
lithological origin), whereas the RAP fraction presented a significantly lower value due to the
presence of oxidized bitumen.

Finally, it should be mentioned that ignition tests carried out for the determination of binder content
of the RAP fraction yielded an average value (from two replicates) of 4.60% with respect to the total
mass of aggregates.
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Fig. 1. Particle size distribution of aggregates, RAP and mineral sludge

Table 2. Specific gravity of aggregates, RAP and mineral sludge

Fraction SG

Sand 0-6 2.745
Gravel 8-16 2.733
RAP 2.527
Sludge 2.785

3.2 Flowability of cement paste

Cement paste in SC-CBMs not only controls the time-dependent development of stiffness and
strength, but also has a direct effect on their flowability characteristics in the fresh state. Thus,
identification of the optimal composition of cement paste was carried out by means of the simple
flowability tests described in section 2.

Tests were performed on water-cement pastes prepared with and without superplasticizer. Obtained
results indicated that for w/c values increasing up to 0.60, regardless of the presence of the
superplasticizer, the pastes did not reach sufficiently fluid conditions in order to evenly spread under
their own weight. Satisfactory flow was observed when starting to consider w/c values equal to or
higher than 0.70. Thus, as explained in detail in section 3.4, such a threshold value was employed as
a reference for the preparation of SC-CBMs which were subjected to flowability tests carried out in
accordance to ASTM D6103 [39].

3.3 Identification of target particle size distribution

The optimal combination of the available granular materials composing the aggregate skeleton of the
SC-CBMs was identified by considering their combined particle size distribution and by minimizing
its deviations from a reference curve. Such a curve, which is also known as the “modified Andersen
and Andreasen curve”, was proposed by Funk and Dinger [53] for the design of SCCs and is given
by the following expression:

(Dmaxq - Dq)

P(D) =100-
(Dmaxq - Dminq)

@)



where D is the diameter of aggregate particles (in mm), P(D) (expressed in %) is the cumulative
percentage passing the sieve with opening equal to D, Dmax is the maximum diameter of aggregate
particles in the mixture (in mm, fixed at 16 for all mixtures and corresponding to a P(D) equal to
100%), Dmin is the minimum diameter of aggregate particles in the mixture (in mm, assumed to be
equal to 5 um for all mixtures), g is the so-called distribution modulus.

The distribution modulus q defines the balance of coarse and fine aggregates within the lithic
skeleton. As reported in literature [22], smaller values of q are required in order to increase the volume
of fines, thus obtaining a more suitable packing of the aggregate structures. The values of q can vary
between 0 and 1 depending upon workability requirements, even though for highly flowable mixes
values lower than 0.23 are usually adopted [54].

It should be underlined that in the definition of the particle size distribution of the SC-CBMs, the
effects associated to the presence of the cement particles was not considered. This approximation is
reasonable since the cement dosage adopted in SC-CBM s is generally comprised between 30 kg/cm?®
and 100 kg/cm?®. As indicated in section 3.4, cement dosage of the SC-CBMs prepared during the
investigation was fixed at 60 kg/m?.

Results obtained by optimizing the composition of the aggregate skeleton of the SC-CBMs are given
in Table 3. These are listed as a function of the distribution modulus, for which three different values
were considered (equal to 0.21, 0.23 and 0.25), centred on the previously mentioned reference value
of 0.23. Corresponding particle size distributions are displayed in Fig. 2.

