
Cement and Concrete Research 147 (2021) 106514

Available online 15 June 2021
0008-8846/© 2021 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

Impact of downhole pressure and fluid-access on the effectiveness of 
wellbore cement expansion additives 

T.K.T. Wolterbeek a,*, E.K. Cornelissen b, S.J.T. Hangx a, C.J. Spiers a 

a Department of Earth Sciences, Utrecht University, Princetonlaan 4, 3584 CB Utrecht, the Netherlands 
b Shell Global Solutions International B.V., Grasweg 31, 1031 HW Amsterdam, the Netherlands   

A R T I C L E  I N F O   

Keywords: 
Oil well cement 
Shrinkage 
Expansion 
MgO 
Hydration 
Annular fluid migration 
Sustained casing pressure 

A B S T R A C T   

Autogenous shrinkage of wellbore cement widely impairs zonal isolation. MgO-based cement expansion addi-
tives (CEAs) can mitigate this shrinkage, or even impart net expansion, by creating porosity through displacive 
crystal growth-processes. However, both MgO hydration and autogenous shrinkage behaviour depend strongly 
on stress state. Evaluation of CEA performance in wellbore cements therefore requires testing under elevated 
pressures representative for subsurface environments. We report experiments addressing the chemical and bulk 
volume changes that occur in cement hydrating at 10 MPa confining pressure and 90 ◦C. Volumetric response 
was investigated as function of MgO concentration, external water supply, and pore pressure decrease through 
water consumption during reaction. Results show the bulk expansion achieved using MgO-based CEAs di-
minishes markedly with increasing effective confining pressure or, equivalently, upon restricting fluid supply. 
This reduced expansion-potential under pressure has profound implications for slurry design, notably regarding 
CEA-concentrations required to counteract micro-annulus formation while maintaining low cement permeability.   

1. Introduction 

Portland cements have been applied in wellbores since the nine-
teenth century [1] and nowadays their use is essentially standard 
practice [2]. During wellbore drilling and construction, cement is placed 
in annular spaces between the casings and rock formations exposed to 
the borehole. Cement is also widely used for well plugging-and- 
abandonment (P&A). In both cases, the main purpose of cementing is 
to achieve zonal isolation, i.e., provide barriers against fluid seepage 
along the well trajectory. This is not so easily accomplished, however, as 
evidenced by widespread occurrence of sustained casing pressure and 
surface casing vent flow issues [3–5]. 

From a cementing viewpoint, seepage can have various causes. 
Cracks in the cement or micro-annuli along interfaces with the casings 
and rock undermine the sealing integrity provided by the low matrix 
permeability of Portland cement [6,7]. These defects may develop 
gradually, e.g. due to variations in temperature [8,9] or stress state 
experienced during field operations [10–15], but can also originate 
upon well construction or P&A [16,17]. Contamination of the cement 
may lead to dramatic changes in setting-time or final properties 
[18–21]. Incomplete coverage can result in mud channels, particularly 

along inclined wells [22–24]. Effective placement techniques will 
therefore always be essential. 

Even under ideal placement conditions, however, Portland cements 
tend to exhibit so-called autogenous shrinkage [25–29]. Caused by the 
negative volume change of reaction associated with cement hydration 
[30–35], autogenous shrinkage occurs upon setting and produces a bulk 
volumetric contraction, which may result in tensile failure [26,36] or 
micro-annulus formation along casing-cement-rock interfaces [37–40]. 
Autogenous shrinkage is widely regarded as a key contributor to loss of 
zonal isolation [17,38,41–44]. Significant effort has been directed at 
understanding and measuring the volume evolution of wellbore cements 
[25,37,40,45–55]. These works showed that the amount of autogenous 
shrinkage depends strongly on experimental conditions during cement 
hydration, including the i) degree of access to external water sources and 
ii) confining pressure imposed [37,45,48]. 

Several strategies have been developed to mitigate autogenous 
shrinkage. Surfactants known as shrinkage reducing admixtures (SRAs) 
decrease the development of capillary forces during self-desiccation 
[56–58], which contribute to autogenous and drying shrinkage under 
atmospheric conditions [29,36,59–61]. So-called “internal curing” 
methods rely on the addition of superabsorbent or micro-porous 
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materials that act as tiny reservoirs inside the cement, which reduce 
autogenous shrinkage effects by supplying water to the ongoing hy-
dration reactions [62–66]. Various fibres [67–69] and fillers [70] have 
also been applied. 

The above approaches aim to inhibit the capillary tension, sorption- 
desorption and creep mechanisms underlying autogenous shrinkage 
[28,29]. Strategies involving so-called cement expansion additives 
(CEAs) instead aim to compensate for these compactive processes, by 
introducing expansive mechanisms that counteract their impact, 
thereby limiting bulk shrinkage or even imparting net expansive prop-
erties [53]. Two principal categories of CEAs can be distinguished, 
where expansion is accomplished via either i) displacive crystal growth, 
or ii) internal gas generation. Gas-generating CEAs include zinc or 
aluminium powders [71] and nitrogen-evolving additives [72]. Gas- 
generating systems are strongly affected by temperature and pressure, 
requiring careful slurry design and stabilisation to prevent gas bubbles 
from coalescing and potentially creating channels [2,41], while their 
overall effectiveness is limited to relatively low pressures. 

Displacive crystal growth-based CEAs have been considered and 
applied in wellbore cementing for several decades, with varying degrees 
of success. They employ force of crystallisation (FoC)-producing re-
actions, where the growing crystals are capable of exerting mechanical 
force on their surroundings [73–87]. FoC-producing systems known to 
create expansion in cement include: i) precipitation of hydrated salts 
such as sodium sulphate [2,71,88–90], ii) delayed ettringite formation 
[2,90–95] and iii) the hydration of CaO and MgO [40,41,45,90,96–104]. 
Here discussions will focus on MgO, but many of the principles also 
apply to the other FoC-based CEAs. 

How effectively displacive crystal growth can cause expansion in 
hydrating cement depends on various factors. Firstly, FoC-producing 
reactions must be thermodynamically viable under the chemical, pres-
sure and temperature conditions of interest. Ettringite, for example, 
becomes unstable above 50 ◦C in Portland cements with Al2O3/SO3 
ratios >1.3 [105]. Naturally, this limits the application range of 
sulphoaluminate-based CEAs, which rely on ettringite formation. 
Ettringite may persist to higher temperatures, but its expansion- 
potential decreases rapidly towards 75 ◦C [106]. Secondly, displacive 
crystal growth must take place at the right moment. If crystallisation 
occurs while the cement still behaves slurry-like, there is no load- 
bearing solid framework that can sustain the forces needed for bulk 
volume expansion. Very slow crystallisation may also be undesirable, 
both from a practical perspective and because continued FoC- 
development after the cement has fully set might under certain condi-
tions induce damage [40]. Ideally, the reactivity of CEAs should there-
fore be designed such that displacive crystal growth occurs largely when 
the hydrating cement has formed a solid framework capable of trans-
ferring the imposed displacements, but has not yet fully hardened [41]. 

The reactivity of MgO and CaO-based CEAs can to some extent be 
influenced during manufacturing, by tailoring the calcination temper-
ature or heat treatment after synthesis. This produces “light burnt” 
(700–1000 ◦C), “hard burnt” (1000–1500 ◦C) and “dead burnt” 
(>1500 ◦C) versions, where reactivity decreases with increasing tem-
perature. Even dead burnt CaO remains highly reactive [40,107], 
restricting its use to mitigation of early age shrinkage and low temper-
ature applications. For MgO, three categories have been defined based 
on the particles' specific surface area, agglomeration, and hydration 
characteristics: “highly reactive”, “medium reactive” and “less reactive” 
[41,108], corresponding roughly to the above temperature windows. 
Increasing control on the properties of MgO allows CEAs to be optimised 
for the temperature and cement chemistry of interest 
[41,42,103,109,110]. 

