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a b s t r a c t

History matched models have helped reservoir engineers obtain a better understanding of the reservoir
and optimize the future productions. Recent years, seismic data is more often to be integrated to improve
the reservoir models, however, seismic data has to be inverted to seismic impedance values first.

In this study, we introduce a new way to improve the initial reservoir models -integrating the seismic
first arrival times to estimate the fluid contacts and initial water saturation. The key aspect of this
method that distinguishes it from other methods is that seismic data is integrated directly. As a result,
traditional seismic inversion step is not needed, and the data integration are through the comparison of
observed first arrival times and simulated first arrival times (raytracing results).

In our paper, the feasibility of using seismic first arrival times to improve initial reservoir models is
discussed, and the method is verified by using sand tank experiment data. The observed seismic first
arrival times were collected during the experiment, and the simulated first arrival times were calculated
by seismic raytracing program. Trust region method was used to adjust water-air contact depth and
initial water saturation to minimize the difference between simulated and observed data. At last, a good
estimation of initial condition is achieved, and it demonstrates a potential of integrating seismic data to
improve the reservoir models without an inversion step.

© 2017 Elsevier B.V. All rights reserved.
1. Introduction

Improved modeling has helped to optimize reservoir develop-
ment. To reduce the inherent uncertainty of the models and obtain
more predictive simulations, more data should be integrated into
the geomodels. Production data, such as bottom hole pressure, gas
oil ratio and water oil ratio have been widely used in history
matching. Interwell tracer tests and well testing also provide
additional sources of data (Thulin et al., 2007; Li et al., 2009;
Valestrand et al., 2010). However, sometime we still could not
have a good estimation of reservoir properties with these data,
since they can provide high resolution estimation around well lo-
cations, but the properties in regions far from wells remain poorly
constrained. To reduce uncertainty in estimation, seismic data can
be integrated with production data to provide denser information
across whole field. Many investigators have addressed seismic data
integration and proved that seismic data can help improve the
reservoir models. Dong (2005) applied the ensemble Kalman filter
(EnKF) method to rapidly update the estimation of the model var-
iables in a small synthetic case which shows that it is possible to
integrate both time–lapse seismic impedance data and production
data. Emerick, de Moraes, and Rodrigues (2007) integrated time–
lapse seismic attributes into a derivative-based assisted history
matching tool; their optimization algorithm was based on a trust-
region quasi-Newton method to minimize the mismatch between
observed and simulated data from production and seismic. A
method based on the combination of EnKF and ensemble Kalman
smoother (EnKS) (Skjervheim et al., 2007) used a combination of
production data and 4D seismic data. Their method was tested on a
synthetic case and a real North Sea field case. For both the synthetic
and field case, a better permeability estimate was obtained by
including both seismic data and production data. For the 2D syn-
thetic problem, better estimates of the permeability were obtained
by integrating inverted seismic data at the time they were
measured instead of using 4D data. Zhao, Reynolds, and Li (2008)
proposed integrating seismic data (acoustic impedance data) at
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Fig. 1. Saturation versus velocity by Gassmann theory, Biot equation and Hertz-
Mindlin method. The velocity is calculated when the saturation is in the range be-
tween 0.06 and 0.99, and all the other parameters, such as coordination number and
porosity, are constant.
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two separate times together with production data. They gave an
ensemble of facies maps closer to the “true model” and better es-
timates of future performance than the ones obtained from the
models updated by production data only.

As noted above, the integration of seismic data is mainly
focusing on the integration of time–lapse seismic data which is the
differences of seismic impedances at two different times, it can be
integrated to improve the reservoir models. However, the integra-
tion of time-lapse seismic data still has several drawbacks. First, it
could not be integrated if there is not enough changes between two
seismic impedances. Second, the time-lapse method generally as-
sumes that the source and receiver do not change over time which
is usually several years, even more than ten years. Third, seismic
data first has to be inverted to seismic impedance values, which are
nonunique (Saltzer and Finn, 2006). For example, using the same
seismic data, many different seismic impedance datasets can be
obtained, all of which are plausible.

Because of the shortcomings of time-lapse seismic data listed
above, integrating seismic data directly without a separate inver-
sion step is a promising approach. Since the seismic data contains a
huge volume of data and many noises, a lot of research work needs
to be done for integrating them directly. In this paper, our objective
is to investigate the feasibility of integrating the seismic first arrival
times to improve the initial reservoir models. In this method,
seismic inversion step is not needed. The method was verified on a
meter-scale experiment e sand tank experiment and we will see
how the integration of first arrival times affects the predictions. The
automatic optimization method used here is trust region method,
since it is very efficient when there are only limited number of the
variables need to adjust (less than one hundred).