Table 3. Composition of the aggregate skeleton of selected SC-CBMs

Percentage by weight (%)

Fraction q=021 =023 =025
Sand 0-6 34 33 33
Gravel 8-16 10 11 11
RAP 28 30 32
Sludge 28 26 24
100
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Fig. 2. Particle size distribution of the aggregate skeleton of SC-CBMs

3.4 Flowability of SC-CBMs



Composition of the SC-CBMs subjected to flowability tests as per ASTM D6103 [39] contained
optimized aggregate skeletons identified as indicated in section 3.3 and a reference Portland cement
dosage of 60 kg/m3. With respect to cement paste, results obtained from flowability tests carried out
as described in section 3.2 indicated that a minimum wi/c equal to 0.70 was necessary in order to
achieve satisfactory flowability characteristics. However, in SC-CBMs, which are characterized by a
significant quantity of particles passing the 0.075 mm sieve, rather than referring to w/c, it was
considered more appropriate to base the definition of paste composition on an alternative and more
meaningful parameter, the so-called water-to-powder ratio (w/p) [55]. In this case, “powder” is the
term which is used to collectively indicate Portland cement and the filler fraction, which for the
considered SC-CBMs mainly derives from the contribution of mineral sludge. As a result of this
rationale, when defining the composition of trial SC-CBMs, it was postulated that the previously
identified w/c threshold (equal to 0.70) could be employed to estimate the corresponding value of
w/p. For such a purpose, the different specific gravity of Portland cement and powder (equal to 3.150
and 2.785, respectively, see Table 2) were taken into account by converting the w/c value into a ratio
by volume and by thereafter translating it into a w/p ratio by weight. This simple calculation led to a
reference value of w/p equal to 0.80, to be employed for the definition of the composition of
SC-CBMs. Nevertheless, it was considered essential to directly evaluate the flowability of SC-CBMs
as a function of the variations of this parameter. Since in the tests carried out on cement pastes the
benefits of using the superplasticizer were appreciated in terms of stability and uniformity, all
SC-CBMs subjected to testing were prepared by employing such an additive with its standard
recommended dosage (equal to 0.5% by weight of cement).

In order to capture the effects of variations of both q (which dictates the quantity of cementitious
paste in the mixture) and w/p (which controls the consistency of the mixture in the fresh state), five
different mixtures were prepared. Three were characterized by a constant w/p value, equal to 0.80,
and a variable g, equal to 0.21, 0.23 and 0.25 (previously identified as discussed in section 3.3). The
other two possessed a constant q value, equal to 0.25, and a variable w/p, equal to 0.75 and 0.70. In
the rest of the paper the various mixtures are associated to a code which combines g and w/p values
(e.g. “0.21-0.807).

Results obtained in this second stage of flowability tests carried out on the SC-CBMs are shown in
Table 4, while images of the specimens after spreading are provided in Fig. 3.

Table 4. Results of flowability tests carried out on SC-CBMs

Ds

(mm)
0.21-0.80 300
0.23-0.80 320
0.25-0.80 350
0.25-0.75 260
0.25-0.70 150

Mixture

BN
st

R o b LK :
q=0.21 q=0.23 q=0.25
w/p =0.80 w/p =0.80 w/p =0.80

Fig. 3. SC-CBM specimens subjected to flowability tests




When considering the results obtained on the first three SC-CBMs listed in Table 4, it was observed
that for a given value of w/p (equal to 0.80), the progressive increase of ¢, which corresponds to a
reduction of the content of fines, led to an enhancement of flowability, with increasingly high values
of Ds. However, visual observations made on the SC-CBM samples indicated that such a change in
behaviour in terms of flowability was coupled with a slight reduction of homogeneity displayed after
spreading (see Fig. 3). These outcomes are due to the fact that when the consistency of the paste
remains constant (i.e. with a constant w/p), as its volume is reduced (i.e. with an increasing q), its
overall lubricating effect within the bulk structure of the mixture tends to decrease. For the explored
range of g values, variations of Ds were quite limited, all the measured values being contained within
the previously defined target range of acceptance (200-350 mm, see section 2). Physical expectations
suggest that the reduction in Ds associated with the decrease in g could be compensated by an increase
of w/p, which would reduce paste consistency. However, trials carried out in the laboratory indicated
that such modifications could not to be operated since the corresponding SC-CBMs showed clear
signs of bleeding and segregation.

