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ABSTRACT 

Thermally enhanced recovery processes involving continuous steam injection entail relatively 
complicated changes in pore fluid, pore pressure, stress and temperature in the rock reservoir. 
Time-lapse (or 4D) seismic surveys are currently developed to delineate the steam-affected areas, 
but the data interpretation is often a highly difficult exercise. 

 Numerical simulations were carried out on a case study so as to provide an estimation of the 
evolution of pressure, temperature, pore fluid saturation, stress and strain in any zone located 
around the injector and producer wells. These outputs then were used as inputs for the velocity 
assessment in the oil sand rock reservoir through the Ciz and Shapiro (2007)’s approach. 

 Results are helpful for a better understanding and interpretation of 4D seismic data. The 
significant changes of the wave velocities with the steam arrival can be used as an indicator for the 
monitoring of steam chamber growth around the wells, which is crucial for optimization of reservoir 
development. 
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1. INTRODUCTION 

Huge quantities of heavy oils (heavy oil, 
extra heavy oil and bitumen) are mainly 
trapped in unconsolidated sand and 
sandstone reservoirs in Western Canada 
and Eastern Venezuela basins. In 
thermally enhanced recovery processes 
like cyclic steam stimulation (CSS) or 
steam assisted gravity drainage (SAGD), 
the injection of steam in oil sand deposits 
produces changes in temperature, 
pressures, stress and pore fluid content. 
These changes obviously affect the elastic 

and seismic properties of the rock layers. 
Time-lapse 3D seismic (4D seismic) and 
other seismic technologies can be used to 
monitor the impact of these changes in 
unconsolidated sands or weakly 
consolidated sand reservoirs (Zhang et al., 
2005; Nakayama et al., 2008; Tanaka et 
al., 2009). By comparing maps of seismic 
attributes (velocity, amplitude, attenuation, 
etc) at different times, the continuous 
spatial distribution of the heated reservoir 
zones can be approximately located. The 
feasibility of seismic monitoring methods is 
based on the visible changes of seismic 
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attributes during thermal process that 
could be understood from a combination 
of rock physics modelling and direct 
laboratory measurements.  

 Several attempts to model the elastic 
properties of rock saturated with heavy oil 
were previously conducted (Das and 
Batzle, 2008; Ciz et al., 2009). Difficulties 
are largely related to the viscoelastic 
behaviour of heavy oils. They behave like 
a quasi-solid at high frequencies and/or 
low temperature and like a viscous fluid at 
low frequencies and/or high temperature 
(Batzle et al., 2006; Hinkle, 2008). The 
physical property of rock saturated with 
heavy oil is different from that of rock 
saturated with conventional fluids with no 
shear modulus. It makes the standard 
poroelastic Biot-Gassmann approach 
(Biot, 1941; Gassmann, 1951) 
inapplicable (Ciz and Shapiro, 2007; 
Gurevich et al., 2008; Ciz et al., 2009). 

 This paper describes an approach for 
the evolution of seismic velocities of heavy 
oil sands during the steam injection on the 
basis of a coupled thermo-hydro-
mechanical modelling of SAGD and of the 
generalization of Biot-Gassmann theory. 

2. EVOLUTION OF PRESSURE, 
TEMPERATURE AND PORE FLUID 
SATURATION DURING SAGD 

The coupled thermo-hydro-mechanical 
modelling of SAGD (Lerat et al., 2010; 
Zandi, 2011) showed how the different 
fields (stress, pressure, temperature and 
steam) develop with respect to time. The 
simulation is based on an iterative 
coupling between a reservoir simulator 
(PumaFlowTM) and a geomechanical 
simulator (ABAQUSTM) in order to take 
into account the geomechanical effects on 
the porous volume and the permeability 
changes of the reservoir. 

 A 20 meters thick (in the Z vertical 
direction) reservoir at a depth of 250 
meters is modelled. The domain 
considered for the reservoir simulator is 
rectangular with a width of 147 meters (in 
the X direction) and a length of 500 
meters along the Y-axis of the well pair. 

