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A B S T R A C T

Thirty-five cement samples were tested in an Ultrasonic Cement Analyzer (UCA) at varying curing conditions
and for varying curing times, and then uniaxially compressed to failure in a hydraulic press. An attempt was
made, using the ultrasonic transit time data measured with a UCA and the uniaxial compressive strength data
measured using a hydraulic press, to derive an empirical model capable of accurately predicting uniaxial
compressive strength from the ultrasonic transit time. Using the Levenberg-Marquardt algorithm, the experi-
mental data was fit to two models. In addition to the transit time dependence, the first model presented in-
corporates a term that accounts for the curing time while the second model contains terms that account for both
the curing time and cement composition. The results obtained illustrate the complexity of deriving a correlation
with general applicability to all well cements. The best performing model based on both curve fit error and
prediction performance for the samples tested was the model that accounted only for the curing time de-
pendency of the cement strength development rate in addition to the measured transit time, indicating that the
transit time measurement history is sufficient as a tool for characterizing well cement strength development.

1. Introduction

Ultrasonic technology has been successfully applied to fields such as
medicine (e.g. fetal ultrasound), materials science, quality control in
the manufacturing, refurbishing, and maintenance of parts, water
purification, civil engineering for structural integrity assessment of
building components and materials, geomechanics for the study of soil
and rock mechanical properties and behavior under stress (Deflandre
et al., 1995) and wellbore logging in the oil and gas industry. Not too
long ago, ultrasonic devices and techniques were devised for the
characterization of well cement at the cement slurry design stage (Rao
et al., 1982; Lacy and Rickards, 1996; Moon and Wang, 1999).
In the construction of oil and gas wells, one of the key tests carried

out on well cement to determine its ability to maintain wellbore in-
tegrity and ensure zonal isolation at downhole conditions is the uniaxial
compressive strength (UCS) test. This test is usually performed in one of
two ways: the first method is by crushing 2 inch (5.08 cm) cubic sam-
ples which have been cured at conditions that simulate the pressure and
temperature profile of the wellbore in question using a hydraulic press;
the second method is by curing the sample at simulated wellbore con-
ditions in a device called an Ultrasonic Cement Analyzer (UCA), where
the velocity of a compressional ultrasonic wave through the sample is
continuously measured and converted to a compressive strength value

for as long as is desired (API RP 10B-2, 2013). The use of a UCA has
certain obvious advantages over the compressive loading method. First,
the ultrasonic cement analyzer provides continuous measurement of
transit time (the reciprocal of the velocity of a compressional ultrasonic
wave through the sample) during the entire curing period. This enables
a visualization of the strength development history of cement from
initial set to target time under high pressure and temperature condi-
tions, enabling optimal timing of drilling continuation, perforation,
stimulation and so on (Rao et al., 1982). Secondly, the use of a UCA
results in time and material savings because there is no need to cure
multiple samples and run multiple compressive loading tests for each
curing time of interest for a cement design.
Despite the advantages of using a UCA listed above, there are some

challenges which still exist. For instance, the authors found that the
proprietary correlations used to compute cement compressive strength
from transit time measurements consistently underestimated the
strength of high compressive strength cements. For example, a 16.4 ppg
(1965.2 kg/m3) neat Class ‘H’ cement cured for 24 h at 170 °F (76.7 °C)
and 3000 psi (20.6MPa) was measured to have an actual compressive
strength of 5975 psi (41.2MPa) compared to 4129.33 psi (28.5MPa)
calculated by the machine, an error of 31%. Also, these correlations
tend to be wildly inaccurate for special cement systems. For example,
ultra-lightweight cements with glass microspheres and foam cements
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which can exhibit high compressive strengths at low and ultralow
densities when compared to their conventional counterparts (Smith
et al., 1980). To the best of the authors' knowledge, no publicly avail-
able correlations exist in literature for deriving the compressive
strength of set cement as a function of ultrasonic pulse transit time.
Nevertheless, some studies in the field of rock mechanics dedicated to
the calculation of rock compressive strength from ultrasonic pulse ve-
locity measurements have shown a strong correlation between the ul-
trasonic pulse velocity and uniaxial compressive strength for a wide
variety of rock samples (Inoue and Ohomi, 1981; Kazi et al., 1983;
Oyler et al., 2008; Kessler et al., 2017). Similar trends have been de-
monstrated in studies concerned with concrete mixes (Bilgehan and
Turgut, 2010; Bilgehan, 2011; Cho et al., 2014). The data reported in
these studies provide the impetus for the research presented in the
following sections. The aim of this study is to derive an empirical
correlation for predicting the uniaxial compressive strength of well
cements using transit time measurement data of various cement sam-
ples that cover a wide range of density, compressive strength and ad-
ditives.