When focusing on the last three mixtures listed in Table 4, experimental results indicated that by
keeping the q value constant (equal to 0.25) and by reducing w/p, a significant reduction of flowability
was obtained. These results are in line with those discussed above, since they can be explained by
referring to the progressive increase of paste consistency (i.e. reduction of w/p) associated to the
presence of smaller quantities of free water in the given volume of powder paste (i.e. with a constant
q), which leads to a reduction of lubricating effects. Obtained results showed that the SC-CBMs were
extremely sensitive to variations of w/p, Ds being reduced to 260 mm in the case of w/p equal to 0.75,
and to 150 mm for the mixture with w/p equal to 0.70. The first mixture met the Ds requirements,
while the second one was not acceptable from such a viewpoint. It can be postulated that adjustments
to the flow behaviour of these last two mixtures could be obtained either by increasing w/p (and
therefore going back to the formulation of the third mixture listed in Table 4) or by increasing the
content of fines by means of an adequate reduction of q (e.g. by assuming values of the order of 0.21-
0.23).

3.5 Assessment of mechanical properties

Results of triaxial tests carried out on the SC-CBM s after 28 days of curing are shown in Fig. 4, where
the logarithm of resilient modulus, expressed in MPa, is plotted as a function of the logarithm of bulk
stress (0), also expressed in MPa. Minimum and maximum M; values recorded for each mixture are
given in Table 5.
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Fig. 4. Resilient modulus experimental data and typical range for granular sub-base materials

Table 5. Resilient modulus ranges of the SC-CBMs

Mixture Mz min Mrmx
(MPa) (MPa)
0.21-0.80 153 441
0.23-0.80 175 467
0.25-0.80 104 443
0.25-0.75 139 524
0.25-0.70 177 584

Recorded resilient modulus ranges synthesized in Table 5 are in line with those reported for
high-quality sub-base granular materials and stiff subgrade soils [56-60]. However, as mentioned in
section 2, they cannot be compared to any fixed acceptance threshold since the structural suitability
of SC-CBMs should be established on a project-specific basis [8].

It was found that the effects caused by variations of g for a constant value of w/p (equal to 0.80) were
non-negligible. Such an outcome highlights the fact that the resilient response under loading of the
SC-CBMs with a composition of the aggregate skeleton defined as indicated in section 3.3 is not only
related to their bulk structure and to the stiffness of cementitious paste, but is also dependent upon
the content of fines and on the corresponding volume of cementitious paste. It was observed that the
highest stiffness values were obtained for an intermediate value of g (equal to 0.23), thus indicating
that the filling effect provided by the fines and by the associated paste can lead, beyond a certain
limit, to a reduction of the packing of the coarser aggregate particles.

Significant variations of the resilient modulus were recorded when reducing the w/p ratio as the value
of g (equal to 0.25) was kept constant. Quite intuitively, this is due to the fact that as the volume of
water decreases, during the hardening process the microstructure of the SC-CBM, as that of any other
cementitious component, is characterized by decreasing porosity [61]. Such an evolution is beneficial
in terms of stiffness since micropores, as a function of their size, distribution and total volume, can
act as points of weakness under the application of external loads.

Results displayed in Fig. 4 indicate that all considered SC-CBMs displayed a non-linear stress-
hardening behavior, with M values which significantly increased as a function of 6. Such a behavior
is consistent with other findings documented in literature on similar cement-stabilized materials and
on granular sub-bases [62-64]. It is interesting to observe that the stress-sensitivity of the mixtures
was affected by the aggregate packing and content of fines as indicated by the recorded variations of



the slope of interpolation lines as a function of g. The influence on stress-hardening of variations of
paste stiffness was less evident, with similar slopes of the interpolation lines recorded for all mixtures
regardless of their w/p value.

