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Abstract

Reusing expired cement (EC) in cement manufacturing is an alternative way for man-
aging such industrial waste, so this process contributes to preserving the environment
and reducing the need for raw materials which creates an innovative solution in cir-
cular economy strategies as well as producing a sustainable material. The purpose
of this study is to investigate the possibility of using EC as mineral additives for the
manufacture of new cement. The different formulations of cements are the results of
CEMI subtraction up to 35% by weight with the EC. These modified cements have
passed the same tests as a characterization of a CEMII. The obtained results show
that EC changes the characteristics of cementitious materials (anhydrous, paste, and
mortar). The new cement produced fulfilled the requirements in terms of chemical
characteristics. In addition, the decrease in strength caused by EC incorporation is in
accordance with standards. It can be stated that EC plays the role of a diluting agent
in the new cement. Environmentally, it may be more efficient to use EC as an ecof-
riendly additive material.
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Introduction

The cement industry generates 5% of global CO, emissions; it is about 850 kg
per ton of cement [1]. Firing and grinding are the most polluting stages with 80%
and 10% respectively [2]. Because of these statistics, the percentage of clinker in
cement decreased from 85% in 2003 to 77% in 2010, and it is predicted to decreas-
ing, reaching 71% in the future [3]. The clinker substitution by adding minerals
is the solution commonly used to reduce CO, emissions [4]. The incorporation of
low carbon mineral additives reduces environmental impacts, produces an envi-
ronmentally friendly material, and minimizes energy consumption [5, 6]. These
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additives may offer other options such as improving certain characteristics of con-
crete including strength, durability, rheological, and transfer properties [7-11]. In
addition, the variation in the percentage of addition to the cement contributes to the
improvement of the finished product. These researches for modern additive prod-
ucts can often be a necessity to satisfy and participate in self-sufficiency in many
countries [4].

When the cement is unconsumed within the recommended storage period or if
it has not been properly stored, it will expire. The EC is generated by torn cement
bags, large-scale storage, or moisture exposure. Moreover, EC can cause severe
health problems due to its direct effect on the respiratory system particularly. It
contains various types of chemicals product associated with great fineness, which
causes various health complications linked to breathing difficulties [12]. The spe-
cific mineral composition, the particle size distribution, and the hydration activities
already controlled compose a big advantage in its development [13]. Therefore, the
reuse of EC represents a significant opportunity, as it affects the availability of raw
resources, energy consumption, and CO, emissions from cement manufacturing.
In this sense, recycling of EC contributes therefore to prolonging the life cycle of
cement which is a very effective way for creating an alternative solution in circular
economy strategies and producing a sustainable material [14].

During the hydration process of cement, various minerals such C,S, C5S, C;A,
and C4AF react with water and as result produce various compounds such as cal-
cium silicate hydrate, portlandite, and ettringite. These products react not only with
hydration water but also with each other, making the hydration reactions of cement
more complex.

When atmospheric water is penetrating to cement through the bags of cement or the
latter has not been properly covered, lumps are formed and more hardened with water
penetration. These processes are done in many days or weeks depending on the environ-
ment in which cement is placed. Moreover, it is not easy to know visually if the cement
is partially or totally hydrated, on the one hand, and the physical-mechanical tests require
a significant time, on the other hand.

In the storage period, the strength of cement was reduced by 10% in the first
month, while it reduced by 20% in the second month [15]. Therefore, it should be
noted that loss in strength is closely related to the storage environment in which
cement is placed, so the decrease in strength occurs more rapidly in inadequate cur-
ing conditions. Deng et al. [16] mentioned that after 1 week of moisture exposure,
the portlandite and ettringite appeared with the formation of CSH gel. Chemically,
Dubina et al. [17] and Whittaker et al. [18] state that CaO reacts when the rela-
tive humidity is lower than 10%, followed by the hemihydrate anhydrite at humidity
about 34% and 58%, respectively. Similarly, cementitious minerals depend on their
crystalline structure. Accordingly, the C;A reacts at a relative humidity of 80% and
55% for cubic and orthorhombic structures, respectively. For C5;S and C,S, the cor-
responded humidity is respectively about 63% and 64%. Physically, Maltese et al.
[19] state that when cement is exposed to moisture its setting time increases

