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Abstract

Results from studies on the physical and mechanical properties of lightweight and expansive cements cured at 20 and 75°C are pre-
sented. Lightweight additive (cenospheres from thermoelectric power station “Bobov Dol,” Bulgaria) and expansive additive (“Bulexa”
with hydroxide type of expansion) were used. The compressive and flexural strength, the gas and water impermeability, and the pore
structure of the cement stone of lightweight and expansive cements were investigated. The results are compared with corresponding pa-
rameters of cement stone without additives. It was found that the cenospheres are appropriate lightweight additives. The use of expansive
additive helps overcome the dry shrinkage of cement stone and strengthens the bond with the bounding surfaces. © 1999 Elsevier Sci-

ence Ltd. All rights reserved.
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1. Introduction

The great variety of geological, physical, and technologi-
cal conditions that exist in the drills induce, in the course of
their cementation, the use of plugging cement slurries ap-
propriate for each specific case. In all cases the require-
ments are predominantly toward low density and low vis-
cosity (in order to lower the energetic losses during
cementation), low gas and water permeability, and strong
bond of the cement paste to the walls of the drill-hole and
the casing column [1].

The most common way to obtain lightweight plugging
cements is to increase the water content or to add light-
weight additives such as diatomite, perlite and bentonite,
which display a very high water requirement [2]. The in-
crease of the water/cement ratio results in lowered strength
values and increased permeability of the cement stone.

Cenospheres are lightweight additives with low water re-
guirement and low volume density. Their incorporation in
cement, alone or in combination with expansive additive,
allows a decrease of the density of plugging cements with-
out significantly changing the concentration of the hardened
cement paste.
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2. Materials and methods

The cenospheres (CS) were a waste material from TEPS
“Bobov Dol” (Bulgaria). They were hollow silicate bodies
with mass density of 350 to 500 kg/m? for the various frac-
tions. Their hardness was 5-6 (according to the Mohs
scale). The bigger spheres were grey in color with a porous
surface (Fig. 1a) and the smaller ones were white in color
with a smooth and dense surface (Fig. 1b). Two fractions of
the cenospheres with maximal diameter of 2 and 0.2 mm,
designated A and B, with specific surface (according to the
Brunauer-Emmet-Teller method) of 767 m?/g and 450 m?/g,
respectively, were used. Data from the granulometric analy-
sis are shown in Table 1. The emission spectral analysis
showed that in the composition of the cenospheres different
chemical elements were included but only the quantities of
Si, Fe, Al, O, Ca, and Mg exceeded 1 wt%. Table 2 contains
data from the X-ray fluorescence analysis.

The water requirement of the cenospheres, K, = 0.6 and
Kg = 0.9, was determined by testing with the cone of Az-
NI, according to the equation [3]: m, = K;- m; + K - mg,
where m,, m,, and m. are the masses of water, cement, and
cenospheres in the cement paste with 21-cm spread. K, =
0.55 is the water requirement for both type of cements to
obtain plain cement paste with the same spread.

The expansive additive used was “Bulexa’ with a hy-
droxide type of expansion [4]. The reason for using this ex-
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Fig. 1. Scanning electron micrographs of the cenospheres.

pansive additive instead of an ettringite-forming base is be-
cause ettringite formation reactions need a greater water
guantity to obtain almost the same expansion at equal doses.
Moreover, the ettringite crystallization principally takes
place in the large pores and capillaries due to its much
greater molar volume compared to the calcium hydroxide
one. The products of hydroxide expansive additives fill the
porous structure, crystallizing in the fine pores of the ce-
ment stone.

Two types of cements, PC 45 and PC 35, with specific
grain surface of 420 and 314 m?/g, respectively, were used.
The strength properties were determined by testing 40 X 40 X
160-mm prisms (for cement pastes with PC 45) and cylin-

Table1
Granulometric analysis of CS

Effective diameter of particles

(fraction A) intheinterval (mm) <0.2 0.2-0.50 0.50-2 >2
Mass percents 840 80.1 10.8 0.7
Effective diameter of particles

(fraction B) intheinterval (wm) <10 10-100 100-150 >200
Mass percents 09 579 294 11.8

Table 2
X-ray fluorescence analysis of CS

Fraction SO, Al,O4 Fe,0Oq CaO MgO Others

A 58.6 21.5 85 2.2 2.6 6.6
B 59.2 244 75 16 27 4.6

ders with diameter equal to the height (46 or 52 mm) (for
cement pastes with PC 35). Two curing regimes were cho-
sen. In the first, the samples were cured for 24 h under air
dry conditions and after remoulding were cured in water
(20°C). In the second, after 4 h of air hardening, the samples
were placed underwater at 75°C. Remoulding of the speci-
mens with expansive additive and specimens hardened at
75°C occurred at the sixteenth hour of hardening.