For a more detailed assessment of the stress sensitivity of the SC-CBMs, experimental data were
modelled by means of the three-parameter function proposed by Puppala for the evaluation of lime-
treated soils and cement-stabilized pavement base layers [65-66]. This function is provided in the
following:

03 k2 oy ks
M, =k, - (—) (—) 3
r 1" Pa Pa Da ( )

where pa is the reference atmospheric pressure (equal to 0.10133 MPa) and ki, ko and ks are
non-dimensional material-dependent constants.

The results of regression analyses carried out by referring to Equation (3) are shown in Table 6, which
contains the calculated values of the fitting constants and coefficients of correlation between
measured and modelled data (R?).

Table 6. Results of resilient modulus modelling

Mixture k1 ko ks R?

0.21-0.80 3535.1 0.19 0.27 0.971
0.23-0.80 3903.8 0.25 0.20 0.954
0.25-0.80 3633.6 0.38 0.21 0.949
0.25-0.75 3940.7 0.29 0.24 0.953
0.25-0.70 4521.5 0.26 0.26 0.979

Values of parameter ki, which can be considered as an indicator of the overall magnitude of the
resilient modulus, showed non-negligible changes as a result of variations of the g parameter (while
keeping w/p constant at 0.80) and of the w/p ratio (for g equal to 0.25). Such an outcome was already
discussed when considering the M, ranges given in Table 5 and can be explained by referring to the
same physical phenomena mentioned in such a context.

Although the overall stress dependency of the SC-CBMs was qualitatively assessed by referring to
the slope of interpolations lines provided in Fig. 4, more interesting observations could be made when
analysing the individual effects of confining pressure and deviatoric stress.

As the content of fines decreased (i.e. as the value of g increased), k2 and ks tended to increase and
decrease, respectively, thereby showing an increased dependency upon confining pressure coupled
with a reduced dependency upon deviatoric stress. These trends are consistent with the change in
structure of the SC-CBMs, which with the increase of q progressively tend towards coarser aggregate
skeletons that reflects into a greater display of volumetric effects and a lower occurrence of shear
strains. In the case of the first mixture listed in Table 6, ko was smaller than ks, while the opposite
was observed for the following two coarser mixtures, with k. greater than ks. Observed trends are
similar to those which have been reported for other types of materials subjected to resilient modulus
testing [60].

As the value of w/p decreased with a constant q value, k> and ks tended to decrease and increase,
respectively, displaying variations which were opposite to those discussed above. The decrease of
volumetric effects can be explained by referring to the enhancement of the stiffness of the powder
paste, while the increasing occurrence of shear effects can be related to the gradual embrittlement of
the cementitious powder paste. The first two SC-CBMs considered in the analysis of the effects of
w/p variations exhibited k» values greater than ks values, while the two parameters were equal in the
case of the third mixture.

The reliability of the model employed for data fitting is proven by the high values of the coefficient
of correlation which are given in Table 6. The overall reliability of the model can also be appreciated



by considering the plot provided in Fig. 5, where M values calculated by means of Equation (3)
(M caic) are displayed as a function of measured values (Mrmeas). For the entire set of data, the total
coefficient of correlation was equal to 0.961.
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Fig. 5. Reliability of resilient modulus modelling
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As mentioned in section 2, after triaxial testing the SC-CBMs were subjected to failure tests carried
out in accordance to the quick shear protocol [39]. Experimental results are synthesized in Table 7,
which lists the values of quick shear strength (ogss) and strain at failure (ef), calculated from the
experimental data recorded for each set of 4 tested specimens. Stress-strain curves exhibited by the
SC-CBMs during testing are shown in Fig. 6.