The outline of this paper is described as follows. First, a brief
introduction of seismic first arrival times and the trust region
method; secondly, the sand tank experiment is introduced, and the
feasibility of integrating seismic first arrival times is analyzed; then,
the seismic first arrival times in the sand tank experiment are in-
tegrated to update the depth of water-air contact and initial water
saturation using trust region method, and the results are discussed.
Finally a conclusion will be given.

2. Feasibility of integrating seismic first arrival times

There are two reasons that the seismic first arrival times are
feasible to be integrated: firstly, the seismic first arrival times are
the first signals detected by the geophones, and because the earliest
portion of the seismic record is often dominated by source gener-
ated noise, first arrival times are more accurate and can be more
clearly identified than the rest of wave data; secondly, the path of
seismic waves depend on the spatial variation of acoustic velocity
in the vicinity of the source and geophone, and acoustic velocity
could be calculated using density and elastic moduli which are
influenced by both the mineral and fluid properties (Appendix A).
Fig. 1 shows the relationship between velocity and saturation based
on the Hertz-Mindlin method and the Biot-Gassmann theory,
assuming that other parameters are constant. For low saturations,
the velocity decreases as saturation increases. Above a water
saturation of 96 percent, the velocity begins to increase. The ve-
locity increases sharply when the saturation is higher than 99
percent. Based on the above conclusion, it is reasonable to attempt
to integrate the seismic first arrival times to decrease flow model
uncertainty.

3. Trust region method

In this paper, trust regionmethod is used as integrationmethod,
since it works very efficiently when the number of tuning
parameters is less than one hundred. Trust region method is one of
the most well-known techniques in solving nonlinear program-
ming problem (reference). It is closely related to approximation.
First, it assumes a best solution of the optimization problem, and
defines a certain model to approximate the original objective
function around the current best solution. Then, it takes a forward
step based on the approximate model - find a solution as the next
iteration point. The approximation model is only “trusted” in the
neighborhood around the current iteration. The trust region is
improved by iterations.

In this paper, one of the trust region methods - bound optimi-
zation by quadratic approximation (BOBYQA) method (Powell,
2009) is used to minimize the difference between observed first
arrival times and simulated first arrival times. In the BOBYQA
method, the trust region optimization algorithm is applied for
bound-constrained nonlinear optimization and the objective
function is treated as a black box. In this method, the derivative of
the objective function is not needed, alternatively, at each iteration
a local quadratic model QðXÞ of the objective function is built by
multivariate interpolation in combination with trust region tech-
niques. gðXÞ is used to represent the objective function. The
quadratic model has the form,

QðX þ dÞ ¼ QðXÞ þ dTVQðXÞ þ 1
2
dTV2QðXÞd; (1)

And Eq. (1) is solved by conditioning Eq. (2)

QðXiÞ ¼ gðXiÞ; ci2f1…mg (2)

here n is the number of control variables and m is any number
between (n þ 2) and (2n þ 1). In our problem, the quadratic model
Q(X) is built by (m ¼ n þ 2) function evaluations. BOBYQA method
uses the least Frobenius norm updating strategy, and we solve the
following optimization problem at each iteration,

min
������V2[t

�����F (3)

s:t: [t

�
Xþ

�
¼ 1; [tðXÞ ¼ 0; X2X\Xt (4)

where [t is a second order polynomial that needs to be determined,
X is the current set of interpolation points, Xþ is a new point added
to X and Xt is a point deleted from X (Powell, 2009).

��jAj��F repre-
sents the Frobenius norm of matrix A, and for a n� nmatrix Awith
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entries aij; i; j 2f1…ng; the Frobenius norm is

������jAj
��
F ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiXn
i;j¼1

a2ij

vuut (5)

Then, the new model QþðXÞ is updated by

QþðXÞ ¼ QðXÞ þ
n
g
�
Xþ

�
� Q

�
Xþ

�o
[tðXÞ (6)

where [tðXÞ is the solution of Eq. (3) which can be computed by
solving a linear system (Powell, 2009).