2. Materials and methods

2.1. Cement samples

Thirty-five tests were run using twenty different cement composi-
tions mixed from both API Class ‘H’ and API Class ‘C’ cements and
ranging in density from 16.4 ppg to 11.2 ppg (1965.2 kg/m3 to
1342.1 kg/m3). The cements varied from neat cements to cements ex-
tended with bentonite, sodium metasilicate and pozzolan. Some of the
mixtures, especially the low-density bentonite-extended cements, also
contained a trace amount of a dispersant to improve slurry rheology
(Please see Appendix A1 for a detailed list of the cement compositions
used). The samples were also cured for either 12 h or 24 h at 170 °F or
120 °F (76.7 °C or 48.9 °C) and 3000 psi (20.6MPa). This variety in
cement composition, curing time and curing conditions was used to
ensure that any correlation derived would be applicable to a wide
variety of cement formulations.

2.2. Sample preparation

For each formulation, enough slurry volume was mixed so that two
samples from the same mix batch could be tested simultaneously. This
allowed the test results to be checked for precision and consistency. The
final values used in the analysis to be described in the upcoming sec-
tions were obtained by averaging the measurements from the two
samples. All samples to be tested were thoroughly mixed according to
the procedure recommended in API RP 10B-2, using an OFITE Model 20
programmable constant speed blender (Fig. 1).

2.3. UCA curing

An OFITE twin cell Ultrasonic Cement Analyzer (Fig. 2a) was used
to measure the ultrasonic pulse transit time of the samples under
temperature and pressure. The machine is capable of curing samples
under pressures as high as 5000 psi (35MPa) and temperatures as high
as 400 °F (200 °C). It also allows the samples to be heated according to a
pre-programmed temperature schedule. The machine uses 400 KHz
transducers (Fig. 2b) connected to both ends of a sample cell (Fig. 2c).
The transducer connected to the top cap of the cell transmits a signal
that is detected by the transducer connected to the bottom cap of the
cell. Both transducers have an acoustic couplant applied to ensure good
contact with the cell caps and to preserve the quality of the ultrasonic
signal. The cell is filled with the cement slurry to a specified level as per

manufacturer instructions and placed in the UCA heating jacket. Pres-
sure is then applied to the sample with water through an inlet at the top
of the top cell cap while it cures for the desired amount of time. During
the test, the samples in the UCA cells were heated to the target tem-
perature at a constant rate in 1 h according to a pre-programmed
heating schedule. Sample temperature was measured using a thermo-
couple inserted into the top cell cap. The UCA records transit time
measurements at 30 s intervals for the duration of the test and this data
is updated in a user-friendly chart and table format in real time.

2.4. Stress loading tests

For every test, the UCA measurements were terminated 45min to
the target curing time and the samples were cooled slowly while still in
the UCA to 70 °F (22 °C). This was done to prevent the onset of internal
defects and cracks due to thermal shock. After being cooled, the set
cement samples were then placed in a room-temperature water bath to
avoid cement shrinkage due to dehydration until they were ready to be
processed for the loading tests. The time between the end of the test and
the compressive loading tests never exceeded 40min.
The samples from the UCA take on the shape of a conic frustum with

a top diameter of about 2.55 in. (6.45 cm) and a bottom diameter of
about 2.69 in. (6.83 cm) (the interior shape of the UCA test cell is
shaped this way to make sample removal easier). Hence, for this study,
the set cement samples from the UCA had to be cut into 1.9 to 2-inch
cubes (4.826–5.08 cm) for the compressive loading test. The cuts were
made with an electric saw that used water as a lubricating fluid and
coolant. Great care was taken to minimize mechanical damage to the
samples. While not ideal, the samples to be crushed were obtained as
using the method described above due to a lack of a programmable
curing chamber that would have enabled accurate replication of the
heating schedule used in the UCA. Fig. 3 shows what a typical sample
looked like before and after processing.
After the set cement samples were processed, they were crushed in a

standard compressive load frame (Fig. 4). The loading rate used to
crush each sample was chosen according to the directions in API RP
10B-2 (4000 lbf/min or 17.8 KN/min for expected strength equal to or
less than 500 psi or 3.45MPa and 16000 lbf/min or 71.2 KN/min for
samples with expected strength greater than 500 psi or 3.45MPa). The

Fig. 1. Programmable blender used for mixing cement samples.
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chosen loading rate was dependent on the expected strength of the
sample. Thus, by referring to publicly available data from literature as
well as the authors’ experience for cement compositions like those used
in this study, well informed decisions were made on the correct loading
rate to use for each sample. The compressive strength was simply cal-
culated as the maximum force recorded at total failure divided by the
sample contact surface area. The contact surface area was calculated
from measurements of length, width and height made to a precision of
three decimal places with digital calipers.

