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The ultrasonic properties of three oil field cement slurries are studied 
during the early stages of the hydration process. As a percolating 
solid framework is established, the slurries develop mechanical in- 
tegrity and shear waves begin to propagate. This transition is also 
apparent in the behavior of the compressional wave, but is consid- 
erably more clear-cut in the shear signals. For the three samples 
examined here, the ratios of the shear wave onset times are in good 
agreement with the corresponding ratios of the American Petroleum 
Institute (API) thickening times. ADVANCED CEMENT BASED MA- 
TERIALS 1995, 2, 8--14 
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the most important properties of oil 
'ements is the early time solidification 
!ter the initial slurry is prepared [1]. On 

the one hand, the mixture must remain in its fluid 
phase long enough to ensure that the slurry can be 
pumped easily into the bore hole annulus; on the other 
hand, once the cement has been pumped,  it should set 
as rapidly as possible to prevent blowouts and avoid 
delay at the well site. Once set in the well bore, the 
cement forms a hydraulic seal against the migration of 
formation fluids. In addition, the cement provides me- 
chanical support  for the casing string and protects it 
against corrosion by the formation fluids. 

An empirical measure of the time required for ce- 
ment slurries to set is given by the American Petro- 
leum Institute (API) thickening time [2]. Here, a device 
known as a consistometer is used to measure the 
torque required to stir the slurry at a constant rate. The 
cure time at which this torque reaches a prescribed 
value is then taken as the thickening time. Unfortu- 
nately, this measurement  is not directly connected 
with any simple physical characteristic of the hydrat- 
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ing material. By contrast, acoustic experiments are 
readily interpreted in terms of the bulk and shear rnod- 
uli of the composite. Indeed, ultrasonic measurements 
have often been used to estimate the mechanical prop- 
erties of the hardened composite, and also to monitor 
the properties of the hydrating paste [3-8]. Most of this 
work has involved the measurement of compressional 
wave speeds. There is, however, a study by Stepi~nik 
et al. [9] in which reflection techniques are used to 
study the onset of shear wave propagation. Also rele- 
vant to our research is the work of Hannant and co- 
workers [10-12], in which extremely low amplitude 
(~<0.05 t~m) and essentially static displacements were 
used to measure the slurry's shear modulus at very 
early stages of the curing process. More recently, Say- 
ers and Grenfell [13] have used the experimental tech- 
niques developed in this article to examine the behav- 
ior of the Poisson ratio, v, during cement hydration. 
They find that v decreases from v = 0.50, characteristic 
of a fluid, to values below 0.35, which are reasonable 
for porous solids. 

On physical grounds, acoustic measurements are 
appealing because one expects to see rapid changes as 
the slurry evolves from its initial state, in which the 
solid clinker particles are suspended in a complex wa- 
ter-gel fluid, to its final solid configuration. It is only 
when the growing solid network first percolates (i.e., 
spans the system) that shear waves are expected to 
propagate. From this viewpoint, it may prove fruitful 
to analyze the shear wave transition in terms of re- 
cently developed dynamical models of the hydration 
process [14,15]. Indeed, Bentz et al. [16] find a striking 
similarity between the behavior of the percolation 
threshold in a three-dimensional cellular automaton 
simulation and the onset of shear wave energy in a 
hydrating cement slurry. In contrast to the shear wave, 
compressional  waves  can, in principle, propagate 
through the initial suspension. (In practice, however, 
we will see that it is sometimes difficult to detect com- 
pressional signals at early cure times.) At the onset of 
solidification, we expect a marked, but continuous in- 
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crease in the compressional wave speed, as both the 
bulk and shear moduli increase in value. 

In this study we examine in detail the behavior of 
shear and compressional propagation during the first 
24 hours of hydration for three oil field cement slurries. 
Indeed, we propose a new, physically motivated def- 
inition of the cement set point, or thickening time, as 
the time it takes for the slurry to reach the percolation 
threshold. (This does not imply that it should be the 
same numerical value as in other definitions.) We be- 
lieve that remote ultrasonic sensing of the shear wave 
onset will be valuable in oil field applications where, as 
indicated above, the monitoring of cement hydration 
times is of great importance. 