Trust region method could guarantee to build the quadratic
model with the global convergence and the good local sampling.
Mor�e and Wild (2009) shows in their paper that this trust region
method performs better than other optimization methods without
explicit gradient computations. For the problem with less than a
hundred unknowns, BOBYQA is expected to converge faster
because it extracts local second order Hessian information. In this
paper, trust region method is used to estimate the water-air contact
and initial water saturation using seismic first arrival times.

4. Sand tank experiment

Sand tank experiment was being conducted at the wave tank
facility (Coastal Studies Institute of Louisiana State University). The
tank measures approximately 9 � 6 � 0.6 m and contains a slightly
heterogeneous sand pack that acts as a reservoir.

The sand tank is filled up with water to a certain depth and
configured with five wells to mimic reservoir production (Fig. 2). It
provides production rate, bottom hole pressure and seismic first
arrival times which will be integrated using the history matching
method. This experiment is mainly used to test different history
matching scenarios. In this paper, we are focusing on the integra-
tion of seismic first arrival times to improve the initial reservoir
models. Two groups of seismic data were collected. The first one
was collected at dry tank condition, and the second one was
collected at the wet tank condition. For the wet tank condition, we
filled the tank with water to 30.5 m depth, and waited for 15 h until
the water almost fully penetrated the sand tank and the water
levels in all the wells were stabilized and the same. Fig. 3 shows a
20 kHz seismic source and 8 accelerometers which are used to
collect seismic data, and the datawas saved in the computer next to
Fig. 2. Sand tank experiment site with five w
the tank.

4.1. Experiment results

Fig. 4 shows the seismic data collected in both dry and wet
conditions, Fig. 4(a) and (b) are the same data which collected at
dry tank condition, and Fig. 4(c) and (d) are the same data which
collected at the wet tank condition.

As we can see in Fig. 4(a) and (b) there appears to be two
separate refractive layers, and a possible third layers interpreted
using reflected arrivals in the sand tank. In Fig. 4(b) the first layer
arrivals are indicated in red, the second layer in green. The re-
flections from the bottom of the tank in purple, and the surface
waves in yellow.

In Fig. 4(c) and (d), there appears to be two separate refractive
layers, and a possible third and fourth layers interpreted using re-
flected arrivals in the sand tank. In Fig. 4(d) the first layer arrivals
are indicated in red, the second layer in green. The reflections from
the capillary fringe are indicated in blue, the reflections from the
bottom of the tank in purple, and the surface waves in yellow.

The seismic first arrival times are picked, because based on the
design of this experiment they are integrated to improve the flow
models. In Fig. 5, the seismic first arrival times are selected from
raw seismic data (Fig. 4). For the wet tank, the first arrival times are
obtained at initial conditions (before the wells produced water).
The first arrival times of the dry tank are different from the ones of
wet tank, because there is no water in the dry tank and the seismic
velocities are different from the ones in the wet tank.

5. Integration of seismic first arrival times

To integrate seismic first arrival times, both the synthetic,
computed first arrival time and the observed first arrival times are
needed. The synthetic and computed first arrival times are obtained
by raytracing - simulation of seismic wave propagation, which
depends on the medium velocities, and the observed first arrival
times are picked from the seismic data.

In our work, the velocity models are computed by the Gass-
mann, Biot and Hertz-Mindlinmethod (Bachrach, Dvorkin, and Nur,
1998b; Appendix A), and the raytracing results are obtained
through running FAST (Zelt and Ellis, 1988), a 2-D seismic tomog-
raphy program. In Zelt's method, the velocity model is described as
a series of trapezoidal blocks with vertical sides and upper and
ells, seismic source and accelerometers.

http://www.iciba.com/scenarios


Fig. 3. Seismic source and accelerometers.

Fig. 4. The figures on the left are the wiggle plots and figures on the right are the image plots. (a) and (b) are the seismic plots of dry tank with no water added, and (c) and (d) are
the seismic plots of sand tank filled with water. The surface waves and some noise from collection equipments are clearly presented (Chollett, 2012).
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Fig. 5. First arrival times selected from raw seismic data. Seismic source is located at
original point. The green circles show the first arrival times for the dry tank case. For
the wet tank, the red squares shows the first arrival time obtained at initial conditions.
(For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

