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Abstract G-Oil well cement has been cured under stan-

dard and hydrothermal conditions with different steam

pressures and temperatures. Compressive strength, pore

structure parameters, microstructure, and hydrated products

were evaluated after 7 days curing by using SEM, MIP, and

simultaneous TGA/DSC. Obtained results showed that

7 days aged sample cured under standard conditions has the

highest compressive strength with compact pore structure

and hydrated products similar to those found after hydration

of Ordinary Portland cement. With increasing temperature

and pressure from standard conditions (25 �C, 10125 Pa) to

hydrothermal ones (150 �C and 0.3 MPa, 200 �C and

1.2 MPa), compressive strength has drastically decreased

from 77.5 ± 2.0 to 20.5 ± 1.0 MPa due to the transforma-

tion of original hydrated products (C–S–H) to crystallized a-

C2SH and C6S2H3. The crystallization has led, under

hydrothermal curing, to the increase of permeability and

pore structure depletion. The final compressive strength

after curing for 7 days at 150 �C (51.8 ± 2.0 MPa) and

200 �C (20.5 ± 1.0 MPa), which significantly exceeds the

recommended values of 3.45 MPa according to API to hold

many casings of oil wells is questionable for application in

geothermal ones.

Keywords Hydrothermal curing � Thermal

decomposition � Microstructure � Pore structure �
Compressive strength

Introduction

The hydration reaction of Ordinary Portland cement (OPC)

is a complex chemical and physical processes that take place

after contact of the anhydrous solid with water resulting in

the formation of new products responsible for consolidation,

strength development, and durability of constructions. The

hydration runs via chemical reaction between different

minerals of cement (C3S, C2S, C3A, and C4AF) and water to

form gelatinous or semi-crystalline calcium silicate hydrate,

denoted C–S–H; calcium sulfoaluminate hydrate (ettringite

or monosulfate), and calcium hydroxide (CH) giving

appropriate strength and durability to hardened cement

paste, mortars, or concrete. As cement is used under dif-

ferent climatic conditions, the temperature becomes a per-

tinent key factor that influences the kinetics and mechanism

of hydration, and the nature of hydrated products. Many

studies have investigated the temperature dependence of the

rate of hydration, and found that it can be described by an

Arrhenius equation [1–3]. As the nature of hydrated changes

with temperature, authors [4, 5] have investigated hydration

of OPC under different saturated steam pressure at temper-

ature range 120–350 �C. The defined system hydrated to

form different calcium silicate hydrates. Up to 110 �C to-

bermorite (Ca5Si6O16(OH)2.4(H2O)) is formed and between

120 and 350 �C a-C2SH and xonotlite (Ca6Si6O17(OH)2)

associated with volume reduction appear as major products

with an increase in porosity. Consequently, concrete under

high temperature undergoes strength retrogression due to

enumerated transformations and reactions, causing pro-

gressive breakdown of cement gel structure and loss in its

The standard nomenclature of cement chemistry is used: C = CaO,

A = A12O3, F = Fe2O3, S = SiO2, H = H2O.
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Sciences, Dúbravská cesta, 9 845 03 Bratislava 45, Slovak

Republic

e-mail: martin.palou@stuba.sk; martin.palou@savba.sk

M. Palou � M. Boháč � M. Zmrzlý
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load-bearing capacity, reduced durability, and increased

tendency of drying shrinkage, structural cracking, and

associated aggregate color changes [6].