Experimental Procedure 

We designed an acquisition system (Figure 1) that al- 
lowed us to make direct and accurate ultrasonic mea- 
surements on hydrating cement paste. In addition, we 
monitored the temperature of the slurry as an indicator 
of the level of chemical activity. The three cement slur- 
ries chosen for this study cover a fairly wide range of 
thickening times. After being mixed according to API 
SPEC-10 instructions for class H cement, each slurry 
was poured into a lucite cell whose walls were 2.54 cm 
thick to buffer internal acoustic reflections. The volume 
occupied by the slurry was 15.24 x 12.70 x 1.27 cm. 
Attached to the outer walls of the cell were 2.54-cm 
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FIGURE 1. Schematic representation of the computer controlled data acquisition system for 
through-transmission of shear and compressional ultrasonic signals. 
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diameter, 1 MHz (center frequency) broad-band com- 
pressional (P) and shear (S) transducers. The transduc- 
ers are similar to those used in standard ultrasonic 
nondestructive evaluation. The P and S transducers 
were fired simultaneously every 5 ms by two Panamet- 
rics pulser-receiver boxes. Once every 5 minutes the P 
and S signals were fed sequentially into an automatic 
gain control system, displayed on an oscilloscope 
screen, digitized, and stored. The acquisition system 
was controlled by a micro-VAX II over an IEEE-488 
general purpose interface bus. The slurry temperature 
was measured continuously and stored at the same 
5-minute intervals. 

Experimental Results 
The temperature variation, as a function of cure time, 
is shown for the three cements in Figure 2. These 
curves are similar to corresponding data available in 
the cement hydration literature [3--6]. All three sam- 
ples show a pronounced rise in temperature after mix- 
ing, followed by a decrease. Note that within the first 
24 hours the temperature curves all remain well above 
room temperature (roughly 21°C). The temperature 
rise is most dramatic for the Snocrete slurry and is 
slowest for the neat Cemoil (Cemoil(1)), although the 
latter sample does show the highest peak. 

The general features of the ultrasonic waveforms col- 
lected in the first 24 hours are displayed (at 1-hour 
intervals) in Figures 3 and 4. The shear and compres- 
sional data (as collected) are shown, respectively, in 40 
and 20 ~s windows whose position is chosen to show 
the arrival of principal interest. It is clear from Figure 3 
that shear waves do not propagate in the earliest stages 
of the curing process. In each case we see a clear shear 
wave onset, after which the waveforms move rapidly 
toward shorter arrival times as the cure matures. Turn- 
ing to Figure 4, we see that, as expected, the shear 
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wave onset is associated with a decrease in the com- 
pressional wave arrival times. While both the P and S 
waveforms show the signatures of a transition to a 
percolating solid frame, the effect is much clearer in 
the shear wave data. Indeed, in the case of Cemoil + 
CaC12 (Cemoil(2)), the P wave itself is barely evident for 
the first 4 hours of the cure. Clearly, in this case, to 
obtain an accurate estimate of changes in the P velocity 
would be quite difficult. In connection with this behav- 
ior, it should be mentioned that the API mixing pro- 
cedure does not call for the de-airing of the slurry. Air 
bubbles may be causing large attenuation at the early 
stages of the Cemoil (2) cure; such behavior has been 
noted in Keating et al. [12].1 

To derive a shear onset time from the ultrasonic 
waveforms, we have developed an automated process- 
ing algorithm that scans each waveform and locates 
the time of the first peak that exceeds a preset thresh- 
old. If a cycle skip occurred, the data were time shifted 
to make the complete velocity curve continuous. To 
facilitate the detection of weak signals (near the onset), 
we employed a 50 ~ 300 kHz bandpass filter to elim- 
inate spurious components from the waveforms. The 
automatic detection of shear arrivals is then quite 
straightforward. The onset times derived from the fil- 
tered waveforms are given in Table 1. In Figure 5 we 
show the P and S velocities (obtained from the filtered 
waveforms) as a function of cure time for the three 
cements. The onset times listed in Table 1 correspond 
to the times at which the amplitudes of the three shear 
velocity curves drop to zero. Turning to the compres- 
sional velocities, we see that Cemoil (~) and Snocrete 
curves exhibit the kind of smooth transition to be ex- 
pected based on the data presented in Figure 4. By 
contrast, the early time behavior of the Cemoil (2) curve 
is rather different because of the very weak compres- 
sional signals noted in Figure 4. 