The impact of downhole setting conditions on the effectiveness of 
CEA-modified “expanding cements” has received comparatively little 
attention [45,53], especially considering that confining pressure and 
external fluid-access are known to have profound effects on autogenous 
shrinkage in conventional, non-expanding cements [37,45,48]. In 

unrestrained settings, like buildings or roads, excessive expansion due to 
displacive crystal growth may lead to cracking and mechanical integrity 
loss, a condition called “unsoundness” [41,111–113]. Cement manu-
facturers therefore even avoid impurities that cause such effects, like 
free lime [2,114,115]. For similar reasons, the expanding cements used 
in civil engineering applications generally contain relatively low con-
centrations of MgO-based CEAs (typically <5% [103]). However, both 
the stress-strain-reaction behaviour of displacive crystal growth pro-
cesses [76,77,86] and the mechanical behaviour of Portland cements 
[13,35,116–119] depend strongly on the degree of confinement. In 
downhole wellbore environments, cement hydrates under elevated 
(lithostatic) pressures and is generally restrained by the casing and 
surrounding rock formations [2], which may inhibit expansion and 
thereby significantly change cement volumetric behaviour at 1–4 km 
depth. 

To confidently assess CEA-performance in expanding wellbore ce-
ments, the volumetric evolution during hydration and setting must be 
evaluated under conditions representative for downhole environments. 
This study presents a series of so-called LABCAT experiments [38], 
which enable measurement of the chemical shrinkage and changes in 
external dimensions (i.e. autogenous shrinkage or bulk volume change) 
that occur in cement samples hydrating under confining pressure and 
restricted water-access conditions. The volumetric evolution of a series 
of MgO-based expanding cements (at 90 ◦C and 10 MPa confining 
pressure) was systematically studied as a function of i) CEA concentra-
tion, ii) degree of external water-access and iii) maximum effective 
confining pressure allowed to develop during hydration due to self- 
desiccation. The results show that the bulk expansion-effect achiev-
able using MgO-based CEAs diminishes markedly with increasing 
effective confining stress, which has profound implications for cement 
slurry design for subsurface applications. 

2. Background and volume change terminology 

The hydration and setting of Portland cement involve chemical re-
actions where the compound volume of the products, e.g. portlandite 
and calcium silicate hydrate (C-S-H) phases, is lower than the initial 
volume of the reactants, i.e. cement clinker phases plus water [30–34]. 
This “chemical shrinkage”, ∆Vchem [m3], is related to the thermodynamic 
volume changes of reaction, ∆rVPT [m3 mol− 1], associated with the x 
different hydration reactions operating in the cement: 

∆Vchem =
∑
∆rVPT

x dξx (1)  

where ξx [mol] denotes extent of reaction. The complex chemistry (e.g. 
variable C-S-H properties) generally prevents useful application of Eq. 
(1) to real cements, but the expected ∆rVPT for individual, idealised re-
actions can be calculated (Table 1). Note the cement reactions involve a 
relative increase in solid volume (see ∆rVs

PT/Vs, 0 [%]), but show net 
shrinkage when the combined volume of solids and fluids is considered 
(see ∆rVPT/V0 [%]). Qualitatively, this can be explained by rearrange-
ment of the water molecules, which adopt a more structured, higher 
density configuration upon incorporation into the solid [33,90]. 

The volume changes in Table 1 are defined at constant pressure and 
temperature. In reality, the chemical shrinkage must either be 
compensated for by other processes occurring inside the volume of 
cement, or be accommodated by a change in the external dimensions of 
the system: 

∆Vchem +∆Vint = ∆Vext (2) 

Here, ∆Vchem < 0 for cement hydration and ∆Vint [m3] denotes the 
combined volumetric impact of possible i) changes in internal (pore) 
fluid pressure, ii) changes in the stress state of the solid matrix, iii) pore 
volume changes and associated cavitation or pore vapor phase forma-
tion, and iv) influx of matter, e.g. externally sourced water [25,28,120]. 
Note the first three factors represent effects caused by deviation from 
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uniform pressure conditions within the system, while the fourth repre-
sents mass transfer into the system. 

For porous media like cement, the external dimensions of the system 
can be conveniently defined in terms of the bulk volume: Vext ≡ Vbulk =

Vsolid + Vpore, where Vsolid and Vpore [m3] denote volume occupied by 
solid and pore space, respectively. Changes in bulk volume then become: 

∆Vbulk = ∆Vsolid +∆Vpore (3) 

The volume change of the solid can be subdivided in: 

∆Vsolid = ∆Vr(PT)
solid +∆Vel

solid +∆Vth
solid (4) 

Here, ∆Vsolid
r(PT) [m3] denotes the net solid volume created during re-

actions, ∆Vsolid
el [m3] denotes solid volume change due to elastic defor-

mation upon mechanical loading, and ∆Vsolid
th [m3] denotes solid volume 

change related to thermal expansion. The pore volume change is diffi-
cult to quantify, but will include both increasing and decreasing com-
ponents for CEA-modified cements. Entrapment and expansion of pores 
due to displacive mineral growth will contribute to the pore volume, 
∆Vpore

+ (>0) [m3], while i) precipitation in the pore space, and ii) 
redistribution of solid due to capillary tension and mechanical 
compaction effects [28,86] will reduce the pore volume, ∆Vpore

− (<0) 
[m3]. 

For the fluid phase, we can write: 

∆Vfluid = ∆Vr(PT)
fluid +∆Vel

fluid +∆Vth
fluid +∆Vsupply

fluid (5)  

where ∆Vfluid
r(PT) [m3] is the net volume of fluid consumed in reaction, 

∆Vfluid
el and ∆Vfluid

th [m3] represent elastic and thermal contributions, 
respectively, and ∆Vfluid

supply [m3] denotes the volume of fluid supplied from 
the environment. Assuming initially saturated conditions, but allowing 
development of unsaturated conditions through evaporation of a small 
amount of pore fluid, i.e. ∆Vpore ≈ ∆Vfluid + ∆Vvapor, while noting that 
∆Vchem = ∆Vsolid

r(PT) + ∆Vfluid
r(PT), Eqs. (3)–(5) can be combined to: 

∆Vbulk = ∆Vchem +∆Vel
solid +∆Vth

solid +∆Vel
fluid +∆Vth

fluid +∆Vvapor +∆Vsupply
fluid (6)  

∆Vpore ≈ ∆Vr(PT)
fluid +∆Vel

fluid +∆Vth
fluid +∆Vsupply

fluid +∆Vvapor (7) 

Development of unsaturated conditions (∆Vvapor > 0) requires the pore 
fluid pressure to drop to its vapor or cavitation pressure, which under 
fixed confining pressure increases the effective stress on the porous 

framework of the solid cement. At this stage, note ∆Vchem < 0 for both 
Portland cement and MgO hydration (∆rVPT/V0, Table 1). Achieving bulk 
expansion (∆Vbulk > 0) using MgO-based CEAs therefore relies on the 
creation of pore space via displacive crystal growth (∆Vpore

+ > 0), not 
creation of solid volume (∆Vsolid

r(PT)). As stated, ∆Vpore = ∆Vpore
+ + ∆Vpore

− , with 
both the expansive (FoC-development) and compactive (capillary tension, 
mechanical compaction) processes depending on stress state. External 
fluid supply will therefore have a significant impact on MgO-based 
expanding cements, as inflow of fluid allows ∆Vpore

+ to develop without 
pore fluid pressure collapse, which would otherwise enhance compactive 
mechanisms. 

3. Experimental methods 

3.1. Materials and cement sample preparation 

The experiments were performed on cement slurries prepared 
following ISO 10426-2 [121]. The investigation included a standard 
Class G Portland cement (E0, Table 2), as reference system, and three 
expanding cements containing increasing amounts of MgO-based 
expansion additive (denoted E5, E10 and E20, Table 2). The series of 
cement slurries was designed to have constant density (1.88 g cm− 3) and 
minimal differences in the curing time and initial solid volume fraction. 
Cements E0 and E5 have previously been studied by Jandhyala et al. 
[45], who report relevant data on slurry consistency and workability. All 
slurries were prepared immediately prior to use, with data logging 
usually commencing within 20 min after mixing. The MgO material used 
can be classified as “hard burnt” or “medium reactive” [108]. For further 
details, see Supplementary information, Section S.1.1. 

3.2. Apparatus description 

The experiments were performed in a LABCAT apparatus (Fig. 1), 
which was briefly introduced by van Eijden et al. [38], but will be dis-
cussed in more detail here. This apparatus allows for concurrent mea-
surement of the chemical shrinkage (i.e. volume change of reaction) and 
bulk volume change (i.e. variations in the external dimensions) that 
occur during the hydration and setting of cement samples. The LABCAT 
can be operated at 35–200 ◦C and total pressures of up to 40 MPa to 
simulate downhole conditions. Following the approach of previous 
studies [46,49], volume change determinations are based on the influx- 
efflux of water required to maintain pressure. However, the LABCAT 

Table 1 
Molar volume change of reaction data (25 ◦C, 1 bar) for selected cement and 
metal oxide hydration reactions.  

Reaction ∆rVPT [cm3 

mol− 1] 
∆rVs

PT [cm3 

mol− 1] 
∆rVPT/V0 

[%] 
∆rVs

PT/Vs, 

0 [%] 

C3S + 3.43 H ⟶ 
C1.67SH2.1 + 1.33 CH  

− 12.85  48.89  − 9.54  66.97 

C3S + 3.47 H ⟶ 
C0.83SH1.3 + 2.17 CH  

− 4.85  57.61  − 3.58  78.92 

C2S + 2.43 H ⟶ 
C1.67SH2.1 + 0.33 CH  

− 6.85  36.89  − 7.15  70.94 

C2S + 2.47 H ⟶ 
C0.83SH1.3 + 1.17 CH  

1.15  45.61  1.19  87.71 

MgO + H2O ⟶ Mg 
(OH)2  

− 4.50  13.50  − 15.25  117.39 

CaO + H2O ⟶ Ca 
(OH)2  

− 2.00  16.00  − 5.71  94.12 

Reaction equations in cement chemistry notation, where C = CaO, H = H2O, S =
SiO2 [90]. Note C3S and C2S denote alite and belite, respectively, two major 
Portland clinker phases. The hydrated product, or calcium silicate hydrate (C-S- 
H), has been modelled using tobermorite and jennite-type endmember compo-
sitions. Volume calculations based on molar volume data from Matschei et al. 
[31] and Lothenbach et al. [105]. Specific to this table, V0 and Vs, 0 represent the 
molar volume of the reactants and its solid component, respectively (note V0 
[m3] denotes initial sample volume in the remainder of the text). 

Table 2 
Initial composition and properties of the cement slurries investigated in this 
study.  

Cement slurry composition E0 [g] E5 [g] E10 
[g] 

E20 
[g] 

Components [g 
cm− 3] 

Tap water 1.00 44.22 46.84 49.46 54.69 
Portland Class G cement 3.15 100.00 100.00 100.00 100.00 
MgO-based expansion additive 3.57 0.00 5.00 10.00 20.00 
Free water control agent 1.38 0.10 0.10 0.10 0.10 
Dispersant 1.28 0.30 0.40 0.50 0.70 
Retarder 1.25 0.08 0.10 0.12 0.12 
Defoamer 0.92 0.89 0.89 0.89 0.89   

Calculated cement slurry properties E0 E5 E10 E20 

Compounded slurry density (ρs) [g cm− 3]  1.88  1.88  1.88  1.88 
Initial solids content (s0) [wt%]  68.69  68.48  68.30  67.99 
Initial solids content [vol%]  41.07  40.71  40.39  39.85 
Initial CEA content [wt%]  0.00  3.26  6.21  11.33 
Initial CEA content [vol%]  0.00  1.72  3.28  5.98 

For further details on wellbore cementing additives used, see Supplementary 
information, Section S.1.1. 

T.K.T. Wolterbeek et al.                                                                                                                                                                                                                       



Cement and Concrete Research 147 (2021) 106514

4

differentiates itself from earlier testing facilities in that it can measure 
and control both the internal (pore) fluid phase pressure and the 
confining pressure acting on the hydrating cement sample. 

The main body of the LABCAT apparatus consists of an externally 
heated pressure vessel, containing the sample assembly, and a Quizix 
QX6000 dual cylinder high-pressure pump. One pump cylinder, here-
after referred to as the “confining fluid pump” (CFP), is used to control 
the confining pressure acting on the sample, Pcf [Pa] (Fig. 1d). The other 
cylinder, denoted the “internal fluid phase pump” (IFP), connects 
directly to the sample (Fig. 1d). The nature of this “internal fluid phase” 
changes over the course of an experiment. Initially, the internal fluid 
phase pressure, Pif [Pa], will reflect the hydrostatic cement slurry pres-
sure. Later, as the cement starts to form a solid framework, capable of 
supporting mechanical loads, Pif [Pa] becomes some measure for the 
pore fluid pressure in the cement matrix. Pressure differences between 
the CFP and IFP, ∆P = Pcf − Pif [Pa], can only develop after a separator 
tap is closed to disconnect the two systems (Fig. 1d). This ∆P is measured 
directly using a differential pressure transmitter (DPT, Fig. 1d), where 
an initial Rosemount 3051-type DPT [38] was later replaced by a Fuji 
FKC-type DPT to increase the operable pressure range. Three PT-100 
thermocouples are used to measure temperature, with the one in the 
confining fluid located closest to the sample (Fig. 1b). 

The sample assembly, containing the cement slurry, consists of an 
EPDM sleeve (inner diameter 25 mm, length 50 mm) with a stainless- 
steel, solid bottom plug (height 12 mm) and bell-shaped top plug 
(height 20 mm), the latter fitted with an internal (pore) fluid connection 

(Fig. 1b). The EPDM sleeve functions as an impermeable yet deformable 
barrier, which conforms to bulk volume changes in the cement sample. 
The LABCAT is housed inside a Binder Series FED heating chamber, 
providing a constant temperature environment (To = 35 ± 0.1 ◦C). The 
pressure vessel is further equipped with an electrical heater, allowing 
sample temperatures (Ts) of up to 200 ◦C to be attained. 

3.3. Experimental procedures and progression 

In preparation of each experiment, both cylinders of the pump were 
filled with degassed water, ensuring the pistons were positioned midway 
their operable range. To set up an experiment, 10–12 ml cement slurry 
(V0 [m3]) was placed in the sample assembly, using wire tourniquets to 
seal the EPDM sleeve against the plugs, while taking care that the slurry 
level reached some distance into the bell-shaped chamber of the top plug 
(Fig. 1c). This ensured settling of cement (free water-formation) would 
not lead to pinching of the EPDM sleeve at the cement-top plug contact. 
The sample assembly was then mounted in the pressure vessel, con-
necting the top plug to the internal fluid phase system. The LABCAT was 
subsequently filled with degassed water via the inlet port (Fig. 1d), using 
a plastic syringe. Displaced air got vented via the outlet port, which was 
closed once water emerged (Fig. 1d). After applying a small initial 
pressure (~0.5 MPa) using the syringe, the inlet port was also closed. 
The LABCAT was pressurized further to Pcf using the CFP, and brought to 
temperature. Throughout this process, the separator tap remained open 
to ensure zero effective pressure acted on the sample (∆P = 0). Stable 

Fig. 1. Overview of the LABCAT apparatus, with a) photograph, b) cross-section of the pressure vessel, showing the sample assembly, internal fluid connection, 
confining fluid connections and thermocouples, c) cross-section of the sample assembly (not to scale, tourniquets not shown), and d) a schematic of the LABCAT 
apparatus, showing the confining fluid pump (CFP), internal (pore) fluid phase pumps (IFP), differential pressure transmitter (DPT) and separator tap. The internal 
(pore) fluid phase system, including the sample, is indicated in green, the confining fluid system is indicated in blue. (For interpretation of the references to colour in 
this figure legend, the reader is referred to the web version of this article.) 
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temperature (To, Ts) was attained within 1 h. 
At this stage, the separator tap was closed, disconnecting the CFP and 