Next to temperature, humidity is a determinant factor for

the hydration of cement paste. It can prevent the shrinkage of

concrete during the early period of applications. The cou-

pled effect of elevated temperatures and steam pressure in

environments denoted as hydrothermal ones, are a common

characteristic of geothermal, oil, and gas wells [7–12]. In

these environments, temperatures and pressures are so high

(up to 200 �C and 150 MPa in deep wells) that they chal-

lenge the capabilities of construction materials used in the

wells. For this purpose, cement slurry is placed in the

annular space between the well steel casing and the geo-

logical formations surrounding the well bore in order to

provide zonal isolation, preventing thus corrosion of steel

casing and ensuring pipe strength improvement in oil, gas,

and water wells. Cement forms an extremely strong, nearly

impermeable seal from a thin slurry. Incomplete zonal iso-

lation and/or a weak hydraulic seal between the casing and

the cement and between the cement and the formations may

cause oil spills and the well may never run at its full pro-

ducing potential [13]. Thus, oil and gas well cementing

operations face additional challenges in contrast to common

cementing work above ground. In addition to the high

pressure and temperature, oil well cements must be able to

contend with weak or porous formations, corrosive fluids,

etc. A successful oil well cementing must have low perme-

ability and adequate durability to ensure the long-term iso-

lation of the producing formation. The type of cement

depends on a type of high temperature, pressure, depth, and

chemical composition of environments. For cementing these

wells as protective layer of dwell during the exploitation of

natural gas and petroleum [14], the API (American Petro-

leum Institute) specifications for materials and testing for

well cements (API Specification 10A, 2002) has established

nine special classes of cements (Class A–Class J). They are

arranged according to the depths, to which they are placed,

and the pressures and temperatures to which they are

exposed [14]. Oil well cements are usually made from

Portland cement clinker or from blended hydraulic cements.

The investigation of hydrothermal curing conditions on

the behaviors of oil wells cement is an important task

required not only for the oil industries but also for those

researchers involved in development of new cementing

materials for more severe hydrothermal conditions of

application. Furthermore, there has been comparatively less

work done on the pressure effect on hydration of cement.

The literature contains many references pertaining to

calcium silicate hydrates in wells at temperatures up to

150 �C, but little has been published concerning higher

temperatures associated with steam pressure. The present

study attempts to develop a better understanding of the

coupled effects of temperature and pressure on early

hydration of G-Oil well cement. The G-Oil cement paste

was cured under standard and hydrothermal conditions of

0.3 MPa (150 �C) and 1.2 MPa (200 �C).

Experimental

The kind of hydration products formed under hydrothermal

conditions and their stability was investigated by simulta-

neous thermal analysis (DTA and TG) Mettler-Toledo

TGA/DSC STRA system (Mettler-Toledo, Switzerland),

where sample was placed in an open vessel under air

atmosphere, and measured at a heating rate of 10 �C min-1

up to 1,000 �C.

Autoclave and hydrothermal conditions used the pres-

sure of 0.3 MPa (150 �C) and 1.2 MPa (200 �C), and the

duration of autoclaving was 7 days. At chosen time of

autoclaving, the hot prisms was taken off and inserted in

hot water. Cooling of water was accelerated gradually by

adding of cold water as the handling temperature of

*40 �C was achieved.

Mercury intrusion porosimeter Quantachrome Pore-

master 60GT (Quantachrome UK Limited) was used for the

determination of pore structure characteristics (total

porosity, distribution of pore sizes, and permeability). Two

or three pieces of the dried sample with diameter less than

10 mm and total mass max. 2 g were used for the tests. The

maximum applied pressure of mercury was 414 MPa,

equivalent to a Washburn pore radius of 1.8 nm.

Scanning electron microscope, JEOL JSM-7600F equip-

ped with EDX was used for microstructure observations.

Oil well Portland cement without mineral components

denoted as Class G HSR was from Holcim OJSC

‘‘Volskcement’’, Saratov region, Russia. The chemical

composition of cement (%) and mineralogical composition

of clinker (%) given by the producer are reported in

Table 1.

Mixing procedure and test specimens

Appropriate pastes were prepared by mixing oil well cement

with adequate quantity of water as determined by work-

ability procedure (water to cement ratio of 0.35). Six prisms

with the dimensions of 160 mm 9 40 mm 9 40 mm were

prepared from paste to be cured under various conditions

during 7 days. G0 denotes samples cured under standard

condition of 20 �C and 100 % rel. humidity, G0.3 represents

those cured under hydrothermal condition of 0.3 MPa

(150 �C), and G1.2 those cured under thermal condition of

1.2 MPa (200 �C). The specimens were exposed to steam

curing condition at 100 �C for 30 min and after this pre-
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curing procedure still hot hardened specimens were quickly

demolded and inserted into the autoclave. In each curing

time, three samples were implemented and average values of

the compressive strength of samples were calculated and

recorded as the total compressive strength in the corre-

sponding time.

Results and discussion

The DTG and TG characteristics of samples G0, G0.3, and

G1.2 are depicted in Figs. 1 and 2. While the TG

measurements characterize progressive mass changes of

the sample as it is being heated at controlled temperature

rate, DTG curves express the rate of mass changes within a

specific temperature range. TG and DTG serve to identify

quantitatively and qualitatively the hydrated products

formed during the hydrothermal curing.

