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Figure 3.7 (continued), g) TI0SL-WO, h) T10SL-W1, i) T10SL-W2.
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Figure 3.8, Histogram of the most represented throat size (MRTS) for all samples at
14 and 92 days.

3.4.3. Tortuosity

Figure 3.9 presents the tortuosity factors (T%) evaluated with Eq. (5) for all samples.
The values show an increase with the curing time; the mean T for all samples at 14
and 92 days are respectively 1.68 and 1.94. These values are in accordance with the
fact that the path between two consecutive TPJ in the image skeleton tend to
increase with time, and that tortuosity is inversely proportional to the porosity (see
models presented in Boudreau, 1996). A small difference is also noticeable when T
values are sorted by binder type: mean values for T10, T10FA and T10SL are 1.75,
1.79 and 1.89 respectively. The binder containing the slag additive (T10SL) has a
greater impact on T2, which is in concordance with results presented in the two
previous sections. When results are sorted by mixing water type, the sulphate waters

seem to generate a more tortuous pore structure; the average value T is 1.72 for all
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Figure 3.9, Tortuosity factors evaluated by SEM-IA.

samples mixed with pure water (W0), while it is 1.80 and 1.81 for W1 and W2

respectively.

3.4.4. Uniaxial compressive strength

Two cylindrical samples of each mixture were used to measure the uniaxial
compressive strength (UCS, BNQ 2622-912) after 14, 43 and 92 curing days using a
MTS 10/GL press with a normal loading capacity of 50 kN and a displacement rate of
0.001 mm/min. The UCS corresponds to the maximum peak stress value reached
during the compression test. Since SEM observations were performed at 14 and 92
days, only the corresponding UCS values are presented in Figure 3.10 (see Chapter
2 for a more detailed description of the UCS results). The standard deviation on

mean UCS results is between 10 kPa and 90 kPa for all samples. UCS results show
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a similar behaviour for CPB prepared with the T10 and the T10FA binders. For these
CPB samples, the UCS values range from 288 kPa at 14 days to 1004 kPa at 92
days for the three water types. The strength of samples made with T10SL binder is
higher than that of the other samples with the two binders. The highest UCS value
measured is 1822 kPa with the T10SL binder and the water W2 at 92 days, which is
in concordance with pore structure results that showed a lower total porosity, a finer
PSD, and a higher T? value for this CPB mixture.
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Figure 3.10, UCS results measured at 14 and 92 days.

3.5. Discussion

In this section, CPB pore structure characterization results obtained by SEM-IA are
compared with results from other direct or indirect approaches to validate the
methods adopted here. First, total porosity values are assessed using a theoretical

model that relates porosity and mechanical strength of geomaterials. Second, the
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PSD obtained by SEM-IA are compared with those obtained by MIP on the same
samples. Finally, the tortuosity factors estimated by the skeletonization technique are

confronted with typical values found in the literature on different geomaterials.

3.5.1. Relationship between porosity and uniaxial compressive

strength

In Chapter 2, the mean MIP total porosity n evaluated for the same samples as those
tested at 14 days and 92 days of curing times was 44.7% and 44.6% respectively.
Hence, there was no significant trend that would point towards a relationship
between total porosity and UCS. However, as mentioned previously, this is not the
case with the n values obtained with the SEM-IA approach that evolves with curing
time. To evaluate the significance of porosity results measured with the |A technique,
the n and UCS values were compared with strength versus porosity analysis
performed using a modified version of the model of Li and Aubertin (2003) for
geomaterials. The latter model is a unified equation that can be applied to uniaxial
compressive strength and uniaxial tensile strength. The relationship was tested on a
wide variety of materials (rocks, soils, metals, ceramics, and concrete) and for a
large range of porosity values. For compressive strength, this model can be adapted

in the following manner:

(Y Sinx{sz ®

(CO)n min fle ~ Mmin

(Cy)n is the evaluated uniaxial strength for porosity n, n. is the material critical
porosity when the strength becomes almost nil, and (Co)nmin corresponds to strength
at the minimum porosity n., that can be attained. The minimum porosity nnin is
estimated at 0.25, based on various test results on similar materials taken from the
literature (as reported by Bussiére, 1993). For instance, in the case of tailings

samples (without binder), Aubertin et al. (1996) reported a minimum porosity value of
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approximately 0.32 at the optimum modified Proctor density, while Mabes et al.
(1977) reported a value of 0.31 at the end of long term consolidation tests. A
minimum porosity value of 0.25 is retained here, considering that an additional
porosity reduction (of about 0.06 to 0.07) would appear due to the precipitation of
cementitious phases in the CPB (e.g. Ouellet et al., 2006). The minimum n value is
associated to the maximum strength, which is estimated to be (Cg)nmin = 4080 kPa,
based on the available results on CPB. Exponent x, is fitting material parameter that
controls the nonlinearity of the strength porosity relationship; and <> are MacCauley
brackets (¢ = 0.5( + |y[)). Figure 3.11 presents the comparison between the
calculated and the measured values. The fitted parameters for this evaluation are x;
=0.72 and n. = 58.5%. The correlation coefficient (R) between these two set of data
is 0.71. These results indicate that the observed trend between the SEM-IA porosity
and the UCS follows the one depicted by the Li and Aubertin (2003) model.

UCS (kPa)

60

Porosity (%)

—Liand Aubertin, 2003 ¢ Measured values

Figure 3.11, Conformity of SEM-IA porosity with Li and Aubertin (2003) model.
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3.5.2. Relationship between IA and MIP

The mercury intrusion porosimetry (MIP) technique was also used to investigate the
pore structure of the same CPB samples. Detailed analyses of these results are
presented in Chapter 2. The samples used to perform MIP analysis came from the
same CPB cylinders as those used to perform SEM observations, and were
prepared with the same approach. By measuring the pressure applied by the MIP
apparatus and the mercury volume intruded in a sample, it is possible to estimate the
sample pore size distribution according to the Washburn (1921) equation. More
details about the MIP technique can be found in Winslow and Diamond (1970) and
Cook and Hover (1999).

As mentioned previously (see Figure 3.4), differences between MIP PSD and SEM-
IA PSD can be important for cement paste. Pore sizes measured with MIP are
typically almost 2 orders of magnitude lower than the ones evaluated by SEM-IA
(Lange et al.,, 1994; Diamond and Leeman, 1995). Nonetheless, with natural
geomaterials such as silty and clayey soils, PSD obtained by SEM-IA are relatively
similar to those obtained by MIP (Simms, 2003). Hence, the nature of the material

may be the source of significant differences between the two techniques.

Results on the studied CPB samples show that SEM-IA gives PSD with larger pore
sizes than MIP (see Figure 3.7). However, the difference does not appear to be as
significant as for cement paste. For instance, one can compare the pore size of the
class intervals that show the maximum frequency of CPB in both PSD (i.e. a
comparison between the MIP threshold diameter and the MRTS) at 14 days and 92
days. The mean results for all samples are respectively 1.43 pm and 1.17 pm for
MIP tests and 6.7 pym and 5.3 um for the SEM-IA method. A noticeable difference
between PSD of cement paste and CPB using MIP and SEM-IA techniques is the
total volume of pores monitored. For cement pastes, the |A method seems to identify
approximately half of the porosity accessed by MIP (e.g. Diamond and Leeman,

1995). For CPB, the total porosity evaluated with both methods is approximately the
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same (see values in the graph legends of Figure 3.7), but SEM-IA evaluation shows
a slight decrease with the curing time, a phenomenon that is not observed by MIP.
PSD evaluated by MIP and by IA are less different for CPB than for cement paste,
mainly because the pores in CPB are larger than in cement paste and more
accessible by the SEM-IA technique. The “ink-bottle” shape of voids is largely
mentioned to explain the particular mercury intrusion behaviour in cement paste
(Diamond, 2000). The mercury must access internal pores by narrow paths so a
threshold pressure is needed to get a significant mercury volume intrusion at this
size. The difference between the SEM-IA and the MIP for CPB can also be

explained, at least in part, by this phenomenon.