2.5. Slurry stability measurements

Sedimentation and free fluid formation in a cement slurry can
dramatically impact the final set cement properties. To ensure that the
samples used in this study were stable, and that the results presented
are reliable and reproducible, standard API free fluid tests and sedi-
mentation tests (BP settling tests) were run for all the slurry formula-
tions. The free fluid tests were run by placing 250mL of cement slurry

in a covered standard graduated cylinder for 2 h under ambient room
conditions (see Fig. 5). The free fluid was calculated as the volume of
clear fluid formed at the top divided by 250ml expressed as a percen-
tage. The maximum free fluid allowed was 5.9 percent.

Fig. 2. (a) Twin cell UCA. (b) UCA transducer. (c) UCA test cell.

Fig. 3. Set cement samples. (a) Unprocessed UCA sample. (b) Processed UCA sample.

Fig. 4. A sample ready to be tested in the hydraulic press.
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The sedimentation tests were performed by curing cement slurry in
BP settling tubes at ambient room conditions for 24 h (see Fig. 6). The
set cement cylinders were then cut into four segments of equal length
per API testing recommendations, and the density of each segment was
measured to form a density profile of the cement from top to bottom.
The results of these tests are shown in Appendix A5. The observed
density variations for all the cements in this study were negligible.

3. Curve fitting and optimization

3.1. Initial analysis

The parameters of interest in our analysis are the measured transit
time through the cement sample, the uniaxial compressive strength
measured from the compressive loading test, the curing time of the
sample, the cement density, water to cement ratio and water to solids
ratio. To derive a reliable correlation, the interrelationships between
these parameters must be analyzed and quantified.
We begin with the two primary parameters of interest: the ultra-

sonic transit time and the uniaxial compressive strength (the ultrasonic
transit time is simply the reciprocal of the ultrasonic velocity through
the sample in microseconds per inch). Fig. 7 illustrates the correlation
between the final transit time measured and the uniaxial compressive
strength measured from the compressive loading test for all thirty-five
samples used in this study. This trend is expected and is also similar to
results presented for concrete and rock by Bilgehan (2011) and Kessler
et al. (2017) respectively. It is shown that a high coefficient of de-
termination (R2=0.9244) is obtained for an exponential function of
the form:

=S aexp bT( ) (1)

where ‘S’ denotes the compressive strength in psi, ‘a’ and ‘b’ represent
fitting parameters and ‘T’ represents the transit time in μsec/inch (mi-
croseconds per inch).

Using the equation for the best-fit curve from Fig. 7 to calculate the
compressive strength of a 16.4 ppg (1965.2 kg/m3) neat Class ‘H’ ce-
ment cured for 96 h at 170 °F (76.7 °C) and 3000 psi (20.7MPa) yields
approximately 6657 psi (45.9MPa), an error of about 18 percent when
compared to the actual measured strength of 8094 psi (55.8MPa). This
indicates that the relationship expressed in equation (1) is insufficient
on its own for predicting compressive strength using ultrasonic transit
time. Note that the sample mentioned above is not among the thirty-
five used to generate the best-fit curve.
To demonstrate the source of this error, the reader is referred to the

chart in Fig. 8. This chart shows the transit time data plotted against
elapsed time for the neat Class ‘H’ cement described above. The shape
of the transit time curve indicates that the transit time decreases more
rapidly in the region between the initial set point and the beginning of
the late stage of strength development. After the onset of the late stage,
the decrease in the transit time follows a very gentle, virtually linear
slope. However, even at this late stage in the cement hydration, cement
can still gain significant compressive strength. For example, it was

Fig. 5. Free fluid test setup.

Fig. 6. BP settling tube for sedimentation tests.

Fig. 7. Correlation between uniaxial compressive strength and ultrasonic pulse
transit time for all thirty-five cement samples tested.

Fig. 8. Transit time data for a neat 16.4 ppg Class ‘H’ cement cured for 96 h at
170 °F and 3000 psi.
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found that for this neat Class ‘H’ cement, the average transit time and
compressive strength measured were 7.77 μsec/inch and 5975 psi
(41.2MPa) respectively at 24 h, and 7.08 μsec/inch and 8094 psi
(55.8MPa) respectively at 96 h. This represents a compressive strength
increase of 35.5 percent for a decrease in transit time of only 8.9 per-
cent. This implies that the higher the curing time, the higher the di-
vergence between the rate of strength development and the rate of
transit time decrease. In other words, the higher the curing time, the
less representative the rate of transit time decrease is of the rate of
compressive strength development. Hence, it is necessary to augment
equation (1) to account for this time-dependent rate of strength de-
velopment.
As Fig. 7 shows, although the best-fit curve to the test data has a

