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A B S T R A C T   

Conventional particulate additives fail to control drilling fluid losses into large-aperture fractures. The separate 
injections of a bentonite-cement-oil suspension and water can cause rapid hydration, swelling and hardening to 
effectively plug fractures. This experimental study investigates underlying processes and implications in view of 
optimal fluid flow control in fractures. Results identify several concurrent hydro-chemo-mechanical coupled 
processes: capillarity-driven water invasion; cement hydration and the release of Ca2+ and OH− ions; bentonite 
contractive aggregation and increased hydrophilicity; enlarged inter-aggregate pores that facilitate fluid flow; oil 
pressurization leading to the formation of oil-filled opening mode discontinuities that facilitate oil escape to
wards free draining boundaries, and calcium silicate hydrate formation and growth resulting in hardening. The 
hydration of bentonite-cement-oil suspensions proceeds several times faster than in bentonite-oil suspensions. 
The optimal mixture should balance competing requirements between flowability, water invasion speed, 
swelling pressure and plug strength.   
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1. Introduction 

Drilling muds cool the drill bit, lift and transport cuttings to the 
surface, maintain sufficient pressure to avoid kicks and blowouts, and 
ensure the mechanical integrity of the wellbore (Lavrov, 2016; Caenn 
and Chillingar, 1996; Sadegh Hassani et al., 2016; Abraham, 1933). 
Drilling fluids are typically recycled and re-injected into the well as part 
of the mud circulation system (White, 1956). 

A filter cake forms against the borehole wall as liquids permeate into 
small pores and leave solids behind (Liu and Santamarina, 2018; Fer
guson and Klotz, 1954). In some cases, the drilling mud flows rapidly 
into the formation, which results in lost circulation (Feng et al., 2016). 
Conditions that lead to lost circulation include high permeability for
mations (Lavrov, 2016; Silent, 1936), vugs and caverns which are 
common in carbonate rocks (Masi et al., 2011), unintentional hydraulic 
fractures induced in the formation (Howard and Scott, 1951) and 
pre-existing natural fracture zones (Lavrov, 2016). 

Lost circulation accounts for 12% of the non-productive time during 
drilling in the Gulf of Mexico (Feng and Gray, 2017, 2018). Associated 
annual costs to the drilling industry exceed one billion dollars as a result 
of lost rig time, materials and equipment (Feng and Gray, 2018; Al 
Menhali et al., 2014). The impact extends beyond the oil and gas in
dustries; for example, lost circulation adds an average 10% to the cost of 
a typical geothermal project in the United States (Finger and Blanken
ship, 2010). 

Particles can be added to the drilling mud to stop uncontrolled fluid 
loss (Kulkarni et al., 2016; Savari et al., 2014; Ali et al., 1994; Boukadi 
et al., 2004; Kang et al., 2015; Sanders et al., 2010). Tried particles 
include wood chips, nutshells, rubber, ground marble, graphite, cellu
lose fibers and mica (White, 1956; Alsaba et al., 2014a, 2014b). Particles 
are small, typically dp ≤ 5 mm, to avoid segregation and damage to 
pumps. Thus, conventional particulate additives usually fail to control 
losses into large-aperture fractures much wider than the added particle 
size dp (Davidson et al., 2000). 

One mitigation technique sometimes employed in large-aperture 
fractures involves the separate injections of a bentonite-oil suspension 
through the drill-pipe and water through the annulus. The two fluids mix 
downhole and bentonite swells into a viscous plug that can seal the 
fracture (Lavrov, 2016; Abdulrazzaq et al., 2017; Ryan et al., 2015). 
Cement is added to the bentonite-oil suspension to improve the plug 
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strength after hydration (Messenger and McNiel, 1952; Kabir, 2001). 
Field results from more than 600 wells suggest that bentonite-cement-oil 
suspensions are more successful at controlling fluid losses than 
bentonite-oil suspensions across different loss zones (Alkinani et al., 
2019). Bentonite and bentonite-cement suspensions have also been used 
as impermeable barriers for other applications such as waste disposal, 
wastewater treatment, landfill liners and vertical cut-off walls (Katsioti 
et al., 2008; Gleason et al., 1997; S á nchez et al., 2006). More recent 
studies investigate the partial substitution of Portland cement with 
metakaolin and calcined bentonite to improve concrete strength and 
reduce greenhouse emissions (Taylor-Lange et al., 2015; Wei and Gen
cturk, 2019; Taklymi et al., 2020; Laidani et al., 2020; He et al., 1996, 
2000; Müller, 2005; Poon et al., 2001). 

Hydration mechanisms and hydration rates in bentonite-oil and 
bentonite-cement-oil suspensions and the parameters that govern the plug 
strength remain unclear. In this study, we investigate the complex 
hydro-chemo-mechanical interactions between bentonite, cement, oil 
and water in 1D and radial configurations, measure the swelling pres
sure and time-dependent strength changes, and gather tomographic 
images during hydration. Insights gathered from the different experi
ments help us develop a physical model relevant to bentonite-cement 
hydration within fractures and anticipate implications on fluid flow 
control to improve drilling operations. 