In this work, we will respond to these environmental problems related to the
cement industry. The decrease in clinker level is still the major concern of research-
ers and manufacturers in the cement sector. Adding, the treatment of waste in
any form is, first of all, a question of well-being and health, before its extent. In
this research, we will evaluate the effect of replacing clinker with EC at various
percentages.
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Materials and Formulation of Cements
Materials

Clinker provided from Lafarge Factory in M’sila, Algeria, is used to produce different
cements. Its chemical composition is shown in Table 1. The clinker has a regular chemical
and mineralogical composition (Table 1). Bogue’s equations show acceptable values, 65.47
for tricalcium silicate, 10.78 for dicalcium silicate C,S, 7.41 tricalcium aluminate, and 0.12
for tetracalcium alumino-ferrite. EC waste used in this study is taken from a pile of hydrated
cement collected at Lafarge cement factory, M’sila, Algeria. This pile is generated during the
production of cement and also from damaged cement bags. The visual aspect of EC waste is
shown in Fig. 1. Its chemical composition is given in Table 1. Natural gypsum taken from
Biskra region, Algeria, is used with a constant dosage (6%) for the preparation of different
formulations. Its chemical composition is given in Table 1.

Cements Compositions

The chemical composition of cements produced according to the EC content is summarized in
Table 2. The obtained cements satisfied the requirements of EN-197-1 [20]. The percentage of
SO; is less than 3.5%. Chemical indices, such as Michaelis hydraulic module (HM) comprised
between 1.7 and 2.3 (Eq. (1)), silicic module (SM) ranged from 1.5 and 3.5 (Eq. (2)), and the
Vicat Hydraulic index (VHI) is limited between 0.4 and 0.5 (Eq. (3)). These coefficients are
in accordance with the specifications. As alkalis may be reacted with silica aggregates poorly
crystallized, alkalis equivalent (Eq. (6)) should be limited at 0.6%, because beyond this value,
the durability-related properties may be affected. Lime saturation factor (LSF) is ranged from
0.9 to 1 (Eq. (5)) which means that all lime will be consumed and there is no risk of expan-
sion. Alumino-ferric module (AFM) was less than 1.5%, which means that the cement has low
hydration heat.

Michaelis hydraulic module (HM) = CaO/(SiO, + Al,O; + Fe,0;) (1)
Silicic module (SM) = SiO,/(Al,05 + Fe,05) )

Vicat Hydraulic index (IHV) = (SiO, + Al,0;)/(CaO + MgO) 3)
Alumino — Ferric Module (AFM) = Al,0; /Fe, 0, 4)

Table 1 Chemical composition of clinker

Element  Si0,  ALO; Fe,0; CaO  MgO SO, K,0 NaO Cl LOI
Clinker 2098 492 333 6618 18 L1 064 0.1 - -
Gypsum 246 041 056 3215 327 40 015 0 0023 2349
EC 1753 372 296 594 136 18 081 017 002
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Fig. 1 EC stockpiled in cement factory
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Table 2 Chemical composition and chemical indices of cements

Chemical composition (%)

CEMI MC5 MC10 MC15 MC20 MC25 MC30 MC35
SiO, 20.24 19.82 19.63 19.02 18.92 18.66 18.42 18.08
Al,O4 4.95 4.82 4.65 4.41 4.21 4.68 4.65 4.62
Fe,04 3.45 34 3.38 341 4.12 3.58 3.51 3.44
CaO 62.32 62.22 62.18 62.02 61.92 61.87 61.88 59.86
MgO 2.11 2.1 2.12 2.11 2.1 2.09 2.13 2.14
SO, 3.02 3.00 2.98 2.85 2.84 2.81 2.82 2.89
K,0 0.69 0.64 0.62 0.6 0.6 0.58 0.58 0.59
Na,O 0.11 0.1 0.11 0.1 0.12 0.15 0.14 0.15
Cl 0.018 0.017 0.016 0.016 0.018 0.017 0.017 0.016
LOI 1.65 2.02 2.52 3.35 3.86 4.6 5.52 5.94
Fineness (cm?/g) 3800 3880 3970 4070 4160 4260 4350 4410
Chemical indices
HM 2.2 2.2 2.2 2.3 2.3 2.3 2.3 2.3
SM 24 2.4 2.4 24 2.3 2.3 2.3 2.2
AFM 14 14 14 1.3 1.0 1.3 1.3 1.3
IHV 0.4 0.4 0.4 04 0.4 0.4 0.4 0.4
LSF 0.9 0.9 0.9 1.0 1.0 1.0 1.0 1.0
(Na,O)eq 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5
Lime saturation Factor (LSF) = CaO/(2.8Si0, + 1.18A1,03 + 0.65Fe,0;)  (5)
(NaZO)eq = Na,O + 0.658K,0 (6)