high coefficient of determination, the experimental data points are
significantly scattered around it. We would like to minimize this scatter
by accounting for the variations in cement composition and its impact
on the hydration process. Fig. 9 shows the relationship between density
and compressive strength for the samples in this study cured for 24 h
and at 170 ° F (76.7 °C). As only conventional cement slurries were used
in this study, the general trends observed are no surprise. However, as
mentioned earlier, unconventional cement systems like foamed cements
and ultra-lightweight cements extended with glass microspheres are
known to exhibit much better strength performance when compared to
conventional cements of similar density as shown in Fig. 10 (Smith
et al., 1980). Thus, if a correlation with more general applicability is to
be developed, then it is of great benefit to consider a substitute para-
meter for cement density.
To account for the effect of cement composition on compressive

strength, two new terms will be introduced, the water to solids mass
ratio and the cement to solids mass ratio. Regardless of cement density
or cement class used, the water to cement ratio will always be a big
factor in the strength development of well cement. This is because it
directly impacts the volume of the hydration reaction products and the
resulting porosity of the set cement which are the main drivers of ce-
ment strength development. Typically, the lower the ratio of water to
cement in a pumpable slurry mix, the greater the rate of strength de-
velopment and the higher the ultimate strength. This trend is demon-
strated in Fig. 11. However, for the purposes of this analysis, the water
to solids ratio is favored over the water to cement ratio for the for-
mulation of a compressive strength correlation.

Whereas the water to cement ratio is simply calculated as the total
mass of water in the slurry mix divided by the total mass of cement, the
water to solids ratio is calculated as the total mass of water divided by
the total mass of cement plus the mass of all solid additives that con-
tribute significantly to the set cement matrix structure. The mass of
water in these definitions includes water contained in liquid additives
that are dispersions of solutes in water of any kind, for example, styrene
butadiene latex or nano-alumina fibers dispersed in water. The solids to
be taken into account include slurry extension additives like pozzolan,
bentonite, glass microspheres, fibers and flakes, which may or may not
affect the cement hydration and exclude salts, dispersants, retarders or
fluid loss additives which are usually added in trace amounts and are
usually completely soluble in the mix water.
Fig. 12 reveals why the water to solids ratio is a better substitute for

density when compared to the water to cement ratio. There is a much

Fig. 9. Compressive strength versus density for samples cured at 24 h and
170 °F. Fig. 10. Strength performance comparison between conventional Class ‘A’ ce-

ment and Class ‘A’ cement with glass bubbles (Smith et al., 1980).

Fig. 11. Compressive strength versus water to cement ratio for samples cured at
24 h and 170 °F.
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better correlation between the water to solids ratio and cement com-
pressive strength than between the water to cement ratio and com-
pressive strength as demonstrated by the higher R2 value obtained for
the former. As mentioned earlier, the set cement porosity contributes to
the overall strength of the cement. This means that a cement mix of a
given density that contains a significant amount of powders, fibers or
flakes (as is often the case with extended cement slurries or lost cir-
culation cements) will exhibit higher compressive strength than it
would at the same density without the solid additives. This is because
the types of solids mentioned above tend to bridge or plug pore spaces
between the cement hydration products, decreasing the overall porosity
of the set cement. Other additives like pozzolan will react with the
calcium hydroxide produced as a by-product of cement hydration to
form a cementitious material that directly contributes to the cement
compressive strength (Nelson and Guillot, 2006). It is important to note
that the scatter observed in Fig. 7 is also impacted by immeasurable
factors which are difficult to quantify such as the degree of mechanical
damage in each sample due to the cutting stage and the slight geome-
trical differences between each sample.
Two empirical models will be developed, taking into consideration

the contributions from the direct transit time measurement, cement
porosity, and curing time towards the measured compressive strength.
Two different models will be tested as follows:

=S aexp bT ct( ) c
d (2)

= +S e w
r

aexp bT ct0.5 ( )
f

c
d

(3)

where ‘S’ denotes the compressive strength in psi, ‘a’, ‘b’, ‘c’, ‘d’, ‘e’ and
‘f’ represent fitting parameters, ‘T’ is the final transit time reading in
μsec/inch, ‘w’ is the water to solids ratio, ‘r’ is the cement to solids ratio
which can be calculated from the water to cement and water to solids
ratios and ‘tc’ is the curing time in hours. These models can be thought
of as applying correction factors to equation (1). Equation (2) is similar
to an Arrhenius type equation where ‘a * ctcd’ is the frequency while the
expression in equation (3) is the average between equation (2) and
another term, ‘e * (w/r)f * ctcd’, which is meant to account for the water
to solids ratio and cement to solids ratio. At this point, the task at hand
is to obtain values for all fitting parameters that yield a good fit to the
experimental data.