IFP subsystems (Fig. 1d). The CFP continued to maintain the confining 
fluid system at Pcf. Conversely, with the IFP remaining off, pressure in 
the now disconnected internal fluid phase system (Pif) was no longer 
controlled. Meanwhile, hydration was ongoing in the cement and would 
continue to cause chemical shrinkage. Initially, while the cement still 
behaved slurry-like, this shrinkage was accommodated largely by in-
ward displacement of the EPDM sleeve, i.e. by bulk volume shrinkage. 
Consequently, the CFP had to deliver water to maintain pressure, while 
the internal fluid phase pressure remained Pif ≈ Pcf (see Stage I, Fig. 2). 
Later, as the cement started to form a load-bearing solid framework, part 
of the chemical shrinkage would instead get accommodated internally, 
e.g. by development of stresses in the solid matrix and lowering of the 
pore fluid pressure, with Pif < Pcf (Stage II, Fig. 2). Assuming Pif reflects 
the pore fluid pressure in the cement matrix at this stage, ∆P corresponds 
to the Terzaghi effective confining pressure acting on the solid. Once a 
pre-set maximum ∆P was reached (∆Plim [Pa], Table S1), the IFP would 
start controlling Pif and prevent it from dropping any further. From this 
point on, internal accommodation of chemical shrinkage would be aided 
by direct water supply (Stage III, Fig. 2). In what will be referred to as 
“reaction-controlled” experiments (denoted RC, Table S1), the IFP 
remained off throughout the test (no Stage III). 

Experiments were terminated by turning off the IFP, opening the 
separator tap and turning off the heater of the pressure vessel. The 
LABCAT apparatus was subsequently allowed to cool down to oven 
temperature with the CFP controlling pressure. Once sufficiently cooled 
down, the pressure was lowered to 1 MPa using the CFP and then 
removed by opening the inlet port. 

3.4. Data acquisition and processing 

The pump volumes, VCFP and VIFP [m3], confining fluid pressure, Pcf 
[Pa], internal fluid phase pressure, Pif [Pa], differential pressure, ∆P 
[Pa], and temperature, Ts [◦C], were logged every 20 s. Following 
Chenevert and Shrestha [49] and Jafariesfad et al. [41], data recorded 
during the heating and stabilisation stage of the experiments were not 
considered in further analysis. From an application point of view, this is 

reasonable because important volume changes occur mainly after the 
cement gelled significantly, i.e. once shrinkage can no longer be 
compensated by gravitational sagging of the cement column. In this 
context, the point of zero-volume change (∆VCFP = ∆VIFP = 0), i.e. the 
reference state with respect to which expansion and shrinkage are 
determined, was selected 1 h after closing the separator tap (~2.5 h after 
mixing). None of the samples had developed a notable ∆P at this stage, 
suggesting they behaved slurry-like (Stage I, Fig. 2). The chemical 
shrinkage, ∆Vchem [m3], and bulk volume change, ∆Vbulk [m3], of the 
cement samples were calculated by correcting the recorded pump data 
for apparatus specific storage and thermal effects (see Supplementary 
information, Section S1.2). Following ISO 104236-5 [120] practice, the 
volume changes were normalised with respect to the samples' initial 
volume, V0 [m3], obtained using their initial mass (m0 [kg], Table S1) 
and the calculated slurry density, ρs [kg m− 3] (Table 2). 

3.5. Post-experimental analysis of the cement samples 

Upon removal from the LABCAT apparatus, the cement samples were 
weighed and allowed to dry under ambient conditions, prior to storage. 
At a later stage, the samples were dried to constant weight at 105 ◦C, as 
approximate method for determining their “non-evaporable” water 
content [90] (see Supplementary information, Section S1.3). Four of the 
samples (F08, F11, F26 and F27, see Table S1) were subsequently cast in 
Araldite2020 epoxy resin in preparation for sectioning. This involved 
cutting the cylindrical samples perpendicular to their axis, at a location 
about midway their height, and polishing the cross-sections thus ob-
tained using standard lapidary equipment. Sections were studied using 
reflected light microscopy. 

4. Results and analysis 

4.1. LABCAT volume and pressure data 

Thirty-two LABCAT experiments have been performed, systemati-
cally varying i) the MgO-based CEA concentration (see Table 2) and ii) 
the maximum effective confining pressure, ∆Plim, that was allowed to 
develop during hydration. Experiment durations varied from 4 to 38 

Fig. 2. Schematic representation of pressure evolution, pump status and effective fluid supply during a typical cement hydration experiment in the LABCAT. The 
pressure response can be divided into three stages (see Section 3.3). The transition from Stage I to II is relatively gradual, but the onset of Stage III is marked by IFP 
activation. The t0, tzvc and tlim denote characteristic points in the evolution of the hydrating cement samples (see Section 4.1). 
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days. Each LABCAT experiment provided data with time on i) chemical 
shrinkage, echem = ∆Vchem/V0 [–], ii) the bulk volume change of the 
sample, ebulk = ∆Vbulk/V0 [–], and iii) the pressure difference, ∆P [MPa], 
developed during hydration. For echem and ebulk, note expansions are 
defined positive, while negative values denote chemical and bulk 
shrinkage, respectively. To facilitate analysis, several characteristic 
moments in the evolution of the samples were defined. With reference to 
the illustrations of Fig. 3, these points in time include:  

• Point tzvc: Predefined state of zero-volume change (see Section 3.4).  
• Point tf: Time of experiment termination.  
• Point tmin: Moment when ebulk(t) attains its minimum value for tzvc < t 
≤ tf, i.e. the largest bulk volume shrinkage recorded.  

• Point tmax: Moment when ebulk(t) attains its maximum value for tmin <

t ≤ tf, i.e. representing possible bulk volume regained after the 
minimum in bulk volume was attained.  

• Point tnet0: Moment when ebulk(t) = 0 for tmin < t ≤ tf, i.e. the transition 
from net bulk shrinkage to expansion. Not all samples attained this 
state, some showing net bulk shrinkage throughout.  

• Point tlim: Moment when ∆P(t) reaches its limit value (∆Plim) for tzvc <

t ≤ tf, i.e. onset of Stage III (Fig. 2). This point is never reached in 
reaction-controlled experiments (denoted RC).  

• Point t∆P: Moment at which ∆P reaches its maximum value for tzvc < t 
≤ tf. For RC experiments, this denotes the effective confining pres-
sure attained due to hydration and self-desiccation.  

• Point tSII: End of Stage II (Fig. 2). Note this corresponds to Point tf in 
RC experiments and Point tlim in the others.  

• Point tchem: Moment when echem(t) attains its minimum value for tZVC 
< t ≤ tf, i.e. the largest chemical shrinkage recorded. Found to 
coincide with Point tf, therefore not tabulated separately.  

• Finally, various points tyd register the sample properties at time t = y 
days. 

Insofar applicable, the values for echem [–], ebulk [–], ∆P [bar] and t [h] 
at the above characteristic moments in the samples' evolution have been 
tabulated in Table S1. Below, the behaviour of the cement samples will 
be characterised further using subsets of these data. 