Water impermeability of cements was determined on a
series of six samples with the form of atruncated cone with
diameter of the bases of 60 and 50 mm and height 20 mm.
The water impermeability class (in atmosphere) was deter-
mined by the maximum water pressure on the front walls of
the samples from a given series when at least four samples
remained dry on their back walls. The maximal water pres-
sure by this method is 8 atm.

The gas permeability was measured following the
method of CO, gas stationary filtration at two different lev-
els of gas pressure (taking under consideration the effect of
Klinkenberg, typical for gas filtration in capillary media).
The test was conducted by equipment similar to GK-5 (Qil
Equipment, Moscow, Russia) on a series of cylindrical sam-
ples with diameter equal to the height (30 mm).

Until tested for gas and water permeability, the samples
were kept in water. Before the tests samples remained at
room temperature for 3 h and then were dried for another
3 hat 50°C. The structure of the pore space was determined
by machinery of instrumental porosimitry (Milan, ltaly)
“Karlo Erba’ on pieces from cement prisms after the com-
pressive strength test at day 28 of hydration.

The bond of cement stone B with ametal ring and arock
sample (core) imitating the working conditions of the plug-
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Fig. 2. Test for determination of the cement stone bond.
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Table3
Physical properties of cements hardened at 20°C

CS (% of cement)

Time of setting (h-min)

No. PC (%) A B W/Sratio Density (kg/m?) Spreading (cm) Water release (%) Start End
1 100 - — 0.55 1770 21 37 8-00 9-10
2 100 10 - 0.55 1580 20.5 0.9 8-20 9-30
3 100 15 - 0.56 1540 21 0.5 8-30 9-50
4 100 20 — 0.57 1480 21 11 — -
5 100 - 5 0.57 1610 20 18 - -
6 100 - 10 0.58 1540 21 28 8-40 10-00
7 100 - 15 0.60 1510 21 29 8-45 10-45
Table4
Strength characteristics of cements hardened at 20°C (PC 45)

Flexura strength (MPa) Compressive strength (MPa)
No. Day 2 Day 7 Day 28 Day 90 Day 2 Day 7 Day 28 Day 90
1 29 58 7.6 7.7 14.3 32.6 43.2 44.8
2 2.7 5.6 6.8 6.7 17.9 30.6 395 39.1
3 27 51 6.9 7.2 18.6 36.2 38.8 38.7
4 2.6 51 6.1 - 16.9 333 36.3 -
5 27 5.8 7.1 - 14.5 321 40.0 40.5
6 24 58 7.1 - 13.7 338 41.8 40.9
7 22 43 6.0 6.0 11.9 30.4 324 317
Table5

Gas permeability and pore structure of cements hardened at 20°C (PC 45)

Pore size distribution in the cement paste (%)

Gas permeability (md) after hardening according to effective radius (um) after 28 days
No. Day 2 Day 7 Day 14 Day 28 <0.01 0.01-0.1 0.11 >1 Specific pore volume (cm?®/g)
1 37 6 22 0.8 7.0 35.7 435 138 0.20
2 33 15 44 1.0 7.7 26.7 442 20.9 0.27
3 36 17 52 32 74 29.6 36.2 26.8 0.31
6 53 31 10 21 72 26.9 43.0 229 0.28
7 69 - 85 33 7.0 36.7 30.8 255 0.34

ging cements in drill holes was determined following the
scheme shown in Fig. 2. The numeric values of the bond (B)
is determined on the base of the force (F) at which the rela
tive movement of the metal ring and, respectively, the core
in relation to the cement stone starts according the equation:
B = F/S where Sisthe area of their contact surface.

3. Results and discussion

Table 3 contains the compositions and some of the phys-
ical parameters of lightweight and plain cements. With the
increase of the quantity of lightweight additive, the densities
of the samples were lowered from 1770 to 1480 kg/m? and
the water release, determined at the third hour after their
preparation, is lower than 5%, the maximum allowed by
Bulgarian Standard 8996-71. The times of setting satisfy the
same standard; with the increase of the cenospheres quan-
tity the start of the setting aswell asits end tended to be de-
layed.