3.2. Model optimization

A C++ implementation of the Levenberg-Marquardt algorithm was
used to obtain fitting parameters that optimize equations (2) and (3) for
the experimental data. A detailed explanation of the Levenberg-Mar-
quardt algorithm is beyond the scope of this article, however, readers
who are interested in an in-depth explanation should see Levenberg
(1944), Lourakis (2005) and Marquardt (1963). Nevertheless, a brief
discussion of its implementation with regards to the problem at hand
will be presented. In the next paragraph, bold font is used to denote a
vector or matrix.
The Levenberg-Marquardt (LM) algorithm is a non-linear least

squares minimization method for optimization and curve fitting. It is
useful for cases where several measured data points must be fit to a non-
linear model with unknown parameters. For this study, the objective is
to find values of ‘a’, ‘b’, ‘c’, ‘d’, ‘e’, and ‘f’ that minimize an error
function calculated as follows:

=
=

X XE e( ) 0.5 ( )
j

m

j
1

2

(4)

where E(X) is the error function, m is the number of data points (35 in
this case), ‘X’ is a parameter vector of ‘n’ parameters (4 for equations
(2) and 6 for equation (3)), and ‘ej’ is the error between the experi-
mental data and the calculated data for data point j. Let ‘S’ be the
measurement vector (the vector containing the experimental data

Fig. 12. Compressive strength versus water to solids ratio for samples cured at
24 h and 170 °F.

Table 1
Fitting parameter optimization results for equations (2) and (3).

Fitting Parameter Solutions R2 Value Mean Ratio

Initial Guess Optimal Solution

EQUATION 2
a 120000 119953.54 0.90671 1.00927
b −0.5 −0.41525
c 0.5 0.49231
d 0.5 −0.23185
EQUATION 3
a 120000 119999.92 0.87840 0.89205
b −0.5 −0.40975
c 0.5 0.35671
d 0.5 0.39157
e 500 520.89
f −2 −1.59677

Fig. 13. Compressive strength calculated using equations (2) and (3) compared
with the measured data.
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points), f(X) a target function to be fit to the measurement data
(equations (2) and (3)) and ‘X*’ an arbitrary guess for the value of the
parameter vector ‘X’. If f(X*) is sufficiently close to ‘S’ then S= f
(X* + ΔX*)≈ f(X*) + JΔX*, where ‘J’ is the Jacobian of f(X*) cal-
culated as df(X*)/dX*. Thus, for an optimal ‘X*‘, a value of ‘ΔX*’ must
be found that minimizes ||S - f(X* + ΔX*)||= ||S - f(X*) -
JΔX*||= ||e* - JΔX*|| where ‘e*’ is the error vector [e*1, …, e*m]. ||e*
- JΔX*|| is minimal when JT[JΔX* - e*]= 0 and this yields the linear
equation: JTJ ΔX*= JTe*. In the Levenberg-Marquardt algorithm, ‘JTJ’
is replaced by a new vector ‘N’where ‘N’ is ‘JTJ’ augmented by adding a
damping factor μ (μ is always > 0) to its diagonal elements so that
Nii=[JTJ]ii. This leaves us with the equation: NΔX*= JTe* which is
then solved for ‘ΔX*‘. The solved ‘ΔX*’ is used to update the parameter
vector guess (X*new= X* + ΔX*) and a new value of E=E(X*new) is
found. If the new value of ‘E’ is lower than its previous value, ‘E(X*)’,
then the damping factor is reduced, and the process is repeated until ‘E
(X*new)’ is less than the set limit or the maximum number of iterations
allowed is reached. However, if the new value of ‘E’ is greater than its
previous value, then the damping factor, ‘μ’ is increased and a new
‘ΔX*’ is found until a lower value of ‘E’ is found. One iteration of the LM
algorithm corresponds to every calculation of a new lower ‘E(X)’. See
Appendix A2 for a flowchart summarizing this process.

4. Results and discussion

4.1. Curve fit results

A summary of the fitting parameter optimizations for equations (2)
and (3) is shown in Table 1 while the results of both equations are
compared to the measured data in Fig. 13. The performance of each
model is quantified using the R2 value and the mean ratio. The R2 value
is calculated as follows:

=R
y f
y y

1
( )
( )

i i

i

2
2

2 (5)

where yi is the ith measurement, fi is the ith calculation using the model
and y̅ is the mean of the measurement data. The mean ratio is simply
the result of dividing the mean of the measurement data by the mean of
the model data. The results in Table 1 show that for the fitting para-
meters obtained, equation (2) is a better fit to the data. The average
percentage error obtained using equation (2) was 25.8 percent while
that obtained using equation (3) was 27.1 percent. Since equation (2)
provides higher accuracy compared to equation (3), it can be concluded
that a model that accounts for the curing time in addition to the mea-
sured transit time is sufficient for deriving an empirical model for ac-
curately predicting uniaxial compressive strength. Above all, these re-
sults simply serve to emphasize the complexity of the task at hand.
Cement is a very complex substance and cement hydration is affected
by a host of factors including the curing conditions, additives used, and

most importantly, the microstructure of the cement matrix just to
mention a few.

