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Abstract: 6 
 7 

Assessing the fluid-to-solid transition in cementitious systems at early-ages is crucial for scheduling 8 
construction operations, for determining when laboratory testing can begin, and for assessing when computer 9 
simulations of restrained stress development should be initiated.  This transition has been traditionally assessed 10 
using mechanical penetration techniques (e.g., Vicat test), which, though easy to perform, do not directly relate to 11 
the evolution of fundamental material properties or the microstructure.  This paper assesses the fluid-to-solid 12 
transition of a cementitious material at early ages using measures that relate to the formation of a solid-skeleton in 13 
the material. The increase in the ultrasonic wave velocity is correlated to the percolation of a solid structure that 14 
occurs during the fluid-to-solid transition. Results of computer modeling (using CEMHYD3D) indicate that 15 
solidification as determined from the percolation of the solids is similar to experimental observations (Vicat test).  It 16 
is noted that the rate of change in the pulse velocity is not a rigorous method for assessment of the time of 17 
solidification, especially in systems containing air.  Rather, an increase in the pulse velocity beyond a threshold 18 
value appears to be a more appropriate method to assess structure formation. Further, the isothermal calorimetry 19 
(heat release) response is observed to not correspond to a fundamental aspect related to solid percolation or structure 20 
formation in the material.  21 
 22 
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INTRODUCTION AND BACKGROUND 113 
 114 
 The assessment of the fluid-to-solid transition that occurs in cementitious mixtures is crucial for scheduling 115 
construction operations such as finishing and saw-cutting.  This information is also vital for determining when the 116 
analysis of laboratory tests (such as determining the time that measurement of volume changes) should be 117 
initiated [1].  Conventionally, penetration tests (ASTM C191 and ASTM C403 [2]) have been used to identify setting 118 
time based on the extent of penetration of a weighted needle.  However, the time of set determined using these tests 119 
does not necessarily correspond to a fundamental aspect of microstructure development or the extent of reaction 120 
experienced in the system. This has led to the development of other approaches such as volume change [3,4], 121 
acoustic emission [5,6], rheological properties [7] and ultrasonic wave velocity [8,9,10] to identify the time of 122 
solidification in cementitious materials [11

 124 
].  123 

 The use of ultrasonic wave propagation in cement-based materials has been widely studied for the past four 125 
decades [12,13,14,15]. Ultrasonic wave propagation approaches have been used to characterize the onset of structure 126 
development and the development of mechanical properties.  This paper compares the evolution of ultrasonic wave 127 
velocity through hydrating cement paste to numerical modeling that identifies the percolation of hydrated solids in 128 
the system and the Vicat time of set [16,17

 130 
]. 129 

RESEARCH SIGNIFICANCE 131 
 132 
 This paper examines the time of solidification assessed using ultrasonic wave velocity, and compares it to 133 
the time of set assessed using: 1) the Vicat test 2) isothermal calorimetry, and 3) computer simulation.  The 134 
influence of air on ultrasonic measurements and their interpretation is discussed to caution readers from simply 135 
using the rate of change in the ultrasonic wave speed to determine the time of solidification, as this may provide 136 
misleading results.  137 
 138 

MIXTURE PROPORTIONS AND MIXING PROCEDURES 139 
 140 
 Cement paste mixtures were prepared using the mixture proportions shown in Table 1.  Type I ordinary 141 
portland cement (OPC) was used with a Blaine fineness of 360 m2/kg and an estimated Bogue phase composition of 142 
60 % C3S, 12 % C2S, 12 % C3A, and 7 % C4AF, with a Na2O equivalent of 0.72 %.  Mixtures were prepared with 143 
and without a high range water reducer (HRWRA). De-aired, neat cement pastes were used for measurements of 144 
ultrasonic pulse velocity, chemical shrinkage, autogenous shrinkage and acoustic emission. The de-aired, neat 145 
cement pastes were prepared using de-aired, de-ionized water, to minimize the influence of air on the measurements. 146 
Cement pastes used for isothermal conduction calorimetry were mixed by hand, prior to introduction in the 147 
calorimeter cells.  148 
 149 
 The de-ionized water was de-aired prior to mixing by boiling to remove dissolved air.  The water was 150 
cooled to room temperature prior to mixing. The dry constituent materials were placed inside a special mixing 151 
chamber that was sealed [18