Sample G0 was cured under standard condition of 20 �C

in environment with 100 % relative humidity. DTG curve

(Fig. 1) of standardly cured oil well cement slurry shows

that its hydration process is similar to that of Portland

cement. The presence of C–S–H gel and ettringite in the

hardened paste is indicated by the dehydration effects

under 200 �C with peaks at 100 and 150 �C respectively.

This result is also corroborated by mass loss curves

obtained from TG curves showing substantial water losses

in the range 100–200 �C (Fig. 2). The main endothermic

peak is observed on DTG curve in the range of 400–500 �C

with maximum at 450 �C. This peak results from the

thermal degradation of Ca(OH)2 present in cured sample.

Furthermore, it is evident that a part of hydrated product

was carbonated, as it is demonstrated by two peaks

between 600–700 and 800–900 �C. The total mass loss

(Fig. 2) is 13.66 %, of which 30.16 % represents the part

of water chemically bond in C–S–H and ettringite, 50 % in

CH, and the rest results from the thermal decomposition of

carbonated products, about 19.80 %.

Sample G0.3 is oil well cement cured in hydrothermal

condition with 0.3 MPa (150 �C) during 7 days. If the

main product of hydration remains calcium hydroxide, it is

clear that the effect of hydrothermal curing has led to the

formation of new product with endothermic peak located at

520 �C and to slight increase of calcium silicate hydrates.

Carbonation is less pronounced due to the isolated con-

duction in autoclave (Fig. 2). The nature of these products

is subject of many controversial studies. It was documented

by Ramachandran et al. [15] that a-C2SH crystalline with

high permeability is a product of thermal transformation of

C–S–H under higher temperature and pressure conditions.

In a modeled study of reaction between Ca(OH)2 and SiO2

under hydrothermal curing conditions, Alunno et al. [16]

Table 1 Oxide and mineralogical composition of oil well cement G

Cement oxide Clinker minerals

Oxide Composition/% Designation Formula Composition/%

CaO 64.0 Alite 3CaO�SiO2 65.0

SiO2 21.0 Belite 2CaO�SiO2 12.0

Al2O3 4.5 Aluminates 3CaO�Al2O3 2.5

Fe2O3 5.5 Aluminate–ferrites 4CaO�Al2O3�Fe2O3 17.5

MgO 1.5 Sum 3CaO�Al2O3 ? 4CaO�Al2O3�Fe2O3 22.5

SO3 2.5

0

–0.0002

–0.0004

–0.0006

–0.0008

–0.001

–0.0012
0 100 200 300 400 500 600 700 800 900 1000

Temperature/°C

G0

G0.3

G1.2D
T

G
/m

g 
°C

–1

Fig. 1 DTG curves of G-Oil well cement cured under standard

condition and hydrothermal curing (G0, G0.3, and G1.2)
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Fig. 2 TG curves of G-Oil well cement cured under standard

condition and hydrothermal curing (G0, G0.3, and G1.2)
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has found that at high steam pressure the products obtained

by hydration of C3S are a-C2SH, C6S2H3 and Ca(OH)2

after 5 h, but a-C2SH decreases by increasing curing time.

At 0.8–1.6 MPa the hydration products are a-C2SH after

8 h and C6S2H3 (jaffeite, similar properties as a-C2SH)

with trace of a-C2SH after about 4 days. Midgley and

Chopra [17] have found that a paste of C3S hydrated for

7 days at 180 �C contained only C3S2H3. From these

findings, it is clear that the nature of hydrated products

depends not only on hydrothermal curing conditions, but

also on curing period. Differently from what has been

reported by ones or another authors, one can postulate that

in G-Oil well cement paste cured for 7 days at 150 and

200 �C the formation of C6S2H3 has been occurred. It was

reported by Collepardi and Marches [18] that C6S2H3

decomposes between 500 and 550 �C with peak at 530 �C.

It cannot be excluded, however, that a-C2SH has been prior

formed and then transformed into C6S2H3 under the effect

of 7 days hydrothermal curing.

The total mass loss (Fig. 2) is 11.19 %, of which 41.46 %

represents the part of water chemically bond in C–S–H and

ettringite, 40.93 % in CH and a-C2SH, and 4 % in C6S2H3,

and the rest results from the thermal decomposition of car-

bonated products, about 13.42 %. Carbonation is less pro-

nounced under isolated autoclave curing conditions.

Sample G1.2 is cured under hydrothermal condition

with 1.2 MPa (200 �C). The conditions are more severe.