4.2. Prediction performance

Two tests were run for the purpose of evaluating the prediction
performance of the models derived in the previous sections. The first
was a 16.4 ppg (1965.2 kg/m3) neat Class ‘H’ cement cured for 96 h at
170 °F (76.7 °C) and 3000 psi (20.7MPa) and the second was a 13.6 ppg
(1629.6 kg/m3) Class ‘C’ cement containing bentonite, cured at the
same conditions mentioned above. Table 2 illustrates the performance
of each model compared to the measured values. The percentage error
calculated for each model shows that equation (2) yields the best pre-
diction result for both samples.

5. Conclusions

The UCA is a valuable tool for cement characterization and iterative
design where multiple cement designs must be tested for compressive
strength at varying conditions, in a cost effective and time saving
manner. In this study, two models were tested for the prediction of
uniaxial compressive strength using transit time measurements. One
model contained an additional term to account for the time dependency
of the strength development rate while the other model contained two
terms that accounted for the time dependency of the strength devel-
opment rate and the cement composition. The model that accounted for
only the time dependency of the strength development rate had a better
fit to the experimental data. This model also performed better when
used to predict compressive strength for a 16.4 ppg neat class ‘H’ ce-
ment and a 13.6 ppg class ‘C’ cement extended with bentonite both
cured for 96 h at 170 °F (76.7 °C) and 3000 psi (20.7MPa). This in-
dicates that the transit time measurement history obtained from a UCA
is enough for developing a reliable correlation for the prediction of oil
well cement compressive strength. However, there is still a lot of room
for improvement. Cement hydration is a complex chemical reaction that
is influenced by a lot of factors. Although it is impossible for any em-
pirical model to fully account for all these factors, the work presented
here can serve as the basis for future research into developing better
models. A broader dataset covering more data points and cement for-
mulations could help improve the optimization of the models pre-
sented. Also, more advanced techniques like those presented in
Bilgehan (2011) that employ neural networks and machine learning
techniques could be applied to formulate more intelligent algorithms in
the future.
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Table 2
Prediction performance for both equations (1) and (2).

Sample Transit
Time (μsec/inch)

Measurement (psi) Equation 2
Calculation (psi)

Equation 3
Calculation (psi)

Equation
2 Error (%)

Equation
3 Error (%)

16.4 ppg Class
‘H’ cement cured for 96 h at 170 °F and 3000 psi

7.08 8094 8995.57 9683.95 11.13874 19.64356

13.6 ppg Class
‘C’ cement cured for 96 h at 170 °F and 3000 psi

9.95 2466 2731.81 3010.24 10.77899 22.06975
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Nomenclature

oC degrees celsius
oF degrees fahrenheit
μsec/inch microseconds per inch
API american petroleum institute
cm centimeters
in inches
kg/m3 kilograms per cubic meter
lbf/min pound-force per minute
KHz kilohertz
KN/min kilonewtons per minute
MPa megapascal
ppg pounds per gallon
psi pounds per square inch
UCA ultrasonic cement analyzer

Appendices

A1
Cement Compositions Tested

No. Composition Water/Solids Mass
Ratio

Water/Cement Mass
Ratio

Density (ppg)