Table 7. Stress and strain at failure of SC-CBMs subjected to quick shear tests

Mixture

Ogss

&f

(MPa) (%)
0.21-0.80 0.404 0.603
0.23-0.80 0.416 0.459
0.25-0.80 0.405 1.038
0.25-0.75 0.449 0.662
0.25-0.70 0.609 1.123
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Experimental results given in Table 7 and in Fig. 6 indicate that with the progressive increase of g,
the SC-CBMs did not exhibit any relevant changes in strength, with o4ss Values very close to each
other. On the contrary, recorded values of & varied significantly, with the lowest value associated to
the stiffer mixture (see Table 6) characterized by a q value equal to 0.23. These results are consistent
with the composition of the SC-CBMs and with the discussion of resilient modulus test results
provided previously. As expected, strength seems to be controlled by the w/p ratio (which did not
change for the first three mixtures listed in Table 7), while ductility at failure is influenced by the
variable packing of the aggregate skeleton and by the variable content of fines.

When considering the results obtained on the last three mixtures, characterized by a progressive
decrease of w/p, oqss Was found to increase as a result of the gradual reduction of micropores in the
cement paste that can trigger microcracking phenomena under loading. However, &f did not display a
clear trend, and as a consequence it was not possible to confirm that the degree of brittleness of the
SC-CBMs is mainly controlled by q (which did not change for these mixtures).

As mentioned in section 2, for the purpose of acceptance of the SC-CBMs, reference can be made to
the maximum allowable limit defined for excavatable CLSMs, equal to 2.1 MPa [51-52]. Thus, the
results given in Table 6 indicate that from the viewpoint of exacavatability all the considered
SC-CBMs can be considered fit for purpose.

4. PROPOSED MIX DESIGN PROCEDURE

Based on the results presented in section 3, a mix design procedure for SC-CBMs can be proposed.
Such a procedure is presented in the flowchart of Fig. 7, in which the component blocks are grouped
into a sequence of 6 conceptual stages. Four of them (numbered from 2 to 5) include activities which
are analogous to those which were carried out in the described experimental investigation. The
scheme also displays a preliminary stage of preparation (stage 1) and a final stage of mixture selection
(stage 6) which completes the decision process. Employed shapes have the usual meaning that is
assigned to flowchart blocks in the representation of algorithms (ovals for beginning and ending
conditions, rectangles for straightforward processes, diamond for questions which employ two
possible outcomes).

In order to provide a tool readily available for use in most practical applications, the procedure
illustrated in Fig. 7 has been limited in width, with the objective of reaching the final design SC-CBM
with minimum efforts. Nevertheless, it can be expanded in order to allow designers to have a more



thorough understanding of the effects of all the variables considered in the formulation of SC-CBMs
on a wider set of performance-related properties.

4.1 Stage 1 — Preliminary data collection

The preliminary stage of design (stage 1) is dedicated to the retrieval of information relevant for the
paving project and to the sourcing of materials for laboratory activities. Information which may be of
interest for the purposes of mix design is related to pavement cross section, local constraints, available
materials, expected design life, technical specifications, production costs, and estimated
environmental impacts. However, other data not included in this list may be crucial for specific paving
projects. From the list of available materials, the SC-CBM designer needs to select those which may
be of interest for the production of the SC-CBM. Consequently, these have to be made available to
the laboratory in order to carry out the subsequent stages of the mix design procedure.

4.2 Stage 2 — Characterization of component materials

The second stage of design is focused on the characterization of component materials. In such a
context, it should be underlined that required tests are quite limited and in the case of granular
components they are those which are carried out as part of routine quality control procedures
(determination of particle size distribution and specific gravity). Furthermore, for Portland cement
and superplasticizing additives, tests are not mandatory as they can be replaced by the assessment of
data sheets provided by manufacturers. Although the investigation described in this paper considered
a limited number of component materials, whenever possible and if justified by the extent and
importance of the construction project, a wider the set of materials may include in this stage of design.
This may allow the identification, in the following stages (3 and 4), of several alternative optimized
cement pastes and aggregate skeletons, which may thereafter lead to significantly different SC-
CBMs. As in the case of the performed investigation, it is recommended to include recycled materials
in the evaluation in order to identify design mixtures the production of which can be attractive also
in terms of enhanced sustainability and limited environmental impact.