Figure 3 shows that the main change in the constitution of

G-Oil cement paste occurs during autoclaving at 200 �C

for 7 days. As a result of hydrothermal curing effect, cal-

cium silicate hydrate (C–S–H) was almost disappeared, as

it can be seen by the absence of endothermic peak (Fig. 1)

in interval 100 and 130 �C at DTG curve and negligible

mass loss at TG curve (Fig. 2). The hydration is more

pronounced by an increase of CH.

The total mass loss (Fig. 2) is 11.19 %, of which 4.55 %

can be attributed to the part of water chemically bond in

C–S–H and ettringite, 64.52 % in CH and a-C2SH,

16.90 % in C6S2H3, and the rest 14 % results from the

thermal decomposition of carbonated products.

As it was reported [7], when the well temperature

exceeds 110 �C, the new abundant phase formed in the

sample hydration of an oil well cement is a-dicalcium

silicate hydrate a-C2SH (Ca2SiO3(OH)2), which forms bulk

materials that are too weak and permeable to seal the well.

According to authors [2, 8] a-CSH decomposes at 480 �C,

but due to the overlapping of the thermal decomposition

effect of CH at maximum 450 �C, the direct identification

cannot be possible. The endothermic peak found at 518 �C

is attributed to the thermal decomposition of C6S2H3 (jaf-

feite) with negative effect on the performance of G-Oil

well cement (Fig. 1).

Effect of hydrothermal curing on G-Oil well cement

within different temperature intervals

50–300 �C: C–S–H products

Temperature range between 50 and 300 �C is characteristic

for thermal decomposition of C–S–H and ettringite. It is

evident that G0 cured under normal conditions presents two

endothermic peaks at around 100 �C (C–S–H) and between

150 and 200 �C (ettringite). With increasing curing hydro-

thermal temperature (pressure), intensity of peaks charac-

terizing the presence of two evoked hydrated products

diminishes (150 �C/0.3 MPa) till they disappear under harsh

hydrothermal conditions (200 �C/1.2 MPa). Quantitatively

and qualitatively, the lessening of these peaks (Fig. 3) is due

to the effect of hydrothermal temperature over the time on

the C–S–H and ettringite leading to their degradation into

C6S2H3 (jaffeite) via a-C2SH (Ca2SiO3(OH)2) and mono-

sulfate respectively. Then, C6S2H3 (jaffeite) is later

decomposed at 518 �C (Fig. 1).
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Fig. 3 DTG curve (50–300 �C) of G-Oil well cement cured under

standard condition and hydrothermal curing (G0, G0.3, and G1.2)
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Fig. 4 DTG curve (300–500 �C) of G-Oil well cement cured under

standard condition and hydrothermal curing (G0, G0.3, and G1.2)
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300–500 �C: calcium hydroxide CH

At standard condition, tricalcium silicate (C3S) and dical-

cium silicate (C2S), which comprise about 75 % of the dry

Portland cement composition undergo a hydration reaction,

which can be expressed by a general equation:

C3S(C2S)! C�S�Hþ CH; ð1Þ

where C–S–H denotes gel or semi-crystalline calcium sil-

icate hydrate with different C/S ratios and CH is calcium

hydroxide [19, 20]. The calcium silicate hydrate (CSH) gel

produced at low temperatures will convert to one or more

crystalline phases upon curing at higher temperatures.

The presence of calcium hydroxide is characterized by

endotherm in the vicinity of 450 �C. The endothermic peak

intensity is proportional to the increasing curing tempera-

tures. Indeed, a clear correlation between temperature

range 0–200 and 300–500 �C can be established. Tem-

perature accelerated hydration of C3S and C2S to CSH and

CH. CSH is completely or partially transformed into

C3S2H3, but CH under isolated autoclaved conditions is not

less carbonated (Fig. 4).

480–540 �C: C6S2H3 (jaffeite)

The most indicative effect of hydrothermal curing effect is

reported in Fig. 5 by the presence of endotherms located

between 500 and 540 �C. As it was earlier reported, the

endotherm found at this temperature range characterizes

C6S2H3 (jaffeite) presence. The intensity of this endotherm is

more pronounced with G1.2, while no peak is found in G0

curve. C6S2H3 (jaffeite) results from the hydrothermal trans-

formation of C–S–H trough via a-C2SH (Ca2SiO3(OH)2).