To examine the shear wave onset in more detail, we 
looked at the energy transmitted in the P and S waves. 
Here we begin with the power  spectrum (i.e., the 
square magnitude of the waveform Fourier transform). 
For example, in Figure 6 we show the power spectra 
associated with shear arrivals for Cemoil (1) cement af- 
ter cure times of 8, 12, 16, and 20 hours. In the early 
stages of the cure, the wave trains are quite broad and 
their frequency content is correspondingly narrow. As 
the cure proceeds, the shear arrivals tighten consider- 
ably and their power spectra broaden. Qualitatively 
similar behavior is seen in the shear spectra of the 
other cements. In Figure 7 we follow the evolution of 
the transmitted energy at 450 and 300 kHz, frequencies 

FIGURE 2. Temperature (°C) as a funct ion of cure t ime for ' See Figure 2a of ref 12. Here, as in Cemoil m, the cement is a class G 
the three cement samples, accelerated with CaCI2. 
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FIGURE 3. The raw shear wave  arrivals are shown for the three cement  samples.  The number on the vertical axis 
is the number of cure hours. Only 40 mill iseconds are shown in each case; the initial positions of the w i n d o w s  
(i.e., the times at which w e  begin to display the data) are 43 (Cemoil(1)), 43 (Cemoil(2)), and 58 mill iseconds 
(Snocrete). 
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FIGURE 4. The raw compressional  wave  arrivals are shown for the three cement  samples.  The axes are labeled as 
in Figure 3. Here, 20 mil l iseconds are shown in each case; the initial positions of the w i n d o w s  (i.e., the t imes at 
which w e  begin to display the data) are 18 (Cemoil(1)), 18 (Cemoil(2)), and 28 mill iseconds (Snocrete). 
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TABLE 1. Comparison of consistometer data with onset times derived from transmitted shear waves for the three cements 

API Shear Wave Shear Wave Shear Wave 
Thickening Onset Time Spectra Spectra 

Cement Time Ratio (Filtered) Ratio (300 kHz) Ratio (450 kHz) Ratio 

Cemoil °) 8.0 1.00 5.60 1.00 6.00 1.00 7.10 1.00 
Cemoil (2) (1.4% CaC12) 5.0 0.63 3.40 0.61 3.90 0.65 4.60 0.65 
Snocrete 3.5 0.44 1.90 0.34 2.90 0.48 3.70 0.52 

All times are measured in hours.  In each of the four cases, the numbers  in the Ratio column are obtained by dividing the measured time by the corresponding 
Cemoil (1) time. 

chosen roughly at the center of the late time power 
spectra. Here, the appearance of shear propagation is 
seen quite dramatically and the onset times taken from 
these displays are generally in accord with those ob- 
tained from the analysis of first arrival times [Table 1]. 
We emphasize that the differences between the 300 
and 450 kHz data shown in Figure 7 are consistent with 
the power spectra displayed in Figure 6. Thus, as we 
shift toward lower frequencies, the transition becomes 
sharper and moves to slightly earlier cure times. By 
contrast, the interpretation of the compressional wave 
power spectra (Figure 8) is less straightforward. The 
Cemoil°)and Snocrete samples both show transitions 
from lower amplitudes at the beginning of the cure to 
stronger signals at its later stages. Interestingly, these 
cements show a dip in amplitude just as the shear 
wave emerges. This interval of attenuation is quite pro- 
nounced in the Cemoil (1) case. This observation illus- 
trates the value of simultaneous acquisition of the P 
and S signals. Note that the amplitude curve for the 
Cemoil (2) cement is rather different in its behavior, re- 
flecting the very weak compressional signal noted in 
connection with Figure 4. 
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FIGURE 5. The shear and compressional wave speeds (de- 
rived from filtered waveforms) are shown as a function of 
cure time for the three cements: Cemoil (z) (dot-dash), Ce- 
moil (2) (solid), and Snocrete (dash). 

Discussion 

It is clear that the various estimates of the shear wave 
onset time given in Table 1 are not equal to the API 
thickening times of the three cements studied here. We 
note, however, that the ratios of these quantities (i.e., 
the ratio of each measured time to the corresponding 
Cemoil (1) time) are generally in good agreement, the 
closest accord being obtained when the shear onset 
time is taken from the 300 kHz transmitted energy 
data. Since the physical processes involved in the con- 
sistometer (thickening time) measurement are so dif- 
ferent from those entering the present ultrasonic ex- 
periments, the degree of correlation found in Table 1 is 
quite gratifying. Of course, a much larger number of 
samples must be studied before any firm conclusions 
can be drawn regarding the utility of any relation be- 
tween the thickening time and the shear onset time. 

How does this work relate to previous ultrasonic 
studies of cement hydration? There are a number of 
articles that document the increase in the compres- 
sional wave speed that accompanies the setting of ce- 
ment paste. Generally their findings are consistent 
with the results we discussed in connection with Fig- 
ures 4 and 5. In this connection, the behavior of the 
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FIGURE 6. The shear wave power spectra are shown at sev- 
eral cure times for Cemoil(lY cement. 