1 API Class C, 25%BWOC Bentonite,
1%BWOC Dispersant, 187%BWOC Distilled Water

1.497 1.871 11.2

2 API Class C, 18%BWOC Bentonite,
1%BWOC Dispersant, 133%BWOC Distilled Water

1.125 1.327 12.0

3 API Class C, 12%BWOC Bentonite,
0.5%BWOC Dispersant, 99%BWOC Distilled Water

0.885 0.991 12.8

4 API Class C, 9%BWOC Bentonite,
0.5%BWOC Dispersant, 86%BWOC Distilled Water

0.793 0.865 13.2

5 API Class C, 8%BWOC Bentonite,
0.5%BWOC Dispersant, 76%BWOC Distilled Water

0.713 0.770 13.6

6 API Class C, 6%BWOC Bentonite,
0.5%BWOC Dispersant, 68%BWOC Distilled Water

0.645 0.683 14.0

7 API Class C-Pozzolan Blend (50:50),
2%BWOB Bentonite, 89%BWOB Distilled Water

0.870 1.519 12.4

8 API Class C-Pozzolan Blend (50:50),
2%BWOB Bentonite, 0.2%BWOB
Dispersant, 69%BWOB Distilled Water

0.672 1.174 13.2

9 API Class C-Pozzolan Blend (50:50),
2%BWOB Bentonite, 61%BWOB Distilled Water

0.597 1.042 13.6

10 API Class C-Pozzolan Blend (50:50),
2%BWOB Bentonite, 48%BWOB Distilled Water

0.473 0.827 14.4

11 API Class C-Pozzolan Blend (75:25),
2%BWOB Bentonite, 45%BWOB Distilled Water

0.438 0.553 15.2

12 API Class C, 1.5%BWOC Sodium metasilicate, 135%BWOC Distilled Water 1.349 1.349 11.6
13 API Class C, 1.5%BWOC Sodium metasilicate, 117%BWOC Distilled Water 1.174 1.174 12.0
14 API Class C, 2%BWOC Sodium metasilicate, 82%BWOC Distilled Water 0.820 0.820 13.2
15 API Class C, 2%BWOC Sodium metasilicate, 74%BWOC Distilled Water 0.736 0.736 13.6
16 API Class C, 2%BWOC Sodium metasilicate, 66%BWOC Distilled Water 0.663 0.663 14.0
17 API Class H, 38%BWOC Distilled Water 0.375 0.375 16.4
18 API Class H, 4%BWOC Bentonite,

0.5%BWOC Dispersant, 61%BWOC Distilled Water
0.586 0.609 14.4

19 API Class H, 4%BWOC Bentonite,
0.5%BWOC Dispersant, 61%BWOC Distilled Water

0.490 0.497 15.2

20 API Class H, 4%BWOC Bentonite,
0.5%BWOC Dispersant, 61%BWOC Distilled Water

0.448 0.450 15.6

*BWOC – by weight of cement, BWOB – by weight of bulk.
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A2
Flowchart for Levenberg-Marquardt Algorithm. Given the measurement vector, S, a function f(X) that is to be fit to S using a parameter vector X, and an initial guess
for X, X*, do the following:
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A3
Test Data

Average Ti (μsec/inch) Average T (μsec/inch) tc (hours) water to solids ratio cement to solids ratio Measured
Compressive
Strength (psi)

16.00 8.25 12 0.3750 1.0000 4419
16.23 7.77 24 0.3750 1.0000 5975
16.01 8.22 12 0.3750 1.0000 2848
15.98 7.60 24 0.3750 1.0000 4477
16.32 10.72 12 0.5860 0.9622 1641
16.40 10.12 24 0.5860 0.9622 2401
16.41 10.87 12 0.5860 0.9622 1127
16.67 11.46 12 0.7930 0.9168 1214
16.88 11.05 24 0.7930 0.9168 1401
16.57 14.59 12 1.4970 0.8001 198
16.66 14.12 24 1.4970 0.8001 377
16.23 9.64 12 0.5970 0.5729 1905
16.24 8.94 24 0.5970 0.5729 3020
16.24 10.51 12 0.7360 1.0000 1861
16.18 9.78 24 0.7360 1.0000 2017
16.39 13.28 24 1.3490 1.0000 434
16.14 8.77 24 0.4900 0.9859 3389
16.24 7.91 24 0.4380 0.7920 3515
16.41 10.84 24 0.8700 0.5727 1062
16.17 8.08 24 0.4730 0.5719 4207
16.35 10.83 12 0.4730 0.5719 523
16.65 13.25 12 1.1740 1.0000 449
16.72 13.14 12 1.1740 1.0000 339
16.81 14.48 12 1.1250 0.8478 136
16.74 13.60 24 1.1250 0.8478 315
16.68 10.46 12 0.6450 0.9444 1018
16.43 13.39 12 0.6720 0.5724 266
16.55 10.46 12 0.8200 1.0000 755
16.71 11.96 24 0.8850 0.8930 547
16.23 9.39 24 0.6630 1.0000 3031
16.31 9.49 12 0.6630 1.0000 1906
16.24 9.03 24 0.6630 1.0000 2549
16.61 11.17 12 0.7130 0.9260 859
16.13 8.79 12 0.4480 0.9956 2692
16.25 8.33 24 0.4480 0.9956 4725

*Ti – initial recorded transit time (μsec/inch), T – final transit time (μsec/inch), tc – curing time (hours).