4.1.1. General behaviour of the E0-type (non-expanding) reference cement 
Fig. 4 shows the volume evolution of non-expanding (E0) cement 

samples in three LABCAT experiments (R01–R03) performed using 
progressively higher ∆Plim-values. The samples showed very similar 
chemical shrinkage behaviour, attaining − 4.04% to − 4.08% after four 
days (t4d), and about − 4.1% at termination after nearly seven days 
(Fig. 4a). This consistency suggests the hydration reactions were not 
significantly affected by the stress state imposed. As expected, all non- 
expanding (E0) cement samples displayed bulk shrinkage. Unlike 
chemical shrinkage, however, bulk shrinkage varied markedly with 
∆Plim. In the sample hydrated under low effective confining pressure 
(R01, ∆Plim = 0.2 bar), bulk shrinkage reached − 1.64%, accommodating 
~40% of the chemical shrinkage. By contrast, the sample hydrated 
under RC conditions (R03) developed ∆P up to 10.9 bar (Fig. 4b). Note 
this maximum ∆P occurred around 30 h, where the subsequent lowering 
(i.e. increase in Pif) could reflect compaction of the cement matrix or 
minor leakage. In any case, sample R03 showed − 3.94% bulk shrinkage 
at experiment termination, thereby accounting for ~96% of the chem-
ical shrinkage. The difference is clearest in Fig. 4c, where the 1:1 line 
delineates “fluid phase behaviour”, where chemical shrinkage is 
accommodated entirely via bulk volume change. 

Fig. 3. Examples of echem(t), ebulk(t) and ∆P(t) data obtained from the LABCAT, where a) and b) show F22 and F10, respectively (Table S1). Note F22 was hydrated 
under reaction-controlled conditions, allowing a substantial ∆P to develop (see Stage II, Fig. 2). Despite the high MgO-based CEA concentration (E20), F22 displayed 
net bulk volume shrinkage throughout the experiment. By contrast, F10 was hydrated under ∆Plim = 2 bar. This limit was reached after 13.6 h, initiating water supply 
(Stage III, Fig. 2). Under these conditions, a lower amount of MgO-based CEA (E5) could generate a net bulk volume expansion of ~9%. The plots further indicate a 
series of characteristic points in the evolution of the hydrating cement samples (tzvc, tf, tmin, tmax, tnet0, tlim and t∆P), defined to facilitate analysis and enable 
comparisons. 
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4.1.2. General behaviour of the expanding cements 
Fig. 5 shows the volume evolution of E5-type expanding cement 

samples, in LABCAT experiments which allowed progressively larger ∆P 
to develop during cement hydration. Like the non-expanding cement, 
the E5 samples showed similar chemical shrinkage irrespective of ∆Plim- 
value imposed (Fig. 5a), registering echem of − 4.2% to − 4.4% after four 
days. Addition of 5% bwoc MgO-based CEA resulted in markedly 
different bulk volume behaviour, producing net increases at lower ∆Plim- 
values (F11, F10, Fig. 5a). However, this expansion-effect diminished 
rapidly when larger effective confining pressures were allowed to 
develop during hydration (F13, F12, Fig. 5a). Sample F11 (∆Plim = 0.2 

bar) already showed less bulk shrinkage than E0 cement in the early 
stages (cf. R01, Fig. 4a), attained net zero bulk shrinkage after ~52 h, 
and reached a maximum bulk expansion of ~15.7% around the time of 
experiment termination (Fig. 5a). When a ∆Plim of 2 bar was imposed 
(F10, Fig. 5; R07 and F03, Table S1), the largest bulk shrinkage recorded 
(− 3.4% to − 2.4%) was comparable to that in E0 cement (cf. R02, 
Fig. 4a). After this initial period of bulk shrinkage, the E5 samples began 
to expand, attaining net zero bulk shrinkage after 98 to 135 h (F10, R07 
and F03, Table S1). Sample F10 reached a bulk expansion of 8.6% 
(Fig. 5a). By contrast, samples hydrated under higher ∆Plim-values of 
15–20 bar (F13 in Fig. 5; F08 and R10, Table S1) generally showed less 

Fig. 4. Volume and pressure evolution of E0 (non-expanding) cement samples R01, R02 and R03 (Table S1), all hydrated at P = 100 bar, T = 90 ◦C, with: a) bulk 
volume change (blue) and chemical volume change (green) with time, b) pressure difference with time, and c) bulk volume change versus chemical shrinkage. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Fig. 5. Volume and pressure evolution of E5 expanding cement samples F10, F11, F12 and F13 (Table S1), with a) bulk volume change (blue) and chemical volume 
change (green) with time, b) pressure difference with time, and c) bulk volume change versus chemical shrinkage. (For interpretation of the references to colour in 
this figure legend, the reader is referred to the web version of this article.) 
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bulk shrinkage than their E0-cement counterparts, but never reached net 
bulk expansion. Under reaction-controlled (RC) conditions (F12, Fig. 5; 
R11, Table S1), differential pressures of up to 34.8 bar were developed 
(Fig. 5b), while bulk volume increases were very limited, reaching 
− 3.5% to − 4.1% net bulk volume change, compared to − 4.6% chemical 
shrinkage. Most bulk volume expansion occurs at echem < − 3%, i.e. 
relatively late in the hydration history, regardless of ∆Plim-value 
(Fig. 5c). The E10 and E20 cements behaved essentially similar to the E5 
samples (Figs. S2 and S3). The amount of bulk volume expansion ach-
ieved increased with MgO content, but remained very limited under 
reaction-controlled (RC) conditions, even at the highest concentration 
tested (compare F12, Fig. 5a and F16, F22, Fig. S3a). 

4.1.3. Effect of expansion additive concentration on chemical volume 
change 

Fig. 6 plots echem [–] versus ∆P [bar] for various characteristic points 
in the samples' evolution. Cement type (E0–E20, Table 2) is indicated 
using colour. Chemical shrinkage generally increased with higher MgO- 
based expansion additive concentrations (e.g. Fig. 6h). This trend with 
cement composition is likely due to the large negative volume change of 
reaction associated with MgO hydration (~15% volume decrease, 
Table 1), which can contribute significantly to overall chemical 
shrinkage of the sample (Supplementary information, Section S2.1.2). 
Cements hydrated under different ∆Plim-values at first glance displayed 
similar chemical shrinkage (Figs. 4–5, S2–S3). However, in the echem [–] 
versus ∆P [bar] data, samples hydrated under low effective confining 
pressures showed slightly more chemical shrinkage than those hydrated 
under higher confinement (Fig. 6a–d). Despite considerable scatter, this 
trend seems quite systematic with time and occurred at several additive 
concentrations. 

4.1.4. Effect of expansion additive concentration on bulk volume change 
Fig. 7 shows the bulk and chemical volume evolution of E5, E10 and 

E20 cement samples hydrated with ∆Plim = 2 bar (Fig. 7b). Under these 
low confinement conditions, increasing the CEA concentration from 5% 
bwoc (F10) to 10% bwoc (F26) resulted in an earlier onset of bulk 
expansion (e.g. tnet0 is reached at ~135 h for F10, ~40 h for F26) and 

larger bulk expansion values (Fig. 7a). Increasing the CEA concentration 
to 20% bwoc (F14) had little effect on earliest-stage behaviour, but led 
to somewhat larger bulk expansion values overall (Fig. 7a). No clear 
trends with CEA concentration emerged by plotting ebulk versus echem, but 
some extent of hydration seems required before bulk expansion could 
accelerate (note upshoot in ebulk occurs at echem ≤ − 3.5%, Fig. 7c). Under 
higher maximum effective confining pressures (∆Plim = 20 bar), the 
impact of MgO-based CEA concentration is essentially similar (Fig. S5), 
but the amount of bulk expansion exhibited was generally reduced. Note 
that E5 cement, which produced 8.63% net bulk volume gain at ∆Plim =

2 bar (F10, Fig. 7a), never attained a state of net bulk volume expansion 
at ∆Plim = 20 bar (Fig. S5a). 

None of the cement samples hydrated under reaction-controlled con-
ditions showed net bulk expansion (Fig. 8a). It seems the samples showed 
bulk shrinkage during the early stages of hydration (echem > − 3%), then 
experienced a transient period of relative bulk volume increase, but ul-
timately showed continued net bulk shrinkage (Fig. 8c). This late-stage 
bulk shrinkage might be related to mechanical compaction of the 
cement matrix, e.g. caused by the effective confining pressure developed 
during reaction. Hydration of E20 cement yielded ∆P up to 72.6 bar (F22, 
Fig. 8b). In general, the effective confining pressures developed increased 
markedly with increasing CEA concentration (Fig. S6). This could be due 
to the general increase in chemical shrinkage with CEA concentration 
(Fig. S4), but may also reflect pore fluid pressure collapse due to enhanced 
internal accommodation (∆Vpore

+ > 0). 
Fig. 9 plots ebulk [–] versus ∆P [bar] for a number of the characteristic 

points in the samples' evolution. Bulk volume gain increased with CEA 
concentration and hydration time, while the development of effective 
confining pressure (∆P) clearly inhibited bulk volume increase 
(Fig. 9a–d). All expanding cements showed a transition from net bulk 
volume expansion at low ∆P to net shrinkage at higher ∆P. This transi-
tion occurred at ~15 bar in the E5 cement (Fig. 9f). Note that none of the 
samples tested showed net bulk expansion at the end of Stage II (Fig. 9g). 
In fact, in most cases, the situation at the end of Stage II approached the 
largest bulk shrinkage observed (cf. Fig. 9e; see also Fig. S7). This 
demonstrates that most of the bulk expansion was achieved only after 
initiation of the IFP pump, i.e. in Stage III (Fig. 2), during which the 

Fig. 6. Plots of echem [–] versus ∆P [bar] at various characteristic points in the evolution of the cement samples, with data shown for a–d) points t2d, t4d, t8d and t12d, 
respectively, e) point tmin, f) point tmax, g) point tSII and h) point tf. 
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hydrating cement samples were mechanically supported by a constant 
internal (pore) fluid phase pressure (Fig. 9f). 

4.2. Post-experimental and microstructural observations 

Upon retrieval from the LABCAT apparatus and sample assembly, the 
cement samples generally emerged as cohesive objects. In a few cases, 
the uppermost part of the sample, which extended into the bell-shaped 
top plug of the sample assembly, broke off during retrieval. Other-
wise, all of the samples appeared smooth and free of cracks upon visual 

inspection. Final sample mass and mass after heating to 105 ◦C have 
been tabulated in Table S1 and the results are discussed in the Supple-
mentary information (Section S2.2.1). After drying, the samples devel-
oped a thin layer of white efflorescence and longitudinal striations on 
their surface. Samples hydrated under low confinement attained clearly 
larger diameters than those hydrated under higher ∆Plim-values 
(Fig. S9). Hydration under reaction-controlled conditions resulted in 
somewhat concave-shaped samples. Microcracking was observed in 
cement samples that contained high CEA concentrations and were hy-
drated under low confinement, and occurred mainly along the samples' 

Fig. 7. Volume and pressure evolution of expanding cement samples hydrated at ∆Plim = 2 bar, where the MgO-based CEA concentration is systematically increased. 
Plots show a) bulk volume change (blue) and chemical volume change (green) with time, b) pressure difference with time, and c) bulk volume change versus 
chemical shrinkage. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Fig. 8. Volume and pressure evolution of expanding cement samples hydrated under reaction-controlled conditions, where the CEA concentration is systematically 
increased. Plots show a) bulk volume change (blue) and chemical volume change (green) with time, b) pressure difference with time, and c) bulk volume change 
versus chemical shrinkage. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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circumference (Fig. S9). It is unclear to what extent these microcracks 
were caused by expansive MgO hydration, as they could (partially) be 
due to the drying treatment at 105 ◦C (note the absence of visual damage 
upon sample retrieval and the formation of longitudinal striations upon 
drying). More detailed descriptions of sample microstructures are pro-
vided in Supplementary information, Section S2.2.2. 

5. Discussion 

Four different cement systems, containing increasing concentrations 
of MgO-based CEA (Table 2), were hydrated under a range of effective 
confining pressure conditions. The experiments showed that: i) bulk 
shrinkage in non-expanding cement increases with higher effective 
confining pressures or, equivalently, with delayed or limited access to an 
external water supply, ii) use of MgO-based CEAs (5–20% bwoc) pro-
duces a significant bulk expansion-effect, but this effect diminishes 
markedly with application of higher effective confining pressures or 
delayed water supply; iii) under low effective confining pressures (0.2–2 
bar), MgO can create excessive bulk expansions (>5%, Fig. 9), which 
results in extensive microcracking. However, iv) the bulk volume gained 
decreases rapidly with higher confinement (>10 bar) and no net bulk 
expansion could be achieved under reaction-controlled conditions, i.e. 
without external water supply (Fig. 9); v) chemical shrinkage increased 
with MgO concentration. Below, we will first compare the LABCAT to 
conventional methods for measuring cement volume change, then 
discuss the effectiveness of MgO-based CEAs under various downhole 
situations, and finally consider the implications for wellbore cementing 
and zonal isolation. 

5.1. Comparison with pressurized membrane and autoclave-type tests 

Bulk volume change in wellbore cements has been extensively 
studied [25,37,40,45–55], yielding standard protocols for its measure-
ment under atmospheric pressure conditions [120,121]. In annular ring/ 
cylinder tests, cement is cured under free access to water, inside a 
spring-loaded, split ring, allowing measurement of linear expansion by 
monitoring the span of the split [37,53,120]. In membrane tests, cement 

is cured without external water access, inside an impermeable balloon, 
monitoring bulk volume change through Archimedes' principle 
[37,120]. Both methods can be modified for pressurized conditions 
[37,122], though the annular ring test typically requires periodic 
depressurization to monitor the span. Quantifying chemical shrinkage 
conventionally involves measurement of the water uptake by a thin 
layer of water-submerged cement, either in a flask [30,123] or pressure 
vessel [37]. 

The E0 and E5 cement (Table 2) were studied previously by Jand-
hyala et al. [45], who performed autoclave and membrane tests, 
respectively, to determine chemical shrinkage and bulk volume change 
at 1500 psi (~103.5 bar) and 190 ◦F (~88 ◦C). Bulk volume change in 
the membrane tests corresponded closely to observations in LABCAT 
experiments performed under reaction-controlled conditions (see 
Fig. 11 of Jandhyala et al. [45]). This corroborates the LABCAT closely 
approximates “closed-system” behaviour, despite inevitable inflow due 
to machine specific storage (Supplementary information, Section 
S1.2.3). Similarly, the LABCAT was able to reproduce the chemical 
shrinkage measured in autoclave tests, by imposing a ∆Plim of 0.2 bar 
(see Fig. 10 of Jandhyala et al. [45]). Limiting the LABCAT pressure 
difference to this low value, pore fluid supply (Stage III, Fig. 2) is 
initiated very early on in the hydration history, approaching “fully 
open” boundary conditions. These comparisons provide confidence the 
LABCAT can simulate a range of conditions, varying from almost fully 
open to almost fully closed with respect to external water supply. 

Jandhyala et al. [45] further investigated the effect of total confining 
pressure, Pcf [Pa], on the bulk volume response of E5 cement in mem-
brane tests. When hydrated under Pcf ≈ 103.5 bar, they observed ~4% 
bulk shrinkage after 12 days. Conversely, when hydrated under Pcf ≈

6.9 bar, E5 cement was able to attain ~4% net bulk expansion in 12 days 
(see Fig. 15 of Jandhyala et al. [45]). Interestingly, the bulk expansion 
observed in membrane tests under Pcf ≈ 6.9 bar matches closely with the 
trend of ebulk versus ∆P found for E5 cement in the LABCAT experiments 
performed under Pcf = 100 bar (Fig. 10). Unfortunately, the internal 
fluid phase pressure (Pif) cannot be measured in membrane tests, pre-
venting direct comparison. However, since ∆P = Pcf − Pif, effective stress 
development was probably limited by the low confining pressure (Pcf ≈

Fig. 9. Plots of ebulk [–] versus ∆P [bar] at various characteristic points in the evolution of the cement samples, with data shown for a–d) points t2d, t4d, t8d and t12d, 
respectively, e) point tmin, f) point tmax, g) point tSII and h) point tf. 
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6.9 bar), assuming Pif decreased to the vapor pressure of the pore fluid. 
For the membrane test at Pcf ≈ 103.5 bar, the ∆P-value attained remains 
indeterminable, but the bulk shrinkage corresponds well to that 
observed in LABCAT experiments performed under Pcf = 100 bar and 
reaction-controlled conditions, which developed ∆P of 25–35 bar. The 
impact of effective confining pressure on bulk volume change is seem-
ingly independent of whether the stress state was attained under closed 
(membrane test at Pcf ≈ 6.9 bar) or open (LABCAT at Pcf = 100 bar, ∆P ≈
6.9 bar) conditions with respect to external fluid access. This suggests 
that external water supply predominantly acts to provide mechanical 
support during hydration, rather than to replenish water as a chemical 
reactant. 