4.3 Stage 3 — Identification of optimal cement paste

The third stage of design has the goal of identifying an optimal cement paste, the composition of
which can then be converted into an optimal powder paste (which includes water, cement and filler).
The underlying decision-making process is based on the outcomes of simple, quick and low-cost
flowability tests which exclusively require visual observations. Results presented in section 3 indicate
that although such an approach is empirical in nature, it leads to the identification of cementitious
pastes which can perform properly, both in the fresh and hardened state, in the SC-CBMs in which
they are included. As previously mentioned, for projects which deserve such an extension, analyses
can be performed on several combinations of cementitious binders and additives. Although
manufacturers usually suggest the recommended dosage of superplasticizer, it may also be of interest
to explore the effects on flowability deriving from its variation. In the scheme of Fig. 7 the activities
composing stage 3 are enclosed in dashed blocks since it is envisioned that when considering only
one pair of cement and superplasticizer, the designer may decide to skip such stage of design, directly
moving to stage 4. In such a case, values of investigated water-to-powder ratios may be assumed on
the basis of previous experience or investigated during stage 4 by means of a trial-and-error approach.

4.4 Stage 4 — Optimization of aggregate skeleton

The fourth stage of design addresses the optimization of the aggregate skeleton of SC-CBMs. As
illustrated in the paper, use can be made of the reference Andersen and Andreasen gradation curve,



which leads to gradations in which the presence of a bulk structure and of a relevant quantity of fines
is adequately balanced, thus ensuring adequate packing and flowability. The latter property can be
measured with the standardized ASTM tests which are similar in simplicity, speed and cost to those
which are carried out in stage 3 on cement pastes. It is required to perform such tests on trial SC-
CBMs in which the water-to-powder ratio can be drawn from the previous stage of design, but such
a parameter should also be conveniently varied in order to directly assess the effects of its variation.
Target values of flowability have been proposed for the specific application which inspired the
investigation, but these can be conveniently adjusted based on the requirements of specific projects.
For direct application of the procedure in its basic form, designers are required to start with set values
of cement dosage and distribution modulus and by terminating the stage when achieving the desired
flowability characteristics with a single value of the water-to-powder ratio. However, for a more
comprehensive design, several options can be kept open by choosing several alternative values of the
distribution modulus and of the water-to-powder ratio.

4.5 Stage 5 — Mechanical characterization of SC-CBMs

The fifth stage of design deals with the mechanical characterization of the SC-CBMs which, as a
result of the outcomes of the previous design stages, have been identified as suitable candidates for
the considered application. Requirements which in this phase can be employed for the acceptance of
the candidate mixtures are expressed in terms of minimum stiffness and maximum strength achieved
in fully cured conditions. In the investigation described in section 3 these characteristics were
assessed by referring to AASHTO standards, but they may also be evaluated by means of other test
procedures. When the requirements are not met, the procedure entails a new iteration which starts
with the assumption either of a new set of granular components or of a modified cement dosage. The
initial value of distribution modulus may also be changed.

4.6 Stage 6 — Selection of design SC-CBM

The sixth and final stage of design is concentrated on the selection of the design SC-CBM. If more
than one of the candidate mixtures satisfy the requirements, they need to be compared to one another.
Factors which may be kept into account to identify the best mixture are expected performance,
production costs and associated environmental impact. In such a context, knowledge of engineering
details of the project in which the SC-CBM will be used are vital, and the involved analyses may
require the application of specific models. Even in the case of a single candidate mixture successfully
coming through the previous stages, it is recommended to carry out the abovementioned analyses in
order to corroborate the outcome of the mix design procedure.
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Fig. 7. Flow chart of the proposed mix design procedure
5. EXAMPLE APPLICATION OF THE MIX DESIGN PROCEDURE

As a proof of the feasibility of the proposed method, the experimental results presented in section 3
can be placed within its decision process for the identification of the design SC-CBM.