A4
Conversion Factors
oF= oC * 1.8 + 32.0.
1 inch=2.54 cm.
1 pound per gallon= 119.83 kg per cubic meter.
1 pound-force= 0.00445 Kilonewtons.
1 psi= 0.0068947 Megapascals.
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A5
Slurry Stability Data

Stability Data

Top Segment Middle 1 Middle 2 Bottom

Composition Density
(ppg)

Free
Fluid
Level
(%)

density varia-
tion from slurry
(%)

density varia-
tion from slurry
(%)

density varia-
tion from top
(%)

density varia-
tion from slurry
(%)

density varia-
tion from top
(%)

density varia-
tion from slurry
(%)

density varia-
tion from top
(%)

API Class C, 25%BWOC Bentonite,
1%BWOC Dispersant, 187%
BWOC
Distilled Water

11.2 0.8 5.36 7.14 1.69 7.14 1.69 8.04 2.54

API Class C, 18%BWOC Bentonite,
1%BWOC Dispersant, 133%
BWOC
Distilled Water

12.0 0.0 0.83 2.50 3.36 3.33 4.20 3.33 4.20

API Class C, 12%BWOC Bentonite,
0.5%BWOC Dispersant, 99%
BWOC
Distilled Water

12.8 0.4 1.56 4.69 6.35 4.69 6.35 6.25 7.94

API Class C, 9%BWOC Bentonite,
0.5%BWOC Dispersant, 86%
BWOC
Distilled Water

13.2 0.8 0.00 0.00 0.00 0.00 0.00 0.76 0.76

API Class C, 8%BWOC Bentonite,
0.5%BWOC Dispersant, 76%
BWOC
Distilled Water

13.6 0.0 1.47 2.94 1.45 2.94 1.45 3.68 2.17

API Class C, 6%BWOC Bentonite,
0.5%BWOC Dispersant, 68%
BWOC
Distilled Water

14.0 0.8 2.86 2.86 0.00 2.86 0.00 5.00 2.08

API Class C-Pozzolan Blend (50:-
50),
2%BWOB Bentonite, 89%B-
WOB Distilled
Water

12.4 2.8 4.03 4.03 0.00 4.03 0.00 4.84 0.78

API Class C-Pozzolan Blend (50:-
50),
2%BWOB Bentonite, 0.2%B-
WOB
Dispersant, 69%BWOB Distil-
led Water

13.2 0.8 4.55 4.55 0.00 5.30 0.72 5.30 0.72

API Class C-Pozzolan Blend (50:-
50),
2%BWOB Bentonite, 61%B-
WOB Distilled
Water

13.6 0.8 4.41 5.15 0.70 5.15 0.70 5.15 0.70

API Class C-Pozzolan Blend (50:-
50),
2%BWOB Bentonite, 48%B-
WOB Distilled
Water

14.4 0.0 2.08 3.47 1.36 6.25 4.08 6.94 4.76

API Class C-Pozzolan Blend (75:-
25),
2%BWOB Bentonite, 45%B-
WOB Distilled
Water

15.2 0.0 * * * * * * *

API Class C, 1.5%BWOC Sodium
metasilicate, 135%BWOC Di-
stilled Water

11.6 2.4 2.59 2.59 0.00 0.00 2.65 1.72 4.42

API Class C, 1.5%BWOC Sodium
metasilicate, 117%BWOC Di-
stilled Water

12.0 1.6 2.50 1.67 0.85 1.67 0.85 0.83 1.71

API Class C, 2%BWOC Sodium
metasilicate, 82%BWOC Dist-
illed Water

13.2 0.8 1.52 1.52 0.00 2.27 0.75 2.27 0.75

API Class C, 2%BWOC Sodium
metasilicate, 74%BWOC Dist-
illed Water

13.6 0.0 1.47 2.21 0.72 2.94 1.45 4.41 2.90

API Class C, 2%BWOC Sodium
metasilicate, 66%BWOC Dist-
illed Water

14.0 0.0 9.29 7.14 2.36 7.14 2.36 7.14 2.36

API Class H, 38%BWOC Distilled
Water

16.4 3.2 1.22 2.44 1.20 3.05 1.81 3.05 1.81

(continued on next page)

A. Anya, et al. Journal of Petroleum Science and Engineering 183 (2019) 106387

11



A5 (continued)

Stability Data

Top Segment Middle 1 Middle 2 Bottom

Composition Density
(ppg)

Free
Fluid
Level
(%)

density varia-
tion from slurry
(%)

density varia-
tion from slurry
(%)

density varia-
tion from top
(%)

density varia-
tion from slurry
(%)

density varia-
tion from top
(%)

density varia-
tion from slurry
(%)

density varia-
tion from top
(%)

API Class H, 4%BWOC Bentonite,
0.5%BWOC Dispersant, 61%
BWOC
Distilled Water

14.4 0.8 2.78 2.78 0.00 3.47 0.68 4.17 1.35

API Class H, 4%BWOC Bentonite,
0.5%BWOC Dispersant, 61%
BWOC
Distilled Water

15.2 2.8 0.66 1.97 1.31 1.97 1.31 2.63 1.96

API Class H, 4%BWOC Bentonite,
0.5%BWOC Dispersant, 61%
BWOC
Distilled Water

15.6 3.2 * * * * * * *

‘*’ – data not available.

Appendix C. Supplementary data

Supplementary data to this article can be found online at https://doi.org/10.1016/j.petrol.2019.106387.
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