The lightweight cements had lower strengths compared
to plain cement (Table 4). The differences are better out-
lined on the day 28 of hydration with almost the same val-
ues preserved until day 90. Some of the lightweight compo-
sitions displayed quick growth of the compressive strength
up to day 2 (compared with plain cements), followed by
equalization of the strengths up to day 7. Thereason is prob-
ably the fact that in the early stages of hydration, the main

Table 6
Bond of cement paste with rock sample (Bg) and metal ring (B.), after
hardened at 20°C (PC 45)

B (MPa) Bc (MPa)
No. Day 2 Day 28 Day 2 Day 28
la 0.30 1.88 0.41 0.61
2a 0.31 1.56 0.39 0.53
3a 0.30 1.72 0.37 0.57
4a 0.26 1.04 0.29 0.45
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Table7
Physical properties lightweight and expansive cements

Free linear expansion (%)

No. PC 35 (mass %) CS (A) (mass %) EA (mass %) Wi/Sratio Spreading (cm) Water release (%) Day 3 Day 7 Day 28
la 100 — — 0.55 21 5.0 — — -
2a 100 15 - 054 22 20 - - -
3a 100 15 25 0.54 22 17 0.183 0.224 0.227
da 100 15 18 054 22 17 0.150 0.168 0.170
5a 100 15 12 0.54 22 17 0.072 0.088 0.092
Table 8
Strength characteristics of lightweight and expansive cements (PC 35)
Tensile strength (MPa) Compressive strength (MPa)
Day 2 Day 28 Day 1 Day 2 Day 7 Day 28
Hardening temperature, 20°C
No. la 0.86 3.94 - 3.10 - 133
No. 2a 0.74 342 — 2.60 — 12.6
No. 3a 0.84 210 - 3.20 - 8.0
No. 4a - - - 264 - 10.3
No. 5a 112 3.83 — 3.70 — 14.9
Hardening temperature, 75°C
No. 1a 1.90 7.85 7.10 9.80 15.90 17.40
No. 2a 1.96 8.00 7.90 11.10 18.00 18.45
No. 3a 1.53 4.10 5.10 6.10 - 9.40
No. 4a 1.85 6.20 7.60 9.40 - 12.00
No. 5a - 7.30 8.20 10.50 - 14.80

role in strengthening is played by the cenospheres and they
act as energy dissipating inclusions [5]. On the other hand,
in the early stage of hydration a mechanical bond between
the hydration products of cement with the surface of the
cenospheres exists and epitaxial growth of hydration prod-
ucts at the CS surface isrealized [6].

At respective ages the gas permeability of all lightweight
cements is higher than that of the plain cement (Table 5).
For al compositions, the gas permeability values at day 28
of hydration are less than 4 milidarsi (md), which guaran-
tees low gas filtration [1]. At the age of 28 days only the
plain cement displays the maximal class of water imperme-
ability. At day 90 all cement compositions have maximal
water impermeability class.

The addition of cenospheres increases the relative por-
tion of large pores (R > 1 um)) in the cement stone as well
as the specific pore volume (Table 5). At the same time,
with the increase of the cenospheres quantity, the part of
poreswith effectiveradiusin theinterval (0.1 — 1 pm) low-
ers and that of the pores with radius in the interval (0.01 —
0.1 pwm) increases, but the gel pores portion remains un-
changed.

At day 2 of hydration the bond of lightweight cement
No. 2 does not differ from the bond of cement No. 1, while
for cement No. 6 it is lower (Table 6). At day 28 of hydra-
tion the plain cement No. 1 displayed the strongest bond and
composition No. 6 displayed the weakest.

The differences in the strength, permeability, and bond
of cements made lightweight with cenospheres of fractions

A and B, respectively, can be explained by the features of
the contact zone, which forms between the cenospheres and
the cement matrix. It is known that in the case of light-
weight additives with highly porous surface (as are the ma-
jority of cenospheres from fraction A), the contact zone is
more dense and homogeneous compared to those between
the smooth and nonporous surface of the fine cenospheres
and the cement matrix [7]. Moreover, the mechanical adhe-
sion between the cement paste and the highly porous cenos-
pheres significantly strengthens the obtained contact be-
tween them.

Table 7 contains the compositions of expansive cements
lightened with cenospheres of type A, those of lightweight
cement without expanding additive, and plain cement; all
show equal spreading. The expanding additive lowers the
water release of the cement. The linear expansion of cement
compositions is manifested in the first days of hardening
and practically ended by day 7. By varying the quantity of
the expanding additive a controlled expansion can be
achieved.

Table9
Bond of the cement paste with ametal ring (Bc), hardened at 20°C for 28
days (PC 35)

No. Bc (MPa) Percent
la 0.71 100
2a 0.56 79
3a 153 214
da 1.80 252




V. Lilkov et al. / Cement and Concrete Research 29 (1999) 1635-1640 1639

Table 10
Pore structure of cement stone of lightweight and expansive cements (PC 35)

Pore size distribution in the cement stone (percentage) according to effective radiusin the intervals (um)

<0.01 0.01-0.1 0.1-1 1-50 Specific pore volume (cm?/g)
Hardening temperature,
20°C, day 2 of hydration
No. la 7 23 435 26.5 0.320
No. 2a 4 20 435 325 0.412
No. 4a 6 21 43 30 0.393
No. 5a 7 26 45 22 0.520
Hardening temperature,
20°C, day 28 of
hydration
No. la 17 42 34 7 0.282
No. 2a 9 355 40 155 0.360
No. 4a 8 26.5 38 275 0.446
No. 5a 10 51.5 25 135 0.380
Hardening temperature,
75° C, day of hydration
No. la 13 52 34 1 0.191
No. 2a 13 485 325 6 0.300
No. 4a 12 52 32 4 0.457
No. 5a 135 55.5 27 4 0.360

The strengths of the lightweight expansive cements are
lower compared to those of the plain cement (Table 8). Only
the composition 5a (with the lowest quantity of expanding
additive) has higher strength due to the lower value of rela-
tive expansion (<0.1%). Hardening at 75°C leads to
strength increase that is better expressed in lightweight ce-
ments without expansive additive. The reason for the lower-
ing of strengths of the expansive cements with the increase
of the expanding additive is the fact that the hardening takes
place in unrestricted conditions. There are no limits from
outer factors and the expansion is dependent only on the
strength of the cement paste, and therefore EA doses that
cause expansion lower than 0.1% are optimal. In the case of
restrictive conditions (as is the case of casing column in a
drill hole) the quantity of EA can be increased because the
deformations of the cement paste are not displayed outside
and a self-sedling of the cement paste structure is achieved [8].

Doses of expanding additive of 2.5 and 1.8% from the
cement mass lead to increase of the casing bond of 2.5 and
2.1 times, respectively, in comparison to the plain cement
stone (Table 9).

The specific pore volume of the cement compositionsin-
creases with the quantity of the expanding additive due to
the nonrestricted conditions of expansion (Table 10). At
20°C hardening temperature, the greatest (29%) increase of
the relative part of the micropores (R < 0.1 um) between
day 2 and day 28 of hydration was found for the composi-
tion with minimum quantity of expanding additive, as well
as for the cement without additives. For this reason the ex-
pansive lightweight cement (No. 5a) increases its strength
between day 2 and day 28; the increase of the micropores
portion does not allow the deformation due to expansion to
overcome the strength (i.e., the restriction features of the ce-

ment paste). On the contrary, in the case of composition
with greater quantity of expanding additive the growth of
this parameter up to day 28 islowest (7.5%).

For al cement pastes hardened at 75°C, a lower specific
pore volume was observed. At day 28 the ratio of the quan-
tity of poreswith R < 0.1 wm to those with greater radiusis
as follows. composition No. 1a, 65:35; No. 2a, 61.5:38.5;
No. 4a, 64:36; and No. 53, 69:31. At the same age and 20°C
hardening temperature these ratios are: composition No. 1a,
59:41; No. 2a, 44.5:55.5; No. 4a, 34.5:66.5; and No. 5a,
61.5:38.5.

Obvioudly, the raised hardening temperature helps the
formation of more fine pore structure, especialy for the
lightweight cements. This is due to the chemical reaction
between the cenospheres and the Portlandite, the main con-
stituent of the transition zone, which leads to a more denser
contact [5,6,9].

4, Conclusions

1. The use of cenospheres as an additive in cements
makes them significantly lighter with lowered water
release, especially in the case when expanding addi-
tiveis used.

2. The expanding additive “Bulexa’ causes a dose-con-
trolled expansion to the lightweight cement composi-
tions.

3. The lowered strengths of the cement paste that ac-
company the making cements lightweight are suc-
cessfully compensated for at higher temperature of
hardening.

4. In hardening at nonrestricted conditions the quantity
of EA must berelated to afree linear expansion below
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0.1%. In real restricted conditions of hardening the
dose can be increased because a self-sealing of the ce-
ment stone structure is realized.

5. Making cement lightweight leads to an increase of the
permeability of the cement stone. The inclusion of ex-
panding additive and the increase of the hardening
temperature results favourably on the porous structure
of the lightweight cements:. the micropores portion in-
creases, the bond of the cement stone with the contact
surfaces gets stronger, and the specific pore volume
lowers.
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