2. Experimental study 

We use Wyoming sodium bentonite (specific surface area Ss = 544 
m2/g), Portland cement (Type I), mineral oil (oil: viscosity = 65 cP, 
density = 877 kg/m3) and tap water to prepare different suspensions 
and pastes defined in terms of mass fractions: 

mass fraction of solids MF =
Msolid

Mtotal
=

Mcem + Mbent

Mcem + Mbent + Moil  

cement content CC =
Mcem

Msolid
=

Mcem

Mcem + Mbent  

and water content WC=
Mw

Msolid
=

Mw

Mcem + Mbent  

where sub-indices indicate cem = cement, bent = bentonite, oil = oil 
and w = water. In agreement with field operations, we use tap water 
rather than distilled water, and natural bentonite with its own concen
tration of excess salt; surface conduction along bentonite particles and 

hydrated ions from excess salts and cement hydration dominate the 
electrical conductivity of the pore fluid. 

We prepare bentonite-cement-oil suspensions by adding bentonite 
and cement powders to mineral oil to attain pre-defined mass fractions. 
Tests involve three different boundary conditions to gain complemen
tary insights into hydration and swelling mechanisms. Test protocols 
and results follow. 

2.1. Hydration of bentonite-cement-oil suspension in 1D vertical cylinders 

We fill graduated cylinders with either bentonite-oil or bentonite- 
cement-oil suspensions, add water on top and monitor the system 
response (Fig. 1-a). Three different cylinder diameters allow us to assess 
boundary effects (D = 17, 21 and 61 mm). The selected mass fractions of 
bentonite, oil and cement are used in common practice. 

Bentonite-oil suspensions (without cement). Water hydrates the hy
drophilic bentonite particles through capillary suction. Displaced oil 
forms droplets that escape and float towards the top of the vertically 
aligned cylinders (Supplementary movie 1). Some oil remains trapped 
and forms oil-filled opening-mode discontinuities (Supplementary 
Fig. S1). 

The hydrated and swollen bentonite has low permeability. Reduced 
permeability, oil-filled gaps and increased drag distance gradually delay 
further water invasion, therefore, the hydration front velocity decreases 
with time. Fig. 2-a illustrates the hydration thickness as a function of 
time for different cylinder diameters selected to reflect different fracture 
apertures. Note: the top surface of the hydrated bentonite is uneven; 
thus, we measure the hydration thickness at four different positions 
across the cylinder and report the average value with error bars. 

Hydration is faster in larger cylinder diameters (analogue to fracture 
apertures). Coexisting mechanisms contribute to this trend: (1) wall 
friction hinders expansion and leads to higher swelling pressure which 
more effectively seals preferential flow paths along walls in cylinders of 
smaller radius, i.e., narrower fracture gaps (see supplementary infor
mation & Fig. S4), (2) segregated oil droplets can flow more readily in 
large cylinders, (3) conversely, oil-filled gaps can easily cover the entire 
cross-sectional area and stop water invasion in smaller cylinders. 

Hydration is faster in suspensions with lower bentonite mass frac
tion, probably due to the more severe reduction in permeability in 
suspensions with higher solids content (Fig. 2-b). Clearly, a minimum 
bentonite mass fraction is required for hydration, hence, there must be 
an optimum bentonite fraction MF for fastest hydration. 

Bentonite-Cement-Oil Suspensions. The hydration of bentonite-cement- 

List of notations 

A [m2] Cross-sectional area normal to flow 
CC [ ] Cement content = mass of cement/solids mass 
co [mol/m3] Ionic concentration of bulk fluid 
e [ ] Void ratio 
F [N] Force (cap: capillary; od: oil viscous drag; wd: water 

viscous drag) 
Fc [C/mol] Faraday’s constant 
G [ ] Specific gravity (c: cement; b: bentonite) 
h [m] Interparticle separation (Note: h = 2r for parallel platelets) 
k [m2] Permeability (o: oil-saturated; w: water-saturated 

bentonite) 
m [ ] Penetration rate exponent 
MF [ ] Solids mass fraction = mass of solids/total mass 
pswel [Pa] Swelling pressure 
r [m] Pore radius (Note: r = h/2 for parallel platelets) 
R [Pa] Double layer repulsion force per unit area 
Rc [J/K.mol] Universal gas constant 

VF [ ] Solids volume fraction = volume of solids/total volume 
WC [ ] Water content = water mass/mass of solids 
Ss [m2/kg] Specific surface 
T [K] Temperature 
t [s] Time 
t* [s] Characteristic time 
v [m/s] Velocity (o: oil; w: water) 
x(t) [m] Water invasion depth 
z [ ] Valence of exchangeable cations 
γow [N/m] Oil-water interfacial tension 
δt [m] Penetration depth at time t after specimen preparation (t =

0 and t = ∞ represent asymptotes) 
ε0 [F/m] Permittivity of free space 
θ [◦] Contact angle 
ϑ [m] Double layer thickness 
κ [ ] Dielectric constant 
μ [Pa.s] Viscosity (o: oil; w: water) 
ρ [kg/m3] Density; (m: mineral and b: bulk)  
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oil suspensions is strikingly different from the hydration of bentonite-oil 
suspensions (Supplementary movie 2, Supplementary Fig. S1). Water 
invasion proceeds slowly during the initial induction period while 
bentonite particles at the water-oil interface control the rate of hydra
tion. Once water contacts cement particles, water invasion and hydra
tion suddenly accelerate and proceed several times faster than in 
bentonite-oil suspensions (Fig. 3-a). At any given time after the induction 
period, the invasion front is deeper in mixtures with higher cement 
content CC (Fig. 3-b-c), but there is reduced swelling with increased 
cement content CC (Fig. 3-d). Some studies have also reported the rapid 
hydration of uncalcined bentonite-cement mixtures (Wei and Gencturk, 
2019; Mani ć et al., 1998); however, particle-scale mechanisms and 
interactions remain poorly understood in all cases, especially in the 
presence of oil. 

CT scans of a bentonite-cement-oil suspension 20 h after the addition 
of water illustrate oil segregation along diagonal opening-mode dis
continuities which suggests principal stress rotation probably due to 
wall friction mobilized during swelling (Fig. 4, Supplementary movie 3 - 

Tomographer: TESCAN CoreTOM, operated at 80 kV to gather 698 
frames; post processing and 3D volume rendering using Avizo software). 
Apparently, these discontinuities provide pathways for enhanced water 
invasion and oil escape. Some elliptical gas-and-oil filled cavities with a 
preferential vertical orientation remain trapped in the hydrated mass. 

2.2. Swelling and strength 

The swelling pressure against fracture walls determines the differ
ential pressure the bentonite plug may sustain. Swelling pressure mea
surements under 1D conditions are conducted by enforcing zero 
volumetric strain (Fig. 1-b). The test sequence follows: (1) place the 
bentonite-oil suspension in an oedometer cell (sample diameter = 50 mm, 
height = 10 mm, MF = 0.47 to 1. Note: the test at MF = 1 is under dry 
conditions, i.e., no oil) between porous stones covered with filter paper, 
(2) place the entire cell in a rigid load frame (Wille Geotechnik UL 25) 
and flood the cell with water, and (3) measure the stress exerted by the 
swelling bentonite against the load cell (deformation <0.025 mm). 

Fig. 1. Experimental setups. (a) 1D hydration column: water placed on top of oil-based suspension invades by capillarity, hydrate minerals and displaces the oil 
(red). (b) Swelling pressure: The oil-based sample is placed in an oedometer cell within a rigid frame instrumented with a load cell; water invades by capillarity 
through the lower porous stone (sample: diameter = 50 mm, height = 10 mm). (c) Radial flow: the gap between the two transparent disks is pre-saturated with water; 
the injected oil-based suspension invades the gap with a quasi-circular front from the central port. (For interpretation of the references to color in this figure legend, 
the reader is referred to the Web version of this article.) 

Fig. 2. Hydrated layer thickness as a function of time: 
Bentonite-oil suspensions in 1D tests. (a) Effect of tube 
diameter D (0.77 g bentonite/ml oil, mass fraction MF 
= solids mass/total mass = 0.47). (b) Effect of 
bentonite mass fraction MF (tube diameter D = 21 
mm). Note: experimental configuration in Fig. 1-a. 
Note: the surface of the hydrated bentonite is uneven. 
Thus, we measure the hydration thickness at four 
different positions across the cylinder and report the 
average value with error bars.   

A. Hafez et al.                                                                                                                                                                                                                                   



Journal of Petroleum Science and Engineering 215 (2022) 110615

4

Fig. 5-a illustrates the bentonite swelling pressure as a function of 
time for suspensions with different mass fractions MF = solids mass/ 
total mass. The swelling pressure increases with time as water hydrates 

the bentonite platelets and gives rise to double layer repulsion. Pub
lished studies report similar trends for the swelling pressure of uncom
pacted sodium bentonite as a function of initial volume fraction (Liu, 
2013; Yong and Warkentin, 1975). The swelling pressure for the ben
tonite-cement-oil suspension (MF = 0.56, CC = 0.31) is significantly lower 
than bentonite alone; apparently, hydrated ions released during cement 
hydration diminish double layer repulsion (further analyzed in the 
following section). 

We use cone penetration resistance to assess the time-dependent 
strength of water pastes prepared with bentonite (WC = 2.0), cement 
(WC = 0.50) and bentonite-cement (WC = 2.0; CC = 0.31) (Hansbo, 
1957; Llano-Serna and Contreras, 2020). The cone penetration protocol 
follows: 1) prepare the paste in the specimen cup (d = 7 cm, height =
4.5 cm); 2) lower the digital cone penetrometer (MATEST S165) until it 
barely touches the sample surface – see Fig. 6 inset; 3) release the 
stainless steel cone such that it penetrates the specimen by self-weight 
(cone mass = 20 g); and 4) measure the penetration depth using the 
attached caliper. We repeat penetration measurements at different sur
face locations as time progresses. 

The cone penetration depth is inversely proportional to specimen 
shear strength (Hansbo, 1957). Initial penetration depths in Fig. 6 
highlight the interplay between initial water content and specific surface 
on suction generation and its effect on the mixture viscosity. 
Penetration-time δt data are fitted with an asymptotically correct model 
to identify asymptotic values (δt=0 and δt=∞), 

δt = δt=∞ + (δt=0 − δt=∞)
[
1 +

( t
t∗
)m]− 1

(1)  

where the characteristic time t* corresponds to a penetration δt =(δt=0 - 

Fig. 3. Water invasion and swell: Bentonite-cement-oil suspensions in 1D tests. (a) Thickness of the hydrated layer for bentonite-oil (0.77 g bentonite/ml oil, MF = 0.47, 
black), bentonite-cement-oil (0.77 g bentonite and 0.34 g cement/ml oil, MF = 0.56, CC = 0.31, red) and bentonite-Ca(OH)2-oil suspension (0.77 g bentonite and 0.16 g 
Ca(OH)2/ml oil, MF = 0.51, violet). Points: experimental data. Dashed lines: α

̅̅
t

√
trend. (b) Water invasion depth as a function of time for different cement contents 

CC. Points: experimental results. Dashed lines: α
̅̅
t

√
. (c) Thickness of the hydrated layer for different cement contents CC 1 h after induction period. The solid line 

captures the overall trend. (d) Ratio of swelling to invasion depth for different CC-values 1 h after induction period. Invasion is fast for CC = 1 and ends in less than 1 
h. Note: see definitions in Fig. 1a. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 

Fig. 4. Bentonite-cement hydration: Ensuing internal structure. (a) Photo
graphic image. (b&c) slices of 3D X-ray tomograms. Mixture: MF = 0.56, CC 
= 0.31. 
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δt=∞)/2 and the exponent m relates to the rate of reactions. Penetration 
trends in log (time/hr) scale highlight differences between the three 
mixtures and underlying processes (Fig. 6):  

• The bentonite-water paste exhibits time-dependent thixotropic 
hardening (van Olphen, 1955; Rinaldi and Clariá, 2016; Diaz-Ro
driguez and Santamarina, 1999).  

• The cement-water paste hardens and penetration ceases in about 10 
h (as in standard Portland cement measurements with Vicat needle 
penetration)  

• The bentonite-cement-water paste shows an extended hardening 
time, probably due to bentonite aggregation around cement particles 
and diffusion limited reactions ((Fam and Santamarina, 1996) – Note 
differences in the exponent: m = 2.4 for the cement paste, but m = 1 
for the bentonite-cement paste - Fig. 6). 

2.3. Hydration in radial conditions – plug resistance 

During typical field applications, the hydrated bentonite is squeezed 
radially outwards from the drill-pipe into fractures. We built an 
analogue fracture-like geometry to study hydration in fractures and to 
test the strength of the bentonite plug that forms around a well (Fig. 1-c). 
The device consists of two parallel transparent acrylic disks, 400 mm in 
diameter with a pre-fixed 5 mm thick gap. The test procedure involves 
four steps: (1) pre-saturate the gap between the two parallel disks with 
water (unless otherwise stated); (2) inject 160 ml of the selected 

suspension into the gap from the central port; (3) allow the suspension to 
hydrate for 20 h (unless otherwise stated); and (4) measure the fluid 
pressure the plug can resist under a constant water injection flow-rate of 
80 ml/min (syringe pump by Wille Geotechnik LT12700/185/CS). We 
measure the injection pressure (pressure transducer from Omega Engi
neering) and record footage of the experiment (video camera Sony 
Alpha 5000). 

Fig. 7 shows the pressure-time response under four different exper
imental conditions. Details and observations follow:  

• Non-hydrated bentonite-oil suspension (MF = 0.47, Fig. S3-a). The gap 
is pre-saturated with oil. Water breaks through at a low peak pres
sure of 9.4 kPa.  

• Oil-bentonite in impervious matrix (MF = 0.47, Fig. S3-b). We pre- 
saturate the gap with water. The injected bentonite-oil suspension 
sits within the water-saturated fracture for 20 h, yet, water hydrates 

Fig. 5. Bentonite swelling pressure. (a) Swelling 
pressure as a function of time for bentonite and 
bentonite-cement specimens with different mass 
fractions (MF = solids mass/total mass). Note: the test 
at MF = 1 is under dry conditions, i.e., no oil (b) 
Asymptotic swelling pressure as a function of solids 
volume fraction VF = solids volume/(solids + oil vol
ume) for bentonite-oil (red points) and bentonite- 
cement-oil suspensions (black point). Solid red line: 
exponential trend (equation (10)). Note: tests con
ducted with the experimental configuration in Fig. 1- 
b. (For interpretation of the references to color in this 
figure legend, the reader is referred to the Web 
version of this article.)   

Fig. 6. Hardening: Cone penetration depth versus time for bentonite-water 
paste (water content WC = 2), bentonite-cement-water paste (WC = 2, CC =
0.31), and cement-water paste (WC = 0.5). Inset: cone-penetration test set-up. 
Points: experimental results. Lines: equation (1). The inset table lists the 
asymptotic penetrations δt = 0 and δt = ∞, the characteristic time t* and the rate 
exponent m. 

Fig. 7. Hydration of bentonite-oil and bentonite-cement-oil suspensions in 
radial flow tests. Pressure-time response curves for gaps with: non-hydrated 
bentonite-oil suspension (MF = 0.47, blue), hydrated bentonite-oil in imper
vious matrix (MF = 0.47, black), hydrated bentonite-oil in permeable matrix 
(MF = 0.47, green), and bentonite-cement in permeable matrix (MF = 0.56, CC 
= 0.31, red). Fracture aperture: 5 mm. Note: experimental configuration in 
Fig. 1-c. (For interpretation of the references to color in this figure legend, the 
reader is referred to the Web version of this article.) 
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just the edges of the bentonite plug and breakthrough pressure rea
ches 34 kPa.  

• Oil-bentonite in permeable matrix (MF = 0.47, Fig. S3-c). We attach 
filter papers to the disk surfaces to simulate a water-permeable ma
trix around a fracture, and repeat the previous experiment. The 
resulting breakthrough pressure jumps to 147 kPa as the bentonite 
plug hydrates more extensively and swelling pressure builds against 
the fracture surfaces  

• Bentonite-cement in permeable matrix (MF = 0.56, CC = 0.31, Fig. S3- 
d). Finally, we repeat the last test but with bentonite-cement-oil sus
pension (once again, water-saturated system with filter papers on the 
walls). Fast hydration and the strength of hydrated cement render a 
plug that sustains 915 kPa inlet pressure (Fig. 7). 

The Supplementary Movie 4 illustrates the hydration of bentonite-oil 
and bentonite-cement-oil suspensions under radial conditions. Water hy
drates the suspension starting from the outer edges (note color changes). 
There is some oil escape towards the outer edge (counter-flow direction) 
followed by oil leak through the central inlet port. 

The interface between the bentonite-cement plugs and the acrylic 
plate provides a preferential flow path for water breakthrough (Sup
plementary Movie 5; notice color change at the interface). After 
breakthrough, residual water in percolating channels augments the 
hydration of neighboring bentonite mixture, which swells and heals 
channels. Fig. 8-a shows the gain in strength for a bentonite-cement plug 
following successive water injection/channeling and healing sequences 
24 h apart (Fracture aperture = 35 mm, MF = 0.56, CC = 0.31, Fig. 8-a). 
Plug failure in subsequent injections takes place along previous chan
nels; hence, healing preserves memory. 

The time-dependent propagation of the hydration front affects early 
strength gain in thick plugs. Fig. 8-b illustrates the maximum break
through pressure data gathered for different fracture apertures using 
bentonite-cement-oil suspensions 24 h after injection (MF = 0.56, CC =
0.31 – walls covered with filter paper – fracture apertures range from 5 
to 35 mm). Data shows a marked decrease in breakthrough pressure pb 
with increasing aperture. 

3. Analyses 

Results highlight unique features in the concurrent hydration of 
bentonite-cement mixtures. We analyze these observations next to gain 
new insights in view of field applications. 

3.1. Particle-level interactions 

Bentonite swelling starts with inter-platelet separation at low hu
midity. Water hydrates the counterions that neutralize the clay surfaces 

at high water content. The hydrated ions remain attracted to the nega
tively charged clay surface to form the diffuse double layer (Madsen and 
Müller- Vonmoos, 1989; Santamarina et al., 2001; Delage and Tessier, 
2021). At large water contents, double layer interactions dominate 
(Yong and Warkentin, 1975; Langmuir, 1938). The double layer thick
ness ϑ is a function of temperature T, dielectric constant κ of the pore 
fluid, and the ionic concentration co and valence z (Gleason et al., 1997; 
Santamarina et al., 2001; Kolstad et al., 2004; Mitchell and Soga, 2005): 

ϑ=

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
ε0RcκT
2F2

ccoz2

√

(2)  

where the universal constants are Faraday’s constant Fc = 9.648 × 104 

C/mol, the permittivity of free space ε0 = 8.85 × 10− 12 F/m and the 
universal gas constant Rc= 8.314 J/(K•mol). 

The swelling pressure denotes the amount of pressure that should be 
applied on a clay sample to prevent volume expansion upon water 
addition (Sridharan et al., 1986). The swelling pressure scales with 
double layer repulsion R [kPa] between clay platelets separated at a 
distance h (Santamarina et al., 2001): 

R= 64RcTcoe

(

− h
ϑ

)

(3) 

Non-polar fluids fail to hydrate counterions, thus, clay particles 
mixed with oil remain aggregated by van der Waals attraction and ionic 
bonds with shared cations (Sridharan and Choudhury, 2008). Bentonite 
experiences a significant reduction in permeability during hydration: 
platelets separate and swell into large pores, the controlling D85 pore 
size decreases, tortuosity increases, and water molecules next to 
bentonite surfaces experience reduced mobility (Gleason et al., 1997; 
Sridharan and Choudhury, 2008; Ren and Santamarina, 2018). Conse
quently, the permeability of bentonite to non-polar fluids can be 
five-to-six orders of magnitude higher than to water (Mesri and Olson, 
1971). 

Dry cement powder is a mixture of dicalcium silicate, tricalcium 
silicate, tricalcium aluminate and tetra-calcium aluminum ferrite. The 
early stages of cement hydration involve the dissolution of these com
pounds in water and the formation of calcium silicate hydrate (CSH) and 
calcium aluminum sulfate (ettringite). Cement hydration releases Ca2+

and OH− ions, consequently, the ionic concentration and alkalinity of 
the pore fluid increase (Katsioti et al., 2008; Fam and Santamarina, 
1996; Plee et al., 1990; Bullard et al., 2011; Kaufhold et al., 2020). 

We measure the pH (Hanna instruments probe) and electrical con
ductivity (Metler Toledo electrode probe) of tap water and the time- 
dependent values for bentonite (WC = 2), cement (WC = 0.5 & 2) and 
bentonite-cement (WC = 2) pastes during hydration to gain insight into 
particle-level interactions (Fig. S2). Conductivity measurements were 

Fig. 8. Plug strength in a fracture under radial flow. (a) Self-healing after successive plug failures - The bentonite-cement plug rests for 24 h between re-injections 
(fracture aperture = 35 mm). (b) The effect of fracture aperture on hydration and breakthrough pressure after 24 h. All tests conducted with bentonite-cement 
mixtures (MF = 0.56, CC = 0.31) and fracture faces covered with filter paper. Note: experimental configuration in Fig. 1-c. 
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corroborated with complex permittivity spectral measurements (200 
MHz–4.5 GHz). Results show that conductivity increases rapidly during 
the early stages of cement and bentonite-cement hydration due to the 
release of hydrated Ca2+ ions (Fig. S2 - see (Dong et al., 2016)). Even
tually, the pore fluid becomes saturated with Ca2+ ions at σ ≈ 10 mS/cm 
(Villar-Cociña et al., 2003) and electrical conductivity reaches a 
maximum. Afterwards, the conductivity decreases as the cement hy
dration products form, such as CSH and ettringite. 

The electrical conductivity σ is a volumetric measure of charge car
riers and their mobility; therefore, the paste conductivity depends on the 
mixture porosity, the pore fluid conductivity which is a function of ionic 
concentration and mobility, and surface conduction. In bentonite- 
cement-water mixtures, the pore fluid conductivity is controlled by 
hydrated excess salts in the bentonite and hydrated ions released during 
cement hydration. On the other hand, surface conduction depends on 
the volumetric fraction of bentonite. Previous experimental studies 
confirm that the electrical conductivity of water-saturated cement pates 
during the early stages of hydration increases with water cement ratio 
(see Fig. S2 - cement: WC = 0.5, σ = 4.5 to 6.5 mS/cm; WC = 2, σ = 5 to 
9.5 mS/cm (Liu et al., 2008; Dong et al., 2016; Wei and Li, 2006);). 
Porosity n depends on the mass ratios for water-cement wc, and 
bentonite-cement bc, and the specific gravity of cement and bentonite 
Gc and Gb (Note: the gravimetric/volumetric analysis assumes water 
saturation): 

n=
Gc • wc

1 + Gc • wc + Gc
Gb • bc

(4) 

Changes in pore fluid pH and ionic strength affect clay aggregation. 
While surface charge due to isomorphic substitution is pH independent, 
protonation/deprotonation and surface complexation are both pH and 
valence dependent. In fact, both edges and faces become negatively 
charged at high pH (above the edge isoelectric point), prompting a 
dispersed fabric made of parallel platelets (rather than edge-to-face 
aggregation (Santamarina et al., 2001; Pecini and Avena, 2013);). The 
dispersed fabric is a transient state: soon, the high ionic concentration in 
the pore fluid diffuses between platelets, hinders platelet repulsion and 
causes aggregation (Lagaly et al., 2006; Tombácz and Szekeres, 2004) 
(Equations (2) and (3)). Published studies disagree on the mode of 
bentonite particle aggregation at high pH and ionic concentration, 
whether it is edge-to-face, edge-to-edge or face-to-face (Santamarina 
et al., 2001; Rand et al., 1980; Lagaly and Ziesmer, 2003). Nevertheless, 
macro-scale experimental observations show volume contraction leav
ing cavities and pathways between them that enhance fluid 
permeability. 

Other concurrent processes may play important roles as well. In 
particular, there is evidence that montmorillonite hydrophilicity in
creases in alkaline conditions (Pan et al., 2020; Yi et al., 2018), and may 
result in capillary-enhanced contraction. We run complementary hy
dration tests to corroborate the role of pH on bentonite hydration. The 
tested bentonite mixtures involve either CaCl2 or Ca(OH)2 powders, so 
that Ca2+ is a common cation. The bentonite-Ca(OH)2-oil suspension 
shows a high rate of hydration similar to bentonite-cement-oil (Fig. 3-a), 
however, bentonite-CaCl2-oil exhibits hydration rates similar to 
bentonite-oil (not shown). Clearly, surface charge changes in alkaline 
conditions plays a critical role in the fast hydration of 
bentonite-cement-oil mixtures. Finally, montmorillonite particles expe
rience dissolution at high pH (Sánchez et al., 2006; Santamarina et al., 
2001). 

In summary, the hydration of bentonite-oil mixtures causes swelling 
and a pronounced decrease in permeability. On the other hand, cement 
hydration in bentonite-cement-oil mixtures counteracts swelling ten
dencies, prompts the contractive aggregation of clay particles and the 
formation of oil-filled pathways for oil scape so that very high hydration 
rates take place. 

3.2. Bentonite-oil hydration 

Let’s analyze 1D water invasion into a saturated bentonite-oil 
mixture driven by the capillary force Fcap that water generates in con
tact with hydrophilic clay platelets (Fig. 9 inset - Note: the buoyant force 
Fb=gVdroplet(ρo-ρw) is orders of magnitude smaller and is ignored in this 
analysis); for a cross sectional area A: 

Fcap =
2γow cos θ

r
A (5)  

where the oil-water interfacial tension is γow=0.052 N/m and the 
assumed contact angle is the limiting value θ = 0◦ for perfectly hydro
philic clay platelets. The mean pore radius r can be estimated from the 
void ratio e, the bentonite specific surface Ss and mineral density ρm; for 
thin parallel platelets (Phadnis and Santamarina, 2011): 

r=
e

Ssρm
=

1 − VF
SsρmVF

(6)  

where the second equality is in terms of the solids volume fraction VF =
volume solids/total volume which is related to the mass fraction as MF=
(ρs/ρb)•VF. Darcy’s law allows us to estimate the resisting viscous forces 
in the water-saturated segment (Fig. 9 inset) as a function of the water 
viscosity μw, the hydrated bentonite permeability kw and flow velocity v: 

Fwd =A
(

v
μw

kw

)

x(t) (7)  

where x(t) is the position of the water front at time t. Measurements 
conducted as part of this study using 1D consolidation tests reveal that 
the permeability in oil saturated bentonite ko is six orders of magnitude 
higher than kw, thus, the oil drag force tends to vanish for geometrical 
conditions relevant to this study (whether oil is flowing in the same 
direction to water invasion, or in counterflow direction along oil-filled 
discontinuities). 

The flow velocity is the front velocity, v = dx/dt. Then, equations 
(5)–(7) combine to predict the invasion process (Note: it disregards in
ertial effects): 

dx
dt

μw

kw
x(t) −

2γow Ssρm

e
= 0 (8) 

The solution of the differential equation predicts the position of the 

Fig. 9. Hydration of bentonite-oil suspensions with a free-flow boundary. 
Analytical model (geometry and parameters), experimental results (data points 
for MF = 0.47) and fitted equation (9) for kw = 1.1 × 10− 20 m2. Note: see 
definitions in Fig. 1-a. 
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invasion front at time t (initial condition xt = 0=0) 

x(t)=

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

4
kw

μw

γow Ss ρm

e
t

√

= α
̅̅
t

√
(9) 

Thus, invasion follows a square root of time function. Model pre
dictions agree well with the experimental data gathered with a free-flow 
boundary to allow for co-linear flow where water and oil move in the 
same direction (Fig. 9 for kw = 1.1 × 10− 20 m2). 

The hydration rate of bentonite-cement-oil suspensions follows a 
similar square-root of time function for the different cement contents 
(CC = 10%–50%, Fig. 3); this confirms the dominant role of capillary 
forces regardless of cement content. However, the α-factor in Equation 
(9) is higher than in bentonite-oil due to the higher permeability that 
results from cement hydration. 

More complex flow patterns include counterflow where the dis
placed oil exits against the invading water or when transverse oil-filled 
gaps emerge and stop further capillary-driven flow as observed in Figs. 2 
and 3 (hydration experiments in vertical column - Fig. 1-a). 