Advn Cem Bas Mat Ultrasonic Measurements on Hydrating Cement Slurries 1 3 
1995 ;2:8-14 

i 
! 

45OlUtz 
4o 

35 

30 o ,~ '" / " "  -" 
"V'" " i ' . . /  " - :  

j" 
• a / r.j  

, !# ,,..:...! 
IG l; I i i 

," .: i I ~7 

ol .r.  : .  f ,  , 
0 2 4 6 8 10 12 

~ ' r ~ o , , , , , - )  

i 
| 

5O 

300 l m z  

. . / . . . . . ,  . . / - ' . . . . . . .  / ."" 

301 . - "  

2o i [" . i  

io .s i 

;. ,:' . 5l|~1i~41 , ,;. A I  [ . ~ : ,  : . -  
Off ~'~ ~/?.,u't ~ . . . . ~ l ~ '  ~..~, , , 

0 2 4 6 8 10 12 

(3ms "llme (hamO 

FIGURE 7. The shear wave energy at 450 kHz (top) and 300 
kHz (bottom) is shown as a function of cure time for the three 
cements: Cemoil (I) (dot-dash), Cemoil (2) (solid), and Sno- 
crete (dash). 

Cemoil (2) compressional wave appears to be rather 
anomalous. The only previous work on shear wave 
propagation in hydrating cements that we are aware of 
is the article by Stepi~nik et al. [9]. Their work is based 
on an inversion scheme in which the measured com- 
plex reflection coefficient (at normal incidence) yields 
the shear modulus and viscosity. In practice, the phase 
angles are neglected and only the shear modulus is 
computed. We believe that the present direct measure- 
ments of the shear speed are preferable because the 
uncertainties associated with their inversion procedure 
are amplified in the vicinity of the percolation transi- 
tion. As the transition is approached from below (early 
cure times), the shear viscosity is expected to diverge; 
when it is approached from above, the shear modulus 
vanishes. Both effects lead to large impedance con- 
trasts and to enhanced sensitivity of the calculated re- 
suits to experimental uncertainties. In addition, the re- 
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FIGURE 8. The compressional wave energy, at frequency 450 
kHz, is shown as a function of cure time for the three ce- 
ments: Cemoil O) (dot-dash), Cemoil (2) (solid), and Snocrete 
(dash). These curves were generated by the same procedure 
used in Figure 7. 

flecfion measurements described in ref 9 do not yield 
any information about  shear energy transmission 
which, as we noted above, provides a particularly clear 
picture of the transition region. 

It is also of interest to compare our results with the 
direct shear modulus data described in refs 10-12. 
There, low amplitude and essentially zero frequency 
measurements indicate that cement slurries may show 
nonvanishing shear moduli at times much earlier than 
the times measured here for the onset of ultrasonic 
shear propagation. In particular, such behavior was 
found for a thixotropic mixture. Indeed, the high sen- 
sitivity of their measurements is well suited to probing 
the earliest stages of the formation of solid-like struc- 
tures within the slurry. On the other hand, the results 
in ref 12 for an accelerated class G cement are generally 
similar to our data on Cemoil (2). Our approach is, for 
the most part, complementary to that of ref 12; we are 
interested in probing the slurry with shear and com- 
pressional signals at the same frequency and in study- 
ing the correlation between such measurements and 
consistometer results on the same systems. 

Conclusions 
The following conclusions can be drawn from this ex- 
perimental study: 

• Our measurement system is capable of detecting 
the onset of shear arrivals in oil field cements at 
early stages of their cure process. This onset is 
considerably more dramatic than the accompany- 
ing changes in the compressional wave arrivals. 
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• An analysis of the frequency components  of the 
acoustic energy provides an especially clear-cut 
representat ion of the shear wave onset. 

• The shear wave onset  appears to be correlated 
with the API thickening time, the conventional 
measure of setting time for oil field cements. In 
some respects this correlation is surprising. In- 
deed,  cons is tometer  measu remen t s  have been 
criticized because the stirring blade is believed to 
break up  the developing frame structure [1,17]. 
While this mechanism almost certainly contrib- 
utes to the thickening times being longer than the 
shear onset  t imes measured  here, there neverthe- 
less appears  to be a relation be tween the two 
quanti t ies .  Clearly, m a n y  addi t ional  measure-  
ments  are required to assess the validity and im- 
portance of this correlation. 
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