Results and Discussion

Effect of EC on the Density of Cement

Impact assessment of the incorporation of EC on the specific gravity of cement is pre-
sented in Fig. 2. From the results, it can be seen that a regular decrease in the density
of cement was observed with the increase of EC incorporation percentage in modified
cements. It changed from 3.17 g/ml for the CEMI (control cement) to 3.01 g/ml for
modified cement with 35% of replacement. This reduction can be explained by the fact
that EC particles are lighter than that of CEMI which favored the deposit of cement at
the bottom of the pycnometer. These results are in agreement with that observed by
other researchers [21]. Moreover, the small size of EC particles in comparison with
that of standard cement changed specific surface from 3800 to 4410 cm?/g for the
cement contained 35 % of EC.
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Fig.2 Effect of EC on density

Effect of EC on Consistency

The effect of EC addition on the consistency of cement is shown in Fig. 3. It can be seen
that the water amount required for the hydration of all anhydrous particles increased as the
percentage of EC increased in the cement. This finding is translated by a linear relation-
ship with a coefficient of determination R? equal to 0.99. Modified cements (MC) have a
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Fig. 3 Relationship between consistency and EC

@ Springer



Circular Economy and Sustainability

greater fineness than control cement, which required more water to lubricate the surfaces of
cement and infiltrate into the voids between fine grains; therefore, greater fineness required
more water to hydrate; this observation is mentioned also by other researchers [22, 23].

Effect of EC on Paste Setting

Setting time is frequently used to quantify the early age stiffening of cement. There is two
conventional setting times: the initial setting time which is the time between the water addi-
tions and the time in which the cement paste loses its fluidity. The final setting time marks
the beginning of mechanical strength development. Many factors influence the setting time,
particularly the w/c ratio, mixing temperature, clinker mineralogy, cement fineness, and the
presence of admixtures and additions [24].

The effect of EC addition on cement setting was controlled with Vicat apparatus and the
results are mentioned in Fig. 4. It can be noted from the results that the setting of cements
regularly increases with the increase of EC content. When cement particles are mixed with
water, the dissolution of anhydrous compounds begins by producing ionic constituents
(Ca*?, OH™, Na*, ...) and consequently the precipitation of hydrates like ettringite, portlan-
dite, and CSH. From the chemical point of view, the incorporation of EC and the increase
in its proportion modified the consistency (W/C ratio) and consequently the setting times
as indicated in Fig. 4. The production of Ca*? depends principally on the chemical compo-
sition of cements and the content of calcium oxide CaO (Table 2). It can be observed that
the incorporation of EC reduces the CaO content, thus retarded the setting time by 79 min
between the CEMI and the MC35.

From a physical point of view, greater fineness created an additional surface for nuclea-
tion and hydration products development. The cement particles move off from each other,

350 ~

M Initial setting time W Final setting time
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Fig.4 Effect of EC on setting times
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which created more spaces between hydration products. It should be mentioned that the
volume of these spaces was increased with the increase of EC percentage in cement.

Heat of Hydration

The hydration of cement represents a complex set of exothermic chemical reactions. Fig-
ure 5 showed the different peaks of the heat generated during the hydration process.

The highest heat peak generated is observed for the CEMI with 332 J/g, while the lower
one is that of MC35 (283 J/g). The most significant heat peak generated for modified
cements is that of MC5 with 329 J/g.