Despite the recognized ink bottle effect problem for MIP tests, this technique can
access fine pores that could not be measured by |A (for a given resolution). One can
then argue that the lower porosity value observed at 92 days (for all samples) is the
consequence of a lack of resolution of the IA method. To the authors’ opinion, the
lack of resolution is not the main factor for the porosity drop because: i) the IA total
porosities are well correlated with the mechanical strength (see section 3.5.1) and ii)
according to BSE images resolution used here (1 pixel = 0.32 um), the minimum
measured MRTS have a length of 15 pixels and the end of the curve shows no sign
of missed pore families (% of IA porosity near zero at the lowest resolution). It is
possible however that a portion of the porosity related to the grain porosity of

hydrated and precipitated phases is missed by the |A approach.

Another difference between PSD of CPB evaluated by SEM-IA and MIP techniques
is the pore size frequencies that are approximately one order of magnitude less for
the SEM-IA approach. This difference could also be due to the “ink-bottle” effect that
causes a significant mercury volume intrusion when the threshold pressure is
reached. However, in light of the results obtained in this study, it appears that the
PSD evaluation of CPB samples by MIP technique is less affected by the “ink-bottle”

effect than for cement paste.
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3.6.3. Comparison of SEM-IA tortuosity with values taken from the

literature

Figure 3.12 shows tortuosity factor (T?) values taken from the literature, all presented
values were obtained by electrical or diffusive means. Some values were directly
collected in papers, but most of them were calculated using the formula relating the
formation resistivity factor (F), porosity (n) and T? (Berner, 1980; Ullman and Aller,
1982):

T2=Fn ®)

Others were obtained using the relation between the molecular diffusion coefficient
in the absence of obstacle (D) and the molecular diffusion coefficient in the porous
material (D,) (Berner, 1980):

T2 = Do/Da (7)

Numerous relationships have been proposed to relate porosity to the tortuosity factor
(see Boudreau, 1996; Aachib et al., 2004). Most of them are based on results
obtained on natural fine soils and fail to fit adequately reported T? values for
porosities below 0.3. Among these relationships, the general equation of Archie
(1942) seems to give reliable results for a wide range of n. The equation is written

as:

Tz=n"" (8)

where m is a best fit constant. For the data presented in Figure 3.12, Equation (8)
gives a correlation coefficient (R) of 0.78 when m is equal to 2.3. When Equation 8 is
specifically applied to T? values measured with the SEM-IA approach on the studied
CPB (as shown in the upper box of the Figure 3.12 for the porosity range 0.25-0.6),

the best fit constant m takes a value of 1.7 and R becomes 0.83. This m value is in
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the range of literature values: Archie (1942) determined m between 1.3 and 2 for
sands and sandstones; values of 1.90 and 1.81 were obtained by lversen and
Jorgensen (1993) and Maerki et al. (2004) respectively for clay-silt sediments. The
meaning of m is reported to be the cementation factor or the void-distribution
coefficient of a material (Jones and Buford, 1951). It is worth mentioning here that
the value of m is not reported to be constant in the literature (see Jones and Buford,
1951; Salem and Chilingarian, 1999); it depends on different factors such as the
range of porosity and the nature of the material studied. T? values calculated for CPB
are in the mid-range of other reported values for uncemented materials, between
those of sand samples studied by Jones and Buford (1951) and the silt and clay
samples studied by Manheim and Waterman (1974) and by Sweerts et al. (1991).
Hence, the solution proposed to evaluate the tortuosity (skeletonization of the

captured images) can be considered effective for CPB.
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Figure 3.12, Graph of the relation between the tortuosity factor and the porosity.
Values in the box are in the range of CPB porosities.
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3.6. Conclusion

This paper addresses the evolution of pore structure parameters of CPB samples
evaluated by SEM and IA. New approaches using SEM-IA were adapted and/or
developed to estimate the total porosity (n), pore size distribution (PSD), and
tortuosity (T). The CPB samples were made with three different binders: a type 10
Portland cement alone (T10), a mix 20:80 of type 10 Portland cement and blast
furnace slag (T10SL), and a mix 70:30 of type 10 Portland cement and fly ash
(T10FA). Three different types of water were used in the preparation of the mixtures:

deionised water and two waters coming from two mine backfill plants.

The evaluation of n by SEM-IA is in the same range as MIP total porosity at short
curing times. However, while the MIP technique does not detect any decrease of n
over curing time, SEM-IA shows a slight reduction in n for the CPB samples studied
(decrease of 4.6% in average). The SEM-IA measurements show a higher porosity
decrease for the T10SL binder and for the mixing water containing sulphates. The
SEM-IA porosity versus strength evaluation using a modified version of the Li and
Aubertin's (2003) equation reveals that the evaluated porosities are in concordance

with expected results.