580–900 �C: weak calcium carbonate—calcite

In this temperature, two endotherms are observed: one

between 620 and 660 �C highlighted in sample cured under

standard condition and the second one between 740 and

960 �C. The peak positions are slightly moved toward

lower temperatures with hydrothermal temperatures. While

the first endotherm may characterize calcium carbonate

like waterite, the second one represents the thermal

decomposition of calcite. Quantitatively, carbonation is not

pronounced as in standard conditions, since curing runs in

isolated autoclave system (see Fig. 6).

The microstructures of samples cured under different

conditions are shown in Fig. 7. Under standard conditions,

unhydrated original cement mineral is still found after

7 days of curing. SEM investigation shows a dense paste

structure. The unhydrated minerals are surrounded by a

thin layer of binding mass C–S–H hydrates and Ca(OH)2

with micropores.

Microstructure of sample cured in autoclave at hydro-

thermal pressure of 0.3 MPa shows a matrix with still

unreacted mineral phases, but at lower extent. The hydra-

tion products appear as relatively dense in a homogenous

matrix.

Sample cured under hydrothermal pressure of 1.2 MPa

presents porous structure with well-developed crystals.

SEM shows a less dense and open microstructure with

large pores due to coupled effect of temperature and

pressure. The development of crystals resulting from the

transformation of C–S–H to C6S2H3 (jaffeite) via a-C2SH

is the main cause of pore structure degradation and com-

pressive strength depletion, as it is presented in Table 2.

Hydrothermal curing of the hardened G-Oil well cement

for 7 days provided a decrease in compressive strength

compared to cement paste cured under standard condition.

The main cause of this strength depletion is the change in

pore structure due to the transformation of initial C–S–H to

C6S2H3 through a–C2SH crystals.

Engineering properties of cement composites for oil

well applications such as strength, permeability, and dif-

fusivity (and thus durability) and shrinkage are intimately
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Fig. 5 DTG curve (480–600 �C) of G-Oil well cement cured under

standard condition and hydrothermal curing (G0, G0.3, and G1.2)
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associated with porosity and pore size distribution [21].

The volume and size distribution of pores affect not only

the mechanical strength of cement based materials, but also

its durability.

The pore size distribution (PSD) of cement pastes cured

under different hydrothermal regimes is depicted in Fig. 8.

The effect of hydrothermal effect is evidenced by the

intensity and position of the peak, by the length and

bimodal characteristic of PSD. Permeability coefficient K

is one of the essential properties used in evaluation of

cement paste durability. It was calculated by software

Poremaster during porosimetric analysis according the

following model:

K ¼
/d2

p

32
; ð2Þ

where / is the powder bed porosity and dp the average pore

diameter.

This parameter is characteristic for cementitious mate-

rials for application in oil well. As it can be seen in

Table 2, the permeability coefficient has markedly

increased with increasing temperature/pressure. The PSD

of samples cured under different conditions is recorded in

Fig. 8. With increasing temperature/pressure, curves of

PSD are displaced toward higher pore size. This is the

demonstration of hydrothermal curing on the pore structure

of G-Oil well cement paste.

Conclusions

Cement paste of oil well cement cured under hydrothermal

conditions has presented different characteristics at TG and

DTG curves. The method has qualitatively and quantita-

tively identified different hydrated products varying with

hydrothermal curing conditions. The main hydration pro-

ducts of cured G-Oil well cement under standard condition

are C–S–H gel, Ca(OH)2, and calcite resulting from the

Fig. 7 SEM micrographs of G-Oil well cement cured under standard

condition and hydrothermal curing (G0, G0.3, and G1.2)

Table 2 Compressive strength and permeability of cured samples

Curing conditions

Standard Hydrothermal Hydrothermal

20 �C, 100 %

rel. humidity

0.3 MPa;

150 �C

1.2 MPa;

200 �C

Compressive

strength/MPa

77.5 ± 2.0 51.8 ± 2.0 20.5 ± 1.0

Permeability/

ms-1
2 9 10-15 7 9 10-15 199 9 10-15
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0.16
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Fig. 8 Influence of curing conditions on the PSD of G-Oil well

cement paste
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carbonation of the two first products. With increasing

temperature/pressure of hydrothermal curing, peak char-

acterizing the presence of C–S–H decreases as a result of

its crystallization into C6S2H3 via a-C2SH. This crystalli-

zation causes a reduction in solid volume and is accom-

panied by an increase in porosity and permeability of cured

samples. The transformation of C–S–H to a-C2SH and

C6S2H3 under autoclave curing causes the depletion of

microstructure and the reduction in compressive strength

known as strength retrogression.
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