The hydration of cement minerals (C,S, C;S) produces calcium hydroxide (CH) and
hydrated calcium silicate (CSH) [25]. It assumed that the heat of hydration is proportional
to the hydration products; the addition of EC decreased the creation of these products,
which indicated that the EC played the role of a diluting agent

Shrinkage

This volumetric variation is the result of the development of capillary network pores, gen-
erated during hydration. The menisci cause a negative pressure on capillary water associ-
ated with a contraction of material when water is reduced by the bleeding phenomenon. As
a result, pores become smaller and the concavity of menisci is more distinct [26], this is
how shrinkage develops.

Usually, the existence of other additives besides cement reduces the volume of pores
simultaneously by both physical and chemical mechanisms. The physical effect consists
of fill-up the network of pores with additives because of their increased fineness, while the
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Fig.5 Effect of EC on the heat of hydration
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chemical effect consists to produce the hydrated calcium silicate gel CSH, which plays the
role of pore size reduction and menisci.

The shrinkage of various cements is determined at 3, 7, and 28 days of the cure. The
variations of shrinkage as a function of EC percentage are mentioned in Fig. 6. It can be
marked that shrinkage increases with the aging of mortar and EC content.

The cementitious minerals that will give CSH gel are reduced by partial replacement of
CEMI with EC. For the latter, the hydration reactions are finished and consequently cannot
produce the CSH gel. As w/c is kept constant for all cements, the free water is increased by
the increase of EC content, thus generated more voids after water evaporation, amplifying
the capillary network, and as a result, the shrinkage is increased.

This observation is also indicated in the work of Atis [8] and Nath and Sarker [27].
They attributed the shrinkage increases, to the decrease of CEMI paste in volume. Despite
this increase, it should be noted that the shrinkage in 28 days of curing is lower than the
requirements of NF P 15-433, which is limited to 800 and 1000 pm/m for CEM I 32.5 and
CEM 1 42.5, respectively.

Compressive Strength

During hydration, the formation of hydrates especially ettringite, portlandite, and C-S-H
gel begins. These hydrates get tangled allowing the creation of a rigid solid. Fig. 7 illus-
trates the evolution of compressive strength for the various standard mortars. It can be
observed that compressive strength decreases as the percentage of EC increases. At 28
days of curing, compressive strength varies from 56.20 (CEMI mortar) to 42.1 MPa, when
the EC is incorporated at 35%. After 90 days of hardening, the compressive strength of EC-
based mortars is always lower compared to CEMI mortar. Even though the incorporation
of EC makes a denser material by increasing fineness as reported above (Table 2), it should
be noted that the reduction of strength might be justified by cement minerals reduction.
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Fig.6 Effect of EC on shrinkage
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Fig. 7 Effect of EC on compressive strength

When the C;S and C,S cement minerals hydrate, they become responsible for the develop-
ment of strength in the short and long time. As for shrinkage, the physical effect cannot
compete with the chemical effect in long term. The reduction of cement minerals in MCs
plays the role of a diluent agent; the quantity of CSH is less in the MCs. Because of this
remark, the mechanical strength of MC mortars was lower compared to CEMI mortar. This
observation is also indicated in other investigations [17, 18].

Conclusion

This study was undertaken to investigate the possibility of recycling EC waste in cement
manufacturing. Based on the obtained results, these conclusions can be drawn:

e The decrease in the density of cement with the increase in the percentage of EC sug-
gests that the EC particles are lighter than that of the CEMI.

e The new cement required a significantly greater amount of water to moisten and then
hydrate the cement. Thus, the increase in the w/c ratio, as a result of EC inclusion,
prolonged the setting times. The filler effect of EC cannot compete with the decrease
in cement minerals, which causes the effect of increasing the shrinkage and mechanical
strength of mortars in our case.

Following these remarks, it can be declared that EC can be used as a cement addition.
Its role in the modified cement will be considered as a diluent agent. In addition to that,
recycling of EC help to use more efficiently the raw materials and create an ecofriendly
sustainable construction material.
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