The results of flowability tests carried out in stage 4 would limit the choice to the mixtures with a w/p
value equal to 0.80, excluding the ones with w/p values equal to 0.75 and 0.70. Among these three
mixtures, preference should be accorded to the two with a finer aggregate skeleton, associated to g
values equal to 0.21 and 0.23, which appeared more homogeneous and exhibited Ds values not too
close to the maximum allowable value (equal to 350 mm). This second aspect may be of practical
interest since it is expected that in full scale production operations there may be physiological
variations of composition which should be accounted.

The two mixtures shortlisted in stage 4 (0.21-0.80 and 0.23-0.80) exhibited mechanical properties,
assessed in stage 5, that satisfied hypothesized acceptance requirements. Such an outcome would
indicate that both can be considered as candidate design mixtures.

As part of stage 6, the two candidate mixtures seem to be practically equivalent in terms of their
production costs and associated environmental impact as a result of their common percentage of
recycled components, equal to 56% by weight of all granular components. However, when comparing
them in terms of expected performance, a slight preference can be accorded to the mixture with q
value equal to 0.21, as a result of its higher strain at failure since it may be less prone to cracking in
service. Such a phenomenon may be detrimental because of its possible consequences in terms of
initiation of reflective cracks which can propagate through the overlying pavement.

Based on the discussion provided above, as a result of the investigation described in section 3, and in
the absence of any further details related to a specific paving project, the final design SC-CBM which



may be selected for the formation of pavement foundations in road tunnels would be the one with w/p
equal to 0.8 and g equal to 0.21.

6. CONCLUSIONS AND RECOMMENDATIONS

The investigation described in this paper provided a thorough insight into the most relevant
engineering properties of self-compacting cement-bound mixtures (SC-CBMs) to be employed for
the paving applications, especially for pavement foundations in road tunnels. It was shown that the
composition of the SC-CBMs can be defined by optimizing the characteristics of the cementitious
paste and of the aggregate skeleton. Key factors which should be considered in such a context are
combined particle size distribution of granular components, content of fines and water-to-powder
ratio. It was also postulated that the dosage and type of employed cement and superplasticizing
additive may have a relevant role in controlling the main performance-related properties. These
include flowability in the fresh state, and stiffness and strength in the hardened, fully cured state
achieved in the long-term.

Based on the experimental results obtained in the entire investigation, a mix design procedure was
proposed. One of its distinctive features is that it leads to the definition of the design composition of
an SC-CBM with a limited number of experimental tests, thus minimizing required time and involved
costs. It is also structured in such a way to be expanded to provide a more detailed analysis of
materials and to be easily adapted to other applications by amending the set of considered properties
and by conveniently adjusting target values. Feasibility of following the mix design procedure was
demonstrated by referring to the obtained experimental results and by identifying the optimal
SC-CBM formulation.

It is recommended that future studies related to the proposed mix design procedure of SC-CBMs
should include a more thorough evaluation of the role played by superplasticizers, possibly by
considering various alternative products. Moreover, efforts should be made in trying to base the
comparative analysis of cement pastes on the measurement of rheological characteristics which may
supplement the visual observations performed as per the current version of the design method.
Further improvements to the mix design method may be sought by including in the selection process
the assessment of the short-term mechanical properties of SC-CBMs. Such an evaluation may be
relevant from a practical point of view since it may be necessary to allow construction traffic to move
on top of the pavement foundation in its early stages of curing, with the occurrence of no significant
damage in the mixture. Thus, minimum acceptance limits for stiffness and strength may be introduced
into to design procedure.

Finally, it is recommended that future studies should address the validation of the mix design
procedure by using a wider set of materials and possibly by including other recycled components
such as construction and demolition wastes and industrial by-products. In such a context, full scale
validation activities as those already initiated by the Authors [67] will be essential in order to
consolidate the method and promote its widespread application.
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