3.3. Bentonite swelling pressure 

Consider dispersed bentonite platelets with parallel face-to-face 
configuration. The inter-particle distance is h = 2r. Then, equations 
(3) and (6) suggest that the swelling pressure is an exponential function 
of the volume fraction, for a given clay, ionic concentration and double 
layer thickness 

pswel = βe
−

(

1− VF
VF

)

(10) 

Indeed, the maximum swelling pressures measured for various vol
ume fractions as part of this study follow an exponential trend with 
volume fraction (Fig. 5-b). The fitted factor β = 650 kPa applies to low 
solid fractions and it is not the asymptotic swelling pressure as the 
volume fraction of solids VF→1.0 because Equation (3) applies to large 
interparticle separations (Note: other forces gain relevance at short 
distances, such as van der Waals attraction and hydration forces). 
Admittedly, there is a tradeoff between flowability (decreases with VF) 
and swell and plug resistance (increase with VF); consequently, field 
applications should seek a compromise volume fraction for optimal 
effects. 

3.4. Bentonite-cement hydration – summary of physical processes 

Previous sections identified processes related to bentonite hydration, 
swelling, evolution of permeability, fluid migration, and the effect of 
concurrent cement hydration. These physics foundations and experi
mental observations help us identify the sequence of coupled hydro- 
chemo-mechanical processes that accompany the hydration of 
bentonite-cement-oil suspensions (Fig. 10):  

• Capillary invasion: Water hydrates bentonite particles near the oil- 
water interface. Capillary-driven water invasion will increase the 
pressure in the non-wetting oil forcing it to drain out of the bentonite 
paste towards free-draining boundaries (even in counterflow direc
tion to water invasion).  

• Chemo-hydro coupling: Cement hydration releases Ca2+ and OH−

ions. Negatively charged hydrated bentonite platelets at high pH 
aggregate and contract due to the high Ca-concentration and leave 
open pathways for enhanced permeability (Fig. 3-a & 4). Further
more, hydrophilicity increases in alkaline conditions causing 
capillary-enhanced contraction at high pH. The rate of water inva
sion increases with cement content (within the range of mass frac
tions explored in this study - Fig. 3-b).  

• Hardening: The hydrated bentonite-cement mixture gains strength as 
calcium-silicate hydrate needles grow, bond and interlock. The 
hardening rate is lower in bentonite-cement than in cement pastes 
alone, as shown in cone penetration results (Fig. 6).  

• Hydro-mechanical: Displaced oil experiences high pressure, forms 
opening-mode discontinuities and can eventually escape to free 
boundaries. Oil trapped in oil-filled lenses hinders capillary-driven 
water invasion. 

Field conditions will affect hydration and hardening rates and the 
ultimate plug strength. For example, the hydration rate benefits from 
readily available subsurface water and permeable formations, yet, saline 
formation water hinders bentonite swelling. Finally, swelling increases 
(Bag and Rabbani, 2017; Akinwunmi et al., 2019) and the oil viscosity 
decreases under the higher formation temperature allowing for faster oil 
displacement. 

Fig. 10. Hydration of bentonite-cement-oil suspen
sions: Underlying processes. The sketch captures an 
instant in the hydration process (geometry similar to 
vertical cylinders in Fig. 1-a). The lower layer shows 
the bentonite-cement-oil, capillary-driven water inva
sion along small inter-particle pore spaces between 
hydrophilic bentonite particles, and oil droplets 
escaping from the larger pores. The intermediate layer 
shows cement hydration and the release of OH− and 
Ca2+ ions. Bentonite particles gain a prevalent nega
tive charge and initially disperse but readily form 
aggregates as the high concentration of Ca2+ ions 
collapses double layers. Clay aggregation leaves 
pathways that enhance water invasion and oil escape 
(see Fig. 4). Calcium silicate hydrate needles grow, 
interlock-and-bond, and cause hardening. The upper 
layer shows buoyant oil migrating towards the top of 
the water column.   
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4. Conclusions and implications 

Effective fluid control is needed to advance drilling operations. 
Consequently, lost-circulation materials should rapidly set into a strong 
plug that can sustain the differential fluid pressure between the borehole 
and the formation. Bentonite-oil suspensions are unsuitable for control
ling fluid loss into large-aperture fractures due to limited strength and 
very slow hydration rate. On the other hand, bentonite-cement-oil sus
pensions hydrate faster than bentonite-oil suspensions and build consid
erable strength in hours. 

The fast hydration of bentonite-cement-oil mixtures is a consequence 
of several concurrent events: capillarity-driven water invasion; cement 
hydration and the release of Ca2+ and OH− ions; bentonite contractive 
aggregation and increased hydrophilicity; enlarged inter-aggregate 
pores that facilitate fluid flow; and oil pressurization leading to the 
formation of oil-filled opening mode discontinuities that facilitate oil 
escape towards free draining boundaries. 

The plug strength is determined by the cement content; yet, the rate 
of hardening is delayed by the presence of bentonite. The resulting 
bentonite-cement plugs are self-healing as injected water contributes to 
bentonite and cement hydration along the percolating channel. 

The optimum bentonite mass fraction MF and cement content CC for 
field applications should balance competing requirements between 
flowability, water invasion speed, swelling pressure and plug strength. 
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