Fig. 6. Simulated seismic first arrival time of the dry tank. The x–axis is the receiver
position in centimeter and y–axis is first arrival time in second. The red circles show
the observed first arrival time and the black triangles show the best match of simu-
lated first arrival time. (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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lower boundaries of arbitrary dip. Within each layer, the
compressional wave velocity structure is defined by specifying a
single upper and lower layer velocity for each trapezoidal block. To
trace rays through the velocity model, the ray tracing equations are
solved numerically (Cerveny et al., 1977; McMechan and Mooney,
1980). The two-dimensional ray tracing equations solved are a
pair of first order ordinary differential equations in two sets:

dz
dx

¼ cotq (7)

dq
dx

¼ vz � vx cot q
v

(8)

Where the variable q is the angle between the tangent to the ray
and the z axis, v is the velocity, and vx and vz are partial derivatives
of velocity with respect to x and z (Zelt and Ellis, 1988). To solve
either system, the routine uses the Runge Kutta method (Sheriff
and Geldart, 1983) with error control suggested by Cerveny et al.
(1977).

The observed first arrival times are picked from the seismic data
of the experiment by a first arrival auto-picking program in Seismic
Unix. Trust region method is used here to minimize the differences
between the computed and observed first arrival time, and in this
process, the initial water saturation, water-air contact, Poisson's
ratio and coordination number are adjusted, and meanwhile the
other parameters are considered as constants (Table 1).

Since the seismic first arrival times from both dry tank and wet
tank are collected, and water-air contact and initial water satura-
tion do not impact the seismic first arrival times of dry tank, we
consider to integrate seismic first arrival times separately. The ones
from dry tank are integrated first to estimate the coordination
Table 1
The values of the other parameters used to calculate velocities.

Quantity Symbol Value Units

Bulk modulus of water Kwater 2.2 � 109 Pa
Bulk modulus of air Kair 1.01 � 105 Pa
Mineral bulk modulus K0 36.6 � 109 Pa
Framework dry shear modulus Gdry 45.0 � 109 Pa
Water density r water 1000 kg/m3

Air density r air 0.18 kg/m3

Mineral density r quartz 2650 kg/m3
number and Poisson's ratio, and then the ones from wet tank are
integrated to estimate the water-air contact and initial water
saturation.

For the dry tank, only the coordination number and Poisson's
ratio are estimated. The trust region method is used here, and after
7 iterations (raytracing runs), the best match of simulated and
observed first arrival times is obtained with coordination number
and Poisson's ratio to be 4.6 and 0.253 (Fig. 6). This result proves
that the velocity of sand tank calculated by Hertz-Mindlin theory
and Gassmann equation (Appendix A) is reasonable, and it can be
used to simulate the wave propagations in the sand tank. In Fig. 6,
what needs to explain is that the lower part of first arrival times has
a better match than the upper part, this is because the coordination
numbers are assumed to be the same everywhere in sand tank. If
different coordination numbers are used between layers, a better
match could be obtained.

For the wet tank, if we assume that the tank was fully saturated
below the water table (initial water saturation equals one), the
simulated first arrival times are much earlier than the observed
ones at the receivers more than 40 cm away from seismic source
(Fig. 7). It was caused by the calculated high velocity zone below
Fig. 7. Simulated seismic first arrival times (triangles) of the wet tank calculated using
100% initial water saturation. The red circles show the observed first arrival times and
the black triangles show the simulated first arrival time. The simulated first arrival
times are matched for the receivers near the source (less than 40 cm), but are very
different for the receivers far away from the source (more than 40 cm). (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)
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the water table since the velocity increases dramatically near the
fully saturated point (Fig. 3).

Since the coordination number and Poisson's ratio are obtained
through the integration of dry tank first arrival times, to match the
first arrival times in wet tank, only the water-air contact and initial
water saturation are unknown and are adjusted. After 8 raytracing
iterations using trust region method, the best match of simulated
Fig. 8. Best match of simulated first arrival time of the wet tank. The initial water
saturation is 0.78 saturation. The red circles show the observed first arrival time and
the black triangles show the simulated first arrival time. The simulated and observed
first arrival time is matched well. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

Fig. 9. The predicted production rates for the sand tank models. The grey curves indicate th
interpretation of the references to colour in this figure legend, the reader is referred to the

Fig. 10. The predicted production rates of the sand tank models with water table level updat
the measured flow rate. (For interpretation of the references to colour in this figure legend
and observed first arrival times is obtained with water-air contact
and initial water saturation to be 18.7 cm deep and 0.78 (Fig. 8). The
calculated water-air contact depth is very close to the depth we
measured at the production well — 19.2 cm. For the wet tank re-
sults, the upper and lower parts are not matched very well since a
single coordination number is used here for the whole model, and
this could be improved by using several coordination numbers for
different layers.