The mesh used by the reservoir simulator 
in the X-Z plane is shown in Figure 1. It 
contains only one grid block in the Y 
direction. The pair of wells is located at the 
centre of the domain and the injection well 
is 3.5 meters upper than the production 
well (see Figure 1 where points I and P 
represent the position of the injection and 
production wells, respectively). The 
domain considered in the geomechanical 
model is built from the surface to a depth 
of 280 meters, including an underburden 
layer 10 meters thick. It should be noted 
that, in the geomechanical model, the 
displacements along the Y axis are 
blocked, corresponding to a plane strain 
condition. For simplicity, an elastic and 
isotropic behaviour is considered for the 
rock. Further details can be found in Zandi 
(2011) and Nauroy et al. (2012). 

 Simulations were performed over 1500 
days. The first 120 days correspond to the 
pre-heating of the regions surrounding 
both wells by circulating steam in order to 
reduce the oil viscosity and create a 
hydraulic link between them. Once pre-
heating is finished, steam injection starts 
with a temperature of about 260°C. The 
steam injection and production rates are 
automatically controlled with a maximal 
pressure sets to 5 MPa in the injection 
well and a minimum pressure of 0.5 MPa 
for the production well. Rates are 
automatically controlled based on the 
analysis of the temperature of each well. 
The rates are adjusted in order to keep 
the production well temperature between 
20°C and 35°C lower than the injection 
well temperature. 

 In the model associated with the 
reservoir simulator, fluids cannot flow 
through the boundaries, but heat losses 
by conduction through the upper and 
lower boundaries are taken into account 
by a simplified one-dimensional modelling 
of the overburden and underburden that is 
oriented in the vertical direction. In the 
geomechanical model, the horizontal 
displacements of lateral boundaries, as 
well as all the displacements of the lower 
boundary, are blocked. 
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 The iterative coupling between the 
reservoir simulator and the geomechanical 
simulator is performed for periods of 5 
days. It means that the reservoir 

permeability and porous volume are 
corrected 300 times during the 
simulations.  

 

a) Geometry modelling and definition of grid cells 

 

 

b) Pressure field 

 

 

c) Temperature field 

Figure 1. Reservoir simulator spatial discretization (a) and pressure (b) and temperature (c) fields 
at the end of simulation (1500 days) in reservoir 

 

 The evolution of the main variables in 
grid cell B is presented in Figure 2. The 
arrival of different fronts can be 
successively observed. The stress front is 
followed first by the pore pressure front 
followed by the temperature front and, at 
the end, the change in saturation. 

 The invasion of steam (consisting of at 
least 70% vapour water with the 
remainder in the liquid phase) occurs 
when temperature exceeds 70°C, firstly by 
replacing oil with water, then with steam 
vapour when temperature reaches 260°C. 
Accordingly, at grid cell B, after 1500 days 
the pore space is filled of steam injection 
with a mixture of 72% steam vapour, 20% 

water and 8% oil. Temperature is 
estimated of about 260°C. 

3. VISCOELASTIC MODEL FOR HEAVY 
OIL SAND 

The elastic properties of the oil sands 
depend on the properties of the sand 
matrix, on the nature of the pore fluid 
(heavy oil, water or steam) and on in-situ 
stresses and pore pressure. These 
properties also depend on the frequency 
of the elastic waves since oil sands are 
viscoelastic materials. 

 The approach of Ciz and Shapiro 
(2007), originally developed for porous 
rocks saturated with an elastic material, 
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can be used to compute the effective 
elastic properties of porous rocks filled 
with heavy oil, a viscoelastic material with 
a non negligible shear modulus. This 
approach reduces to the classical Biot-
Gassmann one if the pore fluid is non-
viscous in the case of a rock skeleton 
made up of a single homogeneous 
mineral. 

  According to Ciz and Shapiro, the two 
following equations describe the effective 
moduli of a sand saturated with a viscous 
fluid: 
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where  is an uniformly distributed 
porosity. 

drK , drG  are the drained bulk and shear 

moduli of the clean sand (with no oil), 
respectively. 

satK , satG  are the effective bulk and shear 

modulus of the undrained saturated 
system. 

fK , fG  are the bulk and shear moduli of 

saturating fluid. 

sK , sG  are the moduli of the solid phase. 

 A comprehensive calibration of this Ciz 
and Shapiro model on the laboratory 
results (in terms of P- and S-waves 
velocities) was presented in Nauroy et al. 
(2012). Laboratory measurements were 
performed on natural oil sand samples 
coming from fluvial-estuarine McMurray 
sand cores extracted at 75m below 
surface from a shallow Athabasca deposit. 
Velocities data were obtained for a range 
of pressure, of temperature and of 
frequency. Further details can be found in 
Doan et al. (2010) and Doan (2011).  

 Results suggested a good promise of 
Ciz and Shapiro approach in assessing 
such physic properties of rock saturated 
with heavy oil. 

4. APPLICATION FOR TIME-LAPSE 
MONITORING 

The probable evolution of P- and S-wave 
velocities in an oil sand reservoir at 
seismic frequency bandwidth (cf. 100 Hz) 
at grid cell B is illustrated in Figure 2 with 
respect to the arrival of the different fronts 
associated to steam injection. The seismic 
velocities were calculated by Ciz and 
Shapiro approach by using pore pressure, 
temperature and fluid saturation changes 
deduced from SAGD coupled thermo-
hydro-mechanical modelling. 

 

 
Figure 2. Evolution of the different fields at a 

typical grid cell (B) 
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 The arrival of the first front called stress 
is related to a structural effect. As the 
mean total stress remains constant, the 
velocities do not reflect any change. 

 When the pore pressure front arrives, 
velocities Vp and Vs gently decrease, as 
the mean effective stress decreases. 

 As the temperature front arrives, the 
velocities decrease of 10% for the 
compressional waves and of 30% for 
shear waves. The decrease appears more 
pronounced below 60°C, levelling off 
beyond this temperature level. These 
modelling results are consistent with 
experimental studies reporting a 
noticeable change in both velocities at low 
temperature (below 60°C) (Nauroy et al. 
2012). In addition, because the amount of 
decrease of S-wave velocity is relatively 
larger than that of P-wave velocity, the 
Vp/Vs ratio significantly increases. 

 The substitution of heavy oil and water 
by steam (at around 260°C) drastically 
reduces the compressional velocities Vp 
with little effect on the shear velocities Vs. 
The introduction of even a small 
percentage of gas bubbles into the fluid 
will have a significant effect on the bulk 
modulus of the mixture but very little effect 
on its density. The sudden appearance of 
gas has little effect on Vs due to 
decreasing density. The Vp/Vs ratio thus 
drops significantly. 

 In summary, it is observed that 
velocities decrease with the steam arrival. 
These successive changes could be 
identified by 4D seismic. The sudden 
appearance of gas occurring as a result of 
the oil production is the most influent 
factor leading to the velocity changes. 
With respect to the temperature, it is 
appreciated that the evolution of S-wave 
velocities are relatively more pronounced 
than that of P-wave velocities, suggesting 
to use the S-wave velocities as an 
indicator of temperature. As pointed out 
Nauroy et al. (2012), at seismic 
frequencies (about 100 Hz), most changes 
in velocities occur at low temperature 
(below 60°C) with only small changes in 
velocities above this temperature. In other 

words, one could effectively locate the 
heated zones in the reservoirs but one 
probably could not estimate the exact 
temperature of these zones. 

5. CONCLUSIONS 

A coupled thermo-hydro-mechanical 
modelling of SAGD showed how the 
different fronts (dilation, pressure, 
temperature and steam) develop and 
propagate with respect to time. The 
invasion of these fronts impact 
consequently 4D seismic monitoring 
because of the changes in seismic 
attributes (velocities, attenuations, etc.). 

 Ciz and Shapiro approach showed a 
good promise in assessing the physic 
properties of rock saturated with heavy oil. 
This approach has been employed to 
estimate the evolution of the P and S-
wave velocities in the reservoir at seismic 
frequency during a SAGD process.  

 Prior to the arrival of the steam, 
temperature appears to be the dominant 
factor affecting the wave velocity 
response. The sudden appearance or 
disappearance of gas is probably the 
strongest factor in producing the velocity 
changes. Future work would need to 
confirm these findings. 
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