5.2. Effectiveness of MgO-based CEAs under intermediate fluid access 
conditions 

Volume change measured in the LABCAT for a given ∆Plim-value may 
be used to predict the bulk response in membrane tests performed under 
a confining pressure equal to the pressure difference limit (Fig. 10). 
However, ∆Plim can also be interpreted as the extent to which external 
fluids can imbibe and mechanically support the cement during hydra-
tion. To facilitate the analysis of cement volume change under condi-
tions where fluid supply is allowed to varying degrees, we define a bulk 
expansion factor, B [–]: 

B = 1 −
ebulk

echem
(8) 

When ebulk = echem, i.e. if all chemical shrinkage is accommodated as 
bulk shrinkage, B = 0. For situations of zero net bulk volume change, B 
= 1. Values of B > 1 indicate net bulk volume gain, i.e. scenarios where 
dilatation due to displacive crystal growth outstrips compaction due to 
capillary tension and creep processes activated by chemical shrinkage 
[25,28,29]. Note B scales with echem, taking into account the increase in 
chemical shrinkage with increasing MgO-concentration (Fig. S4). 

In addition, we define a pore fluid depletion factor, Xp [–]: 

Xp =
∆P
∆Prc

(9)  

where ∆Prc is the maximum pressure difference that develops during 
hydration under reaction-controlled conditions (∆Pmax of experiments 
R03, F12 and F22 were used to characterise E0, E5 and E20 cement, 
respectively; Table S1). Note this fluid depletion factor provides a 
measure for the degree of external fluid access during cement hydration. 
For completely unrestricted fluid supply, Xp = 0, as water consumed by 
hydration reactions would be replenished continuously, preventing pore 
fluid pressure decrease (∆P = 0). Conversely, Xp = 1 represents the 
drawdown that occurs during cement hydration under (nearly) zero 
inflow conditions, as measured in the reaction-controlled experiments 
(∆P = ∆Prc). 

Fig. 11 shows B versus Xp reached during the hydration of E0, E5 and 
E20 cement (plotted Point tmax data, Table S1). For both the reference 
and MgO-based expanding cements, the variation in bulk volume 
response observed with degree of external fluid access can be described 
reasonably well using exponential relationships. Non-expanding (E0) 
cement shows net bulk shrinkage (B < 1), even at very low degrees of 
pore fluid pressure depletion (at Xp = 0, predicted B = 0.66), i.e. 
regardless of whether external fluids can imbibe the cement. Adding 5% 
bwoc MgO-based CEA results in net bulk volume expansion at Xp < 0.5, 
while at higher pore fluid pressure depletion factors, B < 1. This implies 
E5 cement expands over a limited range of hydrodynamic conditions 
only, as some inflow of external fluid seems to be required. The overall 
trend with Xp remains comparable, noting the exponential factor is 
2.7–2.8 for all three cements (Fig. 11). Increasing the CEA concentration 
to 20% bwoc extends the Xp-range over which B > 1, though the addi-
tional volume gained is less than the effect achieved by adding the first 
5% of CEA. Note that net bulk volume expansion could was not achieved 
in experiments where external fluid access was highly restricted (Xp >

0.8), regardless of CEA concentration used (Fig. 11). 

5.3. Estimated porosity trends 

The exponential trends in Fig. 11 are qualitatively reminiscent of the 
porosity-effective stress relations encountered in a range of compaction 
processes, including geological basin development [124,125], sintering 
of porous metals [126,127] and the confined stress-strain-hydration 
behaviour of precompacted CaO powder aggregates (see Fig. 11 of 
Wolterbeek et al. [86]). Unfortunately, defining a suitable reference 
state/porosity is challenging for the case of cement hydration, as cement 

Fig. 10. Plot of ebulk [–] versus ∆P [bar] after 12 days in the LABCAT experi-
ments (circles) with ebulk [–] versus Pcf [bar] for E5 cement after 12 days in 
membrane tests by Jandhyala et al. [45]. The membrane test result for Pcf = 6.9 
bar corresponds well with the trend for E5 cement found in the LABCAT ex-
periments at Pcf = 100 bar. 
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Fig. 11. Bulk expansion factor, B [–], versus pore fluid depletion factor, Xp [–], 
at point tmax in various LABCAT experiments on E0, E5 and E20 cements. The 
black dashed line represents zero net bulk volume change (no shrinkage, nor 
expansion). Dotted lines and equations denote exponential fits to the data. 
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slurries start out as suspensions (Table 2). However, it is possible to 
estimate and track the “porosity” of the samples, defined as φ = 1 − s [–], 
where s [–] is the solid volume fraction, by determining solid produced 
via hydration. Assuming the net solid volume created (products minus 
reactants) is proportional to the chemical shrinkage, ∆Vsolid

r(PT) = αV0echem 
(i.e. assuming the x different cement hydration reactions together pro-
duce a constant volume change of reaction): 

φ = 1 − s = 1 −
Vsolid

Vbulk
= 1 −

s0 + αechem

1 + ebulk
(10)  

where s0 denotes initial solid volume fraction (Table 2) and α [–] is 
related to the ratio of volume changes of reaction occurring in the solid 
and fluid phases. Assuming a net solid volume increase of 80% for 
cement hydration (cf. ∆rVs

PT/Vs, 0-values in Table 1), and taking the 
∆rVs

PT/Vs, 0 of MgO for CEA hydration (Table 1), use of a mixing model 
for the chemical shrinkage (Supplementary information, Section S2.1.2) 
yields αE0 = − 8.01 × 10− 2, αE5 = − 7.29 × 10− 2, αE10 = − 6.75 × 10− 2 

and αE20 = − 6.01 × 10− 2. Using these values in Eq. (10), the porosity 
evolution of the samples can be estimated from the bulk and chemical 
volume change data (Fig. 12). 

While the porosity data are estimates only, some interesting obser-
vations can be made. Porosity changes in the three E0 cement samples, 
hydrated under different effective confining pressures, are very similar 
(Figs. 4 and 12a), with the overall reduction dominating behaviour, 
though porosity decreases slightly with increasing confinement (inset 
Fig. 12a). This suggests porosity reduction may be largely attributed to 
hydration, e.g. reaction products filling up pores, with mechanical 
compaction playing a comparatively minor role. For the E5 and E20 
cements, note that samples hydrated under reaction-controlled condi-
tions show continuous porosity decrease (Fig. 12b–c), even though the 
bulk volume showed transient periods of relative expansion (Fig. 8c). 
Under lower confinement, E5 and E20 cement show significant porosity 

increases after ~30 h, attaining φ of 30–40%. This suggests entrapment 
and expansion of pores due to displacive mineral growth exceeded pore 
volume reduction due to infilling and compactive mechanisms. Overall, 
porosity increased with CEA concentration and decreased with effective 
confining pressure (Fig. 12d). Further research is needed to elucidate 
and quantify the underlying processes. In practice, however, the forces 
developed seem to be limited by the strength of the cement matrix 
(Fig. 10), rather than the maximum FoC predicted by thermodynamic 
models [77,86]. 

5.4. Implications for wellbore cementing and zonal isolation 

The LABCAT results demonstrate that FoC-based CEAs' ability to 
achieve bulk volume expansion depends strongly on environmental 
conditions, including the i) confining pressure and ii) extent to which 
fluids can imbibe and mechanically support the cement during hydra-
tion. This implies that the volumetric response of expanding cement 
juxtaposed against a permeable, water-bearing rock formation will be 
substantially different from that of the same cement placed inside an 
impermeable casing pipe. 