Forty sand tank simulation models are generated by using un-
conditional gaussian simulation, and they have different perme-
ability and porosity distributions. Fig. 9 shows that the predicted
production rates of these forty models and the water table levels in
these models are different. Figure shows the predicted production
rates of the sand tank models with water table level updated based
on matching results of seismic first arrival times. Compared the
predictions in Figs. 9 and 10, we can clearly conclude that the first
arrival times have help improve the models, and the uncertainty of
models have been decreased dramatically.
6. Conclusions

In this paper, a methodology and motivation for integrating the
first arrival seismic data without an inversion step has been
introduced, and the seismic data of sand tank experiment is used to
test it. The trust region method is used as integration method, and
the result shows that the estimation of water-air contact and initial
water saturation in the sand tank is improved by integrating
e simulations of forty models and the red points indicate the measured flow rate. (For
web version of this article.)

ed. The grey curves indicate the simulations of forty models and the red points indicate
, the reader is referred to the web version of this article.)
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seismic first arrival times. Several contributions could be summa-
rized as below:

1. A new method of using the seismic data to improve the fluid
models has been introduced, thoughwe only use the first arrival
times of seismic data. Compared to the previous methods, the
new method integrates the seismic data directly by comparing
with raytracing results instead of inversing seismic data to
seismic impedance values first, which are also nonunique
(Saltzer and Finn, 2006).

2. The uncertainty of velocity models has been taken into
consideration in the process of integrating seismic data. Since
when we run the raytracing to simulate seismic first arrival
times, the parameters that affect velocity models are adjusted,
such as coordination number, Poisson's ratio, water-air contact
and initial water saturation, while in the integration of seismic
impedance data the velocity model is assumed known.

3. Trust region method is used as integration method in this paper.
It works very efficiently and the best matching results are ob-
tained in a few simulation runs. The limitation of trust region
method is that the number of simulation runs is related with the
number of tuning parameters, if there are more tuning param-
eters, such as porosity, permeability and pressure in the fluid
model, the number of simulation runs increases dramatically, in
this case the methods such as ensemble Kalman filter are a
better choice.

4. In this paper, the sand tank experiment data has been used to
test the new method, and it has been proved that Biot and
Gassmann equation could be used to estimate the velocity
profile of sand tank experiment.

5. The comparison in Figs. 9 and 10 shows that the prediction of
simulation models have been improved dramatically with the
water level updated by matching first arrival times. This could
be applied in oil industry to estimate the water-oil contact by
setting up seismic source and received along the well bore.
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Appendix A

Elastic wave velocity can be calculated by Gassmann equation
(Gassmann, 1951):

Vp ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
K þ 4

3G
r

s

Vs ¼
ffiffiffiffi
G
r

s

where Vp is the compressional wave, Vs is the shear wave, K and G
are the effective material bulk and shear moduli respectively, and r

is its bulk density.
At its lowefrequency limit, K and G are calculated by Biot's

theory (Biot, 1956a; 1956b):

Ksat

K0 � Ksat
¼ Kdry

K0 � Kdry
þ Kfl

f
�
K0 � Kfl

�

Gsat ¼ Gdry

in which Gdry and Kdry are the dry framework shear and bulk
moduli, respectively, K0 is the mineral bulk modulus, Kfl is the pore
fluid bulk modulus, and Gsat and Ksat are the saturated effective
bulk moduli, respectively.

For rocks packedwith water and air, Kfl is the harmonic average
of the air bulk modulus Kair and the water bulk modulus Kwater

(Bachrach, Dvorkin, and Nur, 1998b),

1
Kfl

¼ Sw
Kwater

þ 1� Sw
Kair

Gdry and Kdry are calculated by the Hertz-Mindlin method
(Bachrach, Dvorkin, and Nur, 1998a). It gives the relationships be-
tween the effective bulk and shear moduli for a dry, dense, random
pack of identical spherical grains subject to effective stress, and
includes the effect of coordination number, and the radius of
contact.

Kdry ¼
"
z2ð1� fÞ2G2

18p2ð1� nÞ2
peff

#1
3

Gdry ¼ 5� 4n
5ð2� nÞ

"
3z2ð1� fÞ2G2

2p2ð1� nÞ2
peff

#1
3

where z is the coordination number, f is the porosity, G is the shear
modulus of grains, n is Poisson's ratio and peff is the effective stress.
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