 157 

].  Air was evacuated from the chamber using a vacuum pump and the chamber was 152 
sealed using a valve on the chamber. The solution of water and the chemical admixtures was introduced into the 153 
chamber in the same evacuated condition through the valve.  The valve was then closed and the chamber was placed 154 
in a commercial paint shaker at which time the system was mechanically shaken for five minutes.  The cement paste 155 
was then placed in the mold.  156 

To study the influence of dissolved air on the measurements, cement pastes with air were prepared as described 158 
in ASTM C305. 159 
 160 

EXPERIMENTAL METHODS AND PROCEDURES 161 
 162 
Ultrasonic Wave Propagation 163 
 164 
 To measure the ultrasonic wave propagation velocity, the setup shown in Figure 1 was utilized [19].  The 165 
setup consisted of a mold (sample holder), a ‘V-meter’ and a digital storage oscilloscope for waveform acquisition. 166 
The cement paste was placed in a mold which has a thickness of 25.4mm (1inch).  The mold was specially designed 167 
to contain springs that enabled the mold to maintain contact between the transducers and the sample, which may be 168 
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lost as hydration progresses and the sample changes volume [19].  The mold was made using acrylic panels with a 1 169 
inch thick rubber piece in the center to hold the cement paste.  The parts were assembled using threaded bars, wing 170 
nuts and springs to maintain constant contact between the transducers and the cement paste.  The transducers were 171 
attached using commercial grease as an ultrasonic couplant and additional pressure was maintained on the 172 
transducers to avoid loss of contact.  The waveform capture and data acquisition routines were performed for a 173 
duration of 24 h, at a measurement interval of 5 min.  Piezoelectric transducers with a frequency of 54 kHz were 174 
used in testing. Ultrasonic wave velocities were measured for mixtures with and without (de-aired) air to determine 175 
the influence of air on the interpretation of the time of solidification.  176 
 177 
Computer Simulation using CEMHYD3D 178 
 179 
 Computer models have been extensively used to simulate microstructure development in cementitious 180 
systems. In this study, one such model (CEMHYD3D) was utilized to simulate microstructure development [20]. 181 
CEMHYD3D is a three dimensional digital image model which can forecast a range of material properties. The 182 
model uses a 3-D digital representation of cementitious phases that emulates the characteristics of real cement 183 
particles. Hydration reactions are simulated with the use of numerical modeling techniques. The results of each 184 
cycle of calculations can be compared to experimental results, by relating model cycles to real time using 185 
measurements of chemical shrinkage, isothermal calorimetry or non-evaporable water. For this study, the initial 186 
cement paste microstructure was created using the measured particle size distribution and phase composition. The 187 
simulation was then performed to hydrate the initial microstructure. The percolation of solids was estimated using a 188 
special burning algorithm that detected the bridging of cement particles through hydration products [20

 191 

]. The fraction 189 
of percolated solids determined using this technique was used for examining the time of solidification. 190 

Isothermal Conduction Calorimetry  192 
 193 
 In this study, a TamAir*

 198 

 isothermal calorimeter was used to determine the heat that was dissipated by a 194 
small sample (≈ 10±0.5 g), during the hydration reaction at a constant temperature (23 °C). The thermal power and 195 
cumulative energy measured were used to assess the kinetics and the extent of hydration experienced by the 196 
cementitious specimen.  197 

Vicat Penetration Tests  199 
 200 

The Vicat setting times for the cement paste mixtures were measured in accordance with ASTM C191. The 201 
initial and final setting times for each of the cement paste mixtures measured are reported in Table 2. In the 202 
standard, the single laboratory precisions are listed as 12 min and 20 min for initial and final set, respectively. 203 

 204 
EXPERIMENTAL RESULTS 205 

 206 
Evolution of the Ultrasonic Wave Velocity  207 
 208 
 The influence of air on ultrasonic velocity has been demonstrated [21

 220 

] for various cement paste mixtures. 209 
Figure 2(a) shows the evolution of ultrasonic velocity for a cement paste mixture with dissolved air (i.e., a deairing 210 
process was not used) (w/c = 0.30WRA).  It is noted, with air in the system, the characteristic ultrasonic velocity is 211 
initially close to the velocity of sound in air (≈ 340 m/s).  Figure 2(a) also shows the evolution of the ultrasonic 212 
velocity in a de-aired cement paste mixture.  The de-aired system has a higher propagation velocity at very early 213 
ages (≈ 1500 m/s) than the system with dissolved air (≈ 340 m/s). This is similar to the propagation velocity of 214 
sound in water. Further, in the de-aired systems, the velocity is noted to be constant over a longer duration as 215 
compared to the mixtures containing dