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Abstract

The aim of this study is to charactenze the mrxtures of crushed sand and nver sand for an optimal use
in the formmilation of mortars and concretes. Physical, chemical and mineralogical characterization of
aggregates was done, followed by the formmlation of mortars by subshrutl.ug 100%, 50% and 0% of
river sand by crushed sand. The compressive strength and the water porosity were measured on mor-
tar specimens, completed by a mucrostmictural charactenization usmg XFD, DTG, and SEM examina-
tions. The results showed that efirmgite, CSH and portlandite contents are sinular in tested mortar
while a slight difference of carbonation appeared with a lower carbonation in crushed sand Besides,
100% nver sand mortar was highly porous. with low compressive strength at 28 days, compared to
crushed sand mortars contaming more fines, less porous and with better compressive sn'enﬂﬂ]_
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1 Introduction

Baver sand 15 a matenal widely used i the construction of civil ensineerng mitastmctures. However,
1ts extraction became expensive and linuted becanse of environmental protection. In addition, some
regm:ls in the world are located far from rivers, which reinforces the search of sand from vanous
ongins. The use of crushed sand from quames m the production of cementious materials 1s an anal-
temative to reduce the overexploitation or to replace the river sand [1]. However, the use of crushed
sand may have consequences on the mechanical behaviour and the durability of concretes [2]. Indeed.
these sands present various charactenistics compared to alluvial sands confaming usually finer sized
particles and with an adequate morphology to reduce the concrete porosity. These properties ensure
granular confimuty between cement and gravel for better cohesion of concrete [3].

In Cameroon, the exploitation of aggregate in quarries increased considerably in recent years,
with the production of crushed sands. These sands are nsed m the manufacture of mortars and con-
cretes, wihile the scientific recommendations on their use remained scarce. It explams the renewed
interest in the influence of crushed sand on mortar properties.

Among Literature, Menadi et al [4] studied the strength and durabality of concrete meotporating
crushed limestone sand The authors proved that up to 15% of fine content in crushed sand could be
used without harmdul effect on concrete strength. Cabrerae and al. [5] revealed alse a comelation
between the void content in mortar and the volume of paste required to start flowing such material

Furthermere, the mineralogical source of crushed sands influence the concrete behaviour (with
the same wic rafio) as shown by Al-Ameen [§] on three sands. The crushed sand from gramite pro-
duced the best properties in term of compressive strength and workability. This behaviour has been
attributed to the particular morphology of gramite sand particles. Indeed, the texture and shape of the
crushed sand parficles have a great influence on the combination of cement paste and aggregates. The
study concluded that crushed sand is a practical sohation to limut the nver sand exploitation, as long as
the mechanical behaviour and the durability of concretes are not negatively impacted [7].
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Based on such ideas, the aim of this study is to estimate the potential of crushed sands to replace
alluvial sands, and to highlicht the potential problem caused by this replacement for the purpose of
better valonization. The study 15 camed out on three croshing sands and CEM II cement from
Yaoundé (Cameroon). Physical. chemical and mineralogical characterization was carried out on sands
while mechanical and microstructural tests were carried out on mortars. This work is part of the de-
velopment of the use of crushing sands m the constuction sector.

2 Materials and methods

2.1 Materials
2.1.1 Cement paste

The cement used in this study was a Portland cert:ent NC CEM 1T of class 42.5 B with a fineness
bemeen 3900-4000 cn’/e. and a density of 3.14 g'n’. The cement came from the “Dangote compa-

" located at Yaoundé I:C ameroon). The chemmical composition of cement determmined by X-ray
ﬂunre:cence (XFF) and 1ts mmeralogical composition are presented m Table 1 and Table 2 2. respec-
tively. The water/cement (w/'c) ratio was kept constant at 0.6 for all mortar’s mixhures.

Table 1 : Chemical composition of the cement. LOT: loss on ignition at 1000 T°C

Elt 510, | ALD; | Fe03 | MnD | MgD | Ca0 | Nay0 | 20 | Tid, | POs | LOL
(e} | 2399 | 7.23 6.33 0.13 256 | 4891 [ 102 | 091 0.97 0.2 | 2.67
Table 2 : Mineralogical compesition of cement (composition given by the supplier).
Cronstituents 35 C.5 CaA CLAF
Proportions (¥a) 3065 | 1520 | =7 =]
212 3Sands
Crushed sands whose charactenistics are given in Table 3 and Table 4 came from three quary aggre-
sate mining sites in Yaoundé (Cameroon). The quarry operated by Arab Contractor, Gracam and
Razel produced sands noted SA. SG and SE. respectively. The river sand came from the Sanaga River
(nuning from north to scuth Camercon) and it was noted 55, Pefrographic analysis from thin shices
of rock samples from the three quamies showed that rocks are all gneiss, with different textures and
mmeralogies. The fine fraction in sand shown in Table 3, vanes from 1.4% (S5) to 8.3% (SG). The
fineness modulus remained quite similar for all sands (around 2 6). The sand equivalent (SE) test
gives a SE percentage hemeen 825 and 93 5%, reflecting the great cleanliness of sands, but with the
nsk of causing a defect in the plasticity of the concrete. [8].
Table 3. Fineness modulus and sand equivalent for tested crushed sands
Sand | Fines content (= 80 pm: %4) | Fineness modulus | Sand equivalent (%)
SA [ 63 24 B73
5G [ 83 2.7 899
SE |76 16 B13
55 1.4 2.6 958
Table 4. Chemical composition of crushed sand (%) from XEF (INF P 18-308). TOT: loss on ionition.
Sand | Si0; [ ALO; [ FeOp | MnD | MgO [ CaO [ Na0 K0 [ Ti0, | B0. [LOI
54 6550 | 1560 [ 796 [016 |274 1.37 1.75 268 | 095 014 [ 057
5G £2.55 | 1661 | 881 019 ]3.18 1.63 1.84 268 | 1.00 0.17 041
SR 6753 | 1373 [ 766 [014 | 243 .22 1.82 213 | 1.03 0.1% [ 048
55 B0.16 | 3.96 154 1003 0.08 0.23 043 201 [ 0323 -- 0.79
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The chemucal composiion of sands deternmned by X-ray fluorescence (XFF) m Table 4 showed
similar compositions for all crushed sands. Sands are mainly siliceous with alumimum and ron. The
proporticns of aluminum and won (Fe Oy + AlyOy) are 23.45%, 25.42%, 21.39%, for 5A, SG, SE,
respectively, while this proporfion reached only 5.3% for the nver sand 55. The percentages of alkah
equivalents (% NayO + 0.658% K,0) are 3.84%, 3.89%, 3.33% and 2.29% for SA SG, SR and 55,
respectively. The crushed sands had a calcium content (Ca0) around 7 fimes higher than rver sand.

Figure 1 shows the diffractograms of crushed sands SA. 5G, SE and nver sand 55. The quanti-
tafive analysis of XD pattemns with TOPAS software (Fietveld method) showed that the nver sand 15
essentially composed by quartz 510, (85.6%2), biotite K{MgFe);(OH),(51;A10,,) (0.05%) and feld-
spars such as mucrocline K(AISi;)0; (10.6%) and albite Na(55AD0; (3.6%). The degree of
crystallimty 1s about 87% Smmlar crystalline phases were observed i crushed sands but they differ
from river sand I:lj, the presence of a few addifional phases. The average degree of cnstalllmt} of the
3 crushed sands is around 96%. The main phases are quartz (37.2%), biotite (0.1%3). nuca (Anmte)
Sz AL (OH)»LALK (4.1%), %ndesim EC&NE)H.LSimg (4%), Almandine Al:Fes(S104); (15.1%)
and feldspars such as microcline (9.3%) and albite (9.7%). Such mineralogy is in accordance to the
geculu-mcal ongn of sands (Gnassj I-Icrwe"'.-‘er the identification of traces of dolomate Cabg(CO5)
{0.25%) is not m accordance with the geological identification of the rock.
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Fig 1. XFD pattems of cushed sands 5A, 5G. 5F. and the nver sand 55

2.2  Experimental program
2.2.1 Mixing procedure of mortars

The mxmg procedure in this work 1s the Equivalent Concrete Mortar (ECM) method. Its pnnciple 1s
based on the existence of a simple correlation between the concrete theological properties and the one
of the mortar it contains [9]. It consists in replacing the sramilar skeleton with sand by keeping the
same volume of cementitions and the same cement amommt. We focused on the nuxtures come-
sponding to mortars with 100%, 50% and 0%% of 55 and SE sands. The comesponding mortars are
rated MSE100 (M- mertar, 5: Sanaga sand P Razel sand, 100%% Razel sand), MSE-50 (M- mortar, 5:

Sanaga sand, B- Razel sand. 50% Razel sand) and MS5E-0 (M: mortar, 5: Sanaga sand, F: Bazel sand,
0% Eazel sand), respectively. The wic ratio 0.6 was similar for all the concretes while the CEM II/ B-
P 42 5F. cement content was fixed at 350kg/n’. The compositions of mortars are given in Table 5.

Table 5. Compositions of mannfachred mortars (for 1 :|:|.13,‘.|

Component (kz/m”) AMSRO | MSESD MSE100
Crushed sand 1] 918 1900
Fiver sand 71 918 i]
Cement 350 350 330
TWater 206 206 208
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Using such formmlation, prismatic specimens of mortar 40 x 40 x 160 mm have been nade ac-
cording to the EN 196-1 standard and tested affer water immersion cunng for 22 days. Results are the
average of three tested specimens.

222 Testing methods

The compressive and bending strengths of mortars specimens were measured with a loading rate of
1.0 kN/'s according to the NF P 18406 standard The water porosity test was carried out according to
NF P 18459 standard. The specimen was dned at 105°C at the end of the water porosity test and not
initially as recommended mn the standardized method. It allowed to lower the microstructural damage
mnduced by ligh temperature.

The measirement of endogenous shnnkage was carmied out on mortar samples according to the
condiions described m standard NF P 18427 and under climatic conditions at T=20+2°C and
S0E5%RH.

X-ray diffraction (XRD) analyses were applied on sands and mortars ground to pass through a
20 um sieve. Analyses were performed using a Bruker ANS D8 Advance diffractometer. in theta-
theta geometry, equipped with a cobalt source (3. = 1.79 A). without monochromator and a lynx Eye
fast detector. Idenfification was done with EVA software coupled with ICDD Pdf? nuneralogical data
base. The quantitative analyses were done with TOPAS software (Fietveld Analysis).

A thermal analyzer NETZSCH STA 409 E was used to collect the thermogravimetmc curve
(TG) and the denived thermogravimetric crve (DTA). Analyses allowed to evaluate the portlandite
Cal0H),, etrmgte, C-5-H and calenm carbonate (CaC0;) content m MSED and MSE100 mortars.
The powder sample was heated from 20 o 1100 °C with a 10 *C/min heating rate under nitrogen fo
avoid carbonation during analysis.

The microstruchure of mortars (after resm inclusion and polishing) was evaluated by Scanming
Electron Microscope (SEM) using back scattered electrons mode. A chemueal cartography was col-
lected on polished surface by Energy Dispersive Spectroscopy (coupled with SEM). The morphology
and the adhesion at paste’sand mterface in mortars were evaluated [10].

3 Results and discussion

3.1  X-ray diffraction (XRD) on mortars

The XPFD pattems of SR sand and mix-sand mortars MSE100 and MSES0 are presented on Fig. 2
while XED patterns of 55 sand and mix-sand mortars M5E.0 and MSES50 are presented on Fig. 3.

The analysis shows that after cement addition, a few changes occurred on XPD patterns. Changes
of peaks height may be due to a vanation of the phase quantiies (becanse of sands mixhire, cement
dilution or phase dissolution i alkaline medium) as well as a vanation of particle aggregation. In-
deed, the preferential onentation of phases during the filling of the XED sample holder used 15 de-
creased in presence of cement paste The preferential omentaion mamly affects the shest-formed
phases becoming parallel to the plan of sample compaction in XED sample holder. In presence of
cement which allows the sheet dispersion and then their immobilization after hardeming, the preferen-
tial crientation decreased inducing for example a decrease of annite peak at d = 10.094 while its
quantity may remain constant.

A small peak associated with portlandite (d=4.924) was observed as expected in the presence of
Portland cement and the detection of crystallme or amorphous hydrates C-5-H remamed difficult as
shown by the zoomed view on Fig. 3 (a. b). Zoom represents the specific 2theta range for main XRED
peaks of cementifious hydrates and caleite/dolonute. In the case of SE. sand, the trace of calcite {d =
3.00/2.994) seemed to come from the sand itself (but its presence is not in accordance to the geolo-
gy). Carbonation of the cement during curmg occurred slightly with the development of a second
peak associated to a new calcite form (d = 3. 04A4), also present on SS river sand mortar. The for-
mation of calcite comes from the carbonation of Portlandite Ca{OH);. Such phase 15 soluble m pore
water and releases Ca®~ and OH ions. In the presence of CO, from the air, calcite may precipitate in
such conditions. Calcite can also be obtamed from the carbonation of cemenfiious hydrates that
remtaim wsually imder amorphous state in a hardened cementitious paste. The change in the degree of
crystalbimity from TOPAS analysis also cannot help to detect an increase of amorphous product.

81 | Stuctural analysis and design (Title of your topic)
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Fig 3. XRD pattems of SS sand and mix-sand mortars MSR0 and MSR50

3.2  Water porosity
The water porosity values of mortars and the measuning system are presented in Fig. 4.
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Fig 4. a) The water porosity of different mortars, b) Sample saturation between measurement

The river sand mortar MSRO showed a high porosity value (P = 29.7%) compared to the crushed sand
mortar MSR100 (P = 18%). This difference was attnbuted to the low fine particle content in niver
sand (< 80um = 1.4% against 6.5-8,5%). The mortar MSR50 manufactured with 30% of crushed
sands presented an average porosity of 20% m Fig 2. So, the presence of crushed sand in mortar
decreased the water porosity, whmhxsoonelatadtoﬂxemmmﬂofoonwessx\'esnmgﬁm&e
other hand, the various formmlations were made on the assumption of an identical w/c ratio, allowing
a higher quantity of nver sand and thus favouring a more interconnected porous structure.
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3.3  Compressive strength and drying shrinkage
Figure 5 presents the compressive and bending strengths of mortars after 28 days curing i water.
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Fig. 5. Conpressive strength and bending strength (a), drymg shrinkage (b) measured cn mortars

The results show that mortar contanmg only nver sand has a very low compressive strength (Fe=
0 5++0.4 MPa) compared to crushed sand mortars (Fe=20-30 MPa). This siiuation can be explained
by the low content of fine particles m the river sand (= 80um = 1 4%) compared to the cmished sands
(=BT 6%). Indeed, a high fine content is necessary for cohesion at the interface between the
cement matrix and sand as well as for a low porosity. This average difference was about 7 MPa be-
tween 100% crushed sand mortars and 30030 mixed sands mortars. The average compressive strength
value was around 22 MPa for MSES0.

The shrinkage curves for all mortars show a small vanation of the shnnkage after the second day
of drying (same speed). It reflects the creation of voids within the matnx mduced by the consumption
of pore water, which induces a capillary depression within the system and thus a so-called self
delrydration deformation [11]., However, the MSE100 mortar has a greater shrinkage speed than the
MSED. The shninkage is moderate for the MSES0 mortar.

34  Thermogravimetric analysis

The Fig. 6 (a, b) shows the TG curves and the differenhal thermal anlysis (DTA) for the mortars
MSED and MSF.100 after 92 days cuming in water.
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Figd. TG curves on MSE) mortar (a) and MSE100 mortar (B).

The mass loss associated fo each mflection points can be used to determuine portlandite, C-5-H
and calcite contents. For all analyses, the first mass loss between 20 and 400°C resulted mainly from
the loss of free water and the dehydration of C-5-H and efiringite. The second mass loss around
460°C came from the decomposition of portlandite (CH). The third inflection point ccouming between
600 and 200°C the consequence of the decarbonation of calcum carbonate (CaC0;) produced by
carbonation and other carbonated compoumds [12]. The analysis shows that total mass losses or loss
on ignition of MSR0 (LOI = 6.53%) and MSE100 (LOI = 7.09%) were similar. However, the mass
losses at particular tenmperature appeared slightly different. The mass loss between 20 and 400°C
82 | Structural analysis and design (Title of your topic)
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{dehydration of ettnngite and CSH), between 410 and 480 °C (dehydration of CH) and between 580
and 750 °C (decarbonation) represented 1.32% and 0.81%, 2.71% (Fig.6a) for MSE0 mortar and
144%, 0.34%, 2.97% (Fig. ﬁl:l}l for MSE100 mortar. The carbonation of rived sand mortar is slightly
higher than the one occurrng m crushed sand mortar. It could be link to the higher porosity of the
river sand mortar. The other phases (CSH, efiringite or portlandite) seemed to be similar whatever the
nature of the sand and no negative effect seemed to appear.

3.5  Energy dispersive spectroscopic (EDX) analysis

The Fig 7 shows the EDX chemical mapping of silicon (51) and calcium (Ca) on MSR0, M5R50 and
MSE100 mortars after therr inclusion mto resin and polishing.

Fig.7. Sihicon (51} and calerum (Ca) mapping on mortar pastes (a) MSEL100 (51 blue, Ca: pimk), (b)
MEES0 (51 blue, Ca: pmk), (2} MSED (Ca: blue, S1: crange), (d) EDX specira on concretes.

The 100% nver sand mortar (Fig. 7c) showed silica aggregates (in orange) with iregular shapes.

rounded angle and sizes ranging from 20 pm to several indred micrometers, unlike 100% crushed
sand mortars (Fig. 7 a). Crushed sand presented some angular parficles (consequence of the coushimg).

The cement paste nich in calemum appeared in pink on Fig. 7a and b and m blue on F12.7d and 1t filled
the spaces between aggregates. The paste incorporated fine particles contamed m crushed sands while
the paste m 100% sand nver mortar appeared more porous with non-homogensous blue colour (the
porosity appeared m black or dark blue m cement paste). In compansen, the cementiions matmx of
the mixed sand mortars (Fig. 7 b) seemed more homogeneons with a better gramular dispersion.

4 Conclusions

This study focused on the characterization of crushed sand and rmver sand as well as on thelr mixtire
In mortars. As a conclusion, the three tested crushed sands from Cameroon had a high proportion of
fine particles (%4}, while the tested nver sand presented a low fine content (%), which contnibutes to
explain the difference of behaviowr in mortars. Furthermore, thermogravimetric analysis (TG) re-
wealed that the introduction of crushed sand didn’t mupact strongly the cementiions phases develop-
ment. Etringite, CSH or portlandite content from thermal analysis are similar in fested mortar while a
slight difference of carbonation appeared with a lower carbonation in crushed sand that presented the
lower water porosity (lower accessibility of CO; gas to the paste). Results are confirmed by XED
measurements showing the appearance of a small peak of calcite in mortar as well as portlandite.

The high fine content of the crushed sand does not have a negative mfluence on the compressive
and bending strength of the mortars. MSE100 mortar has a high mechanical compressive strength
compared fo M5E), moderate shrinkage is observed for the MSFES0 mortar. Conceming the mortars

Emmanuel Elat1,Z, *, Alexandre Pierre1, Prosper Plival, Myriam Duc3, Michel MbessaZ, Albert Noumowe 1 | 24
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mamfactured with sands mixtures, the compressive strength of hardened mortar is directly linked to
the porosity. As expected, the compressive sirength values of MSFES50 mortars higher than 20 MPa
proved that the muxture of nver and crushed sands allowed the nenufacture of mortars with sabisfae-
tory properties.

Fesults confirmed the ability to mix croshed sand with alhmial sand in the formmilation of mor-
tars, while mereasing the mechanical strength and decreasing the water porosity. MNow, this work has
to be completed by durability test, especially the analysis of alkali-reaction.
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