Even cements containing large quantities of MgO (20% bwoc) seem 
unable to achieve net bulk expansion effectively in the absence of 
external fluid supply (Xp > 0.8, Fig. 11). When considering the impli-
cations for internal cement plugs, however, it should be noted that the 
trends in Fig. 11 were obtained under pressure-controlled boundary 
conditions, i.e. the LABCAT samples were continuously in contact with 
an EPDM sleeve. By contrast, bulk shrinkage of a cement plug would 
lead to debonding (unlike the EPDM sleeve, casing pipe does not move 
inward), creating pathways for ingress of external fluids, which in turn 
could limit shrinkage. Given this complex interplay, it is difficult to 
predict the actual volume response. 

If external fluids are readily available, the LABCAT experiments 

Fig. 12. Calculated porosity evolution during cement hydration in the LABCAT apparatus, with a) E0 (non-expanding) cement (see Fig. 4 for corresponding chemical 
shrinkage, bulk volume change and pressure data), b) E5 cement (Fig. 5), and c) E20 cement (Fig. S3); plot d) shows calculated porosity versus pressure difference at 
the time of experiment termination for all samples. 
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predict excessive bulk expansions when high CEA concentrations are 
used (up to 25% for E20 cement, Fig. 9f), though the amount of 
expansion decreases rapidly with more limited supply (Fig. 11). Again, it 
is important to realise the experiments were performed under pressure- 
controlled boundary conditions. Especially at low ∆P, this setup allows 
basically unrestrained expansion up to large strains. In realistic down-
hole scenarios, the achievable stress-bulk strain response will be 
controlled by the stiffness of surrounding rock formations, which pro-
vide restraints to limit free expansion [52]. Bulk expansion lessens with 
confinement (Fig. 10). Nevertheless, the microcracks observed in some 
of the samples (Fig. S9) suggest excessive expansion could have dele-
terious effects on cement matrix permeability. Further research is 
needed to assess the nature of these microcracks, as the current samples 
were at least partially affected by drying (Supplementary information, 
Section S2.2.2). Note possible microcrack development in internal plugs 
of E5 and E10 cement did not measurably enhance the plugs' effective 
permeability in sealing performance assessments [38]. The expanding 
cements performed significantly better compared to conventional, non- 
expanding cement. 

The impact of heat release during hydration could not be assessed in 
the LABCAT experiments, but will be relevant for actual wellbore ap-
plications. Depending on reaction kinetics and the dimensions of the 
cement body, the heat released by cement and MgO hydration can result 
in significant temperature rises [2,128]. Such thermal effects were very 
minor in the small LABCAT samples (Supplementary information, Sec-
tion S1.2.2). However, given its relevance in larger cement volumes, e.g. 
internal plugs, further research is needed to assess the impact of heat 
release during hydration. Note deleterious effects of autogenous 
shrinkage could be compounded by thermal shrinkage upon subsequent 
cooling of the hardened cement. Given the strong effect of external fluid 
supply in the LABCAT, we infer that slower hydrating cements may 
display improved expansion properties, as this would i) allow more time 
for fluid ingress and ii) help limit possible thermal effects. 

6. Conclusions 

Autogenous or bulk volume shrinkage of Portland cements is regar-
ded one of the key factors contributing to impairment of zonal isolation 
along wells. Cement expansion additives (CEAs) based on force of 
crystallisation (FoC)-producing reactions, such as MgO hydration, 
mitigate autogenous shrinkage by creating internal porosity through 
displacive mineral growth-processes. However, both the stress-strain- 
reaction behaviour of CEAs and mechanisms underlying autogenous 
shrinkage depend strongly on stress state. Evaluation of CEA perfor-
mance therefore requires measurement under representative conditions. 
This study provides detailed descriptions of the so-called LABCAT 
apparatus [38]. Using this bespoke setup, we simultaneously measured 
the chemical and bulk volume change of cement hydrating under 
downhole temperature (90 ◦C) and confining pressure (100 bar), while 
varying i) the degree of external fluid access and ii) the effective 
confining pressure allowed to develop due to self-desiccation. The study 
included a non-expanding reference cement (denoted E0) and a series of 
MgO-based expanding cements with CEA concentrations ranging from 
5% to 20% by weight of cement (bwoc; denoted E5-E20, respectively). 
Based on the findings, the following conclusions can be drawn:  

• If the LABCAT is programmed to mimic fluid-access conditions 
imposed in conventional laboratory tests for the evaluation of 
cement volume change (autoclave and membrane experiments), it 
accurately reproduces the chemical and bulk volume responses seen 
in such experiments. This consistency provides confidence the LAB-
CAT yields representative volume data. However, where conven-
tional tests impose either fully open or closed boundary conditions, 
the LABCAT is capable of simulating intermediate degrees of external 
fluid access. This enables direct exploration of the impact of fluid- 
access, self-desiccation and self-confining effects.  

• Bulk shrinkage in non-expanding Portland cements increases 
strongly with increasing effective confining pressure or, equiva-
lently, with delayed or otherwise limited access to external fluid 
supply. Conversely, the amount of chemical shrinkage did not vary 
much with effective stress state. Bulk shrinkage is observed over the 
entire effective confining pressure range tested.  

• Comparing the different expanding cements, chemical shrinkage 
increases for higher MgO-CEA concentrations, because of the large 
negative volume change of reaction associated with MgO hydration. 
In absence of expansion (i.e. porosity-generating) mechanisms, this 
increased chemical shrinkage might enhance self-desiccation and 
autogenous shrinkage. 

• MgO-based CEAs (5–20% bwoc) produce a significant bulk expan-
sion effect, but this diminishes markedly under higher effective 
confining pressures or upon delayed external water supply. All ce-
ments tested are found unable to achieve net bulk expansion in 
absence of external fluid supply. However, the expanding cements 
show less autogenous shrinkage compared to the E0 cement, under 
all fluid-access conditions tested.  

• The previous point may impact the volume behaviour of internal 
plugs, i.e. cement hydrating inside casing pipe. Note, however, that 
this scenario differs from the situation in the LABCAT. Bulk 
shrinkage of internal plugs would lead to debonding (unlike an 
EPDM sleeve, the casing pipe does not move inward with the 
cement), thus creating potential pathways for ingress of external 
fluids along the axial direction of the wellbore, which in turn could 
help limit bulk shrinkage. Since most casings can be expected to 
provide sufficient confinement, use of CEA concentrations higher 
than customary in current practice (>5% bwoc) may benefit internal 
cement plugs. 

• At low maximum effective confining pressures (0.2–2 bar) or unre-
stricted external water supply, use of MgO-CEAs can cause excessive 
expansions (>5%), leading to microcracking. Unfortunately, sepa-
ration of FoC-induced and drying-effects in the microstructural 
analysis proved problematic. Unlike in the LABCAT, the achievable 
stress-bulk strain response in many real wellbore scenarios will be 
limited by the stiffness of the surrounding casing pipe and rock for-
mations. Considering bulk expansion in the LABCAT diminished 
rapidly with increasing effective confining pressure (<50 bar), 
excessive expansion downhole seems unlikely. In practice, the 
maximum force produced appears to be limited by the strength of the 
evolving cement matrix, which will generally tend to compact, rather 
than by the maximum FoC predicted by thermodynamics.  

• While additional research is needed to investigate effects of constant 
strain boundary conditions, this study provides valuable insight 
regarding the impact of subsurface curing conditions on the volu-
metric behaviour of expanding cements. The findings will help 
define preliminary guidelines for the amounts of CEAs required to 
achieve cement seals with appropriate transport properties, i.e. 
manageable internal porosity but sufficient expansion to avoid 
micro-annuli, while taking the hydrodynamical and geomechanical 
conditions during cement curing into account. 
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