SEM-IA PSD shows a slight curing effect that is mainly represented, in this study, by
an evolution of the most represented throat size (MRTS) parameter. This parameter
decreases with time and reaches a difference of between 4 and 5 pm with the MIP
threshold diameter. This observation is interesting for future application of the MIP
technique on CPB material;, CPB seems less affected by the so-called inkbottle
effect than other stronger cemented material containing more binder agent. Also, the
PSD obtained by SEM-IA becomes less outspread with curing and more centered on
the MRTS value.

The tortuosity factor T values evaluated with the skeletonization approach are in the

expected range for materials having such porosities. Moreover, T? presents a curing



94

effect with mean values of 1.68 and 1.94 at 14 and 92 days respectively. Higher
tortuosity values were obtained with the T10SL binder and with mixing waters W1
and W2. These results are in concordance with n and PSD results; the lower n

values and finer PSD correspond to the highest T values.

The evaluation of the pore structure of CPB by the SEM-IA technique shows mainly
that samples using T10SL binder present a more effective pore refinement over the
curing time. Additionally, when sulphated waters were used in the mixtures, the CPB
samples presented a higher decrease of the total porosity with the curing time, a
more pronounced refinement of the pore size, and a higher tortuosity than the control
samples mixed with pure water. The highest mechanical strength was observed on
samples having the lower n, the finer PSD, and the higher tortuosity, confirming the
impact of pore structure refinement on the mechanical behaviour of porous

materials.

CPB is a cemented material widely used in the mining industry. Results shown here
and in related studies indicate that CPB is structurally different from other
cementitious materials. To the knowledge of the authors, no specific image analysis
strategy was developed prior to this work to investigate the microstructure and pore
distribution of CPB. More work is underway to use these pore structure parameters

to predict hydro-geotechnical, mechanical, and environmental behaviours of CPB.
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CHAPITRE IV

MINERALOGICAL CHARACTERIZATION OF CEMENTED PASTE BACKFILL:
EFFECT OF WATER CHEMISTRY, BINDER TYPE, AND CURING TIME®

4. RésuméfAbstract

Cet article présente l'étude des phases cimentaires déchantillons de remblai
cimenté en pate (RCP) fabriqués a partir d’'une poudre de silice, de trois liants
(Ciment Portland de type 10 (T10), T10 et cendre volante et T10 et laitier de haut-
fourneau) et de deux types d’eau (une pure « WO » et une contenant environ 22000
ppm SO, « W1 »). Les méthodes de caractérisation utilisées sont la microscopie
électronique a balayage (MEB) et la thermogravimétrie/mesure des flux de chaleur.
Un programme qui combine des routines d'analyse d'image, des images en rayon X
en mode point et les analyses spectrométriques du MEB a été créé pour générer
des images minéralogiques (SEM-XMAP). L'utilisation de ces techniques de
caractérisation a permis l'identification des phases cimentaires principales des RCP
étudiés et de visualiser I'organisation de ces phases dans la matrice de cimentation.
Les résultats montrent aussi l'influence de la qualité de l'eau, la proportion de
sulfates mesurée étant plus importante dans les échantillons mélangés avec l'eau
W1. D'autre part, la quantité d'ajout minéral non hydraté est supérieure dans les
échantillons mélangés avec l'eau WO. La nature acide de I'eau W1 semble avoir
favorisé la dissolution des liants, ce qui a occasionné une augmentation de la
résistance en compression pour les échantillons a base de laitier. L'étude a aussi
montré par thermogravimétrie que la perte de masse associée aux C-S-H et aux
sulfates peut étre corrélée avec la résistance en compression.

Mots clés . Remblai cimenté en pate, Microscopie électronique, Image rayon X en
mode point, Analyse d'image, Analyse thermique.

& Ouellet, S., Benzaazouaa, M., Bussiére, B., Aubertin, M. (2006). Mineralogical
characterization of cemented paste backfill: effect of water chemistry, binder type, and curing
time, & soumettre.
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The cementitious phases within cemented paste backfill (CPB) samples made with
three binders (ordinary Portland cement, fly ash (FA) and blast furnace slag (BFS))
and two types of mixing water (deionised water WO and water W1 containing about
22000 ppm SO,%) are characterized using scanning electron microscopy (SEM)
equipped with an energy dispersive spectrometry (EDS) detector and
thermogravimetry/differential scanning calorimetry (TG/DSC). A program that
combines image analysis routines, X-ray dot mapping images, and EDS analysis
was developed to create mineralogical images (SEM-XMAP). The combination of
these three techniques (SEM-EDS, SEM-XMAP, and TG/DSC) allows an
identification of the main minerals associated to the cementitious phases in CPB
(mainly C-S-H, sulphated minerals, portlandite, carbonates). The organisation of
these phases in the matrix can also be visualized. The mineralogical characterization
highlights the influence of mixing water quality and of binder type. The proportion of
sulphated minerals is more important in samples mixed with water W1. Similarly, the
amount of unhydrated FA and BFS particles is found to be higher in samples made
with WO than in mixtures made with W1 water. The lower pH of W1 seems to favour
the dissolution of binders which, in the case of BFS samples, appears to be
beneficial for mechanical strength development. Finally, the study showed that for a
given CPB recipe, UCS results can be correlated to the weight loss in the
temperature zone of C-S-H and sulphated minerals (100-250°C), evaluated by
TG/DSC.

Keywords: Cemented paste backfill; Scanning electron microscope; X-ray dot
mapping; Image Analysis; Thermal analysis

4.1. Introduction

Cemented paste backfill (CPB) has gained increasing popularity as a mine backfilling
method. CPB offers practical, mechanical and environmental advantages compared
to other backfilling techniques that use hydraulic and cemented rock fill, CPB is
usually made with the whole tailings (including the fine particles), and no excess
water is used in the preparation. The final product has a relatively viscous
consistency, but is still transportable by gravity and/or by positive displacement
pumps. Furthermore, the fine-grained tailings combined with a small percentage of
binders (typically between 3 to 7 %) eliminate the need for the construction of

complex barricades. The lower water to cement (w/c) ratic of CPB (compared to
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hydraulic fill) also leads to a higher mechanical strength for a similar percentage of
binder. On an operational side, CPB can be placed more rapidly in stopes and it
requires less underground preparation than the other types of backfill (Hassani and
Archibald, 1998). To evaluate the optimal CPB recipe for a given mine, the general
practice consists of determining the strength properties (usually, Uniaxial
Compressive Strength test results are used for that purpose) with different mixtures
made of different binder types and percentages, prepared in a controlled laboratory
environment. The goal is then to find the recipe that gives the desired strength for

the lower cost.

Such phenomenclogical approach has been used by researchers to evaluate the
impact of the different CPB components on mechanical strength (e.g. Benzaazoua et
al., 2003; Cayouette, 2003; Fall and Benzaazoua, 2003; Kesimal et al., 2003; Fall et
al., 2005a). Other studies have shown that the type and amount of sulphide in the
tailings have an impact on the strength of CPB since some binders seem to be
influenced by these minerals (e.g. Benzaazoua et al., 2002). Another significant
advantage of CPB, from an environemental point of view, is its ability to maintain a
high degree of saturation. This high degree of saturation (S, usually greater than 80
%; Benzaazoua et al., 2000, 2002, 2004; Belem et al., 2002; Quellet et al., 2003)
limits the interaction between sulphide minerals contained in the tailings and the
oxygen, which may reduce sulphide oxidation (e.g. Ouellet et al. 2006), acid
generation (Levens and Boldt, 1994; Levens et al., 1996) and the possibility of

spontaneous combustion inside stopes (Bernier and Li, 2003; Wu and Li, 2005).

Despite of these advantages and its relatively wide application, many aspects related
to the behaviour of CPB are still not well understood. One of them is the impact of
water quality on strength development in CPB. Indeed, even when there is a low acid
generation rate in CPB, high concentration of sulphates and other ions can be found
in the interstitial water. Values as high as 207000 ppm SO,* (stoichiometric
conversion assuming all S in its SO,* form) have been measured in pore water of

sulphidic CPB (Quellet et al., 20086). Such high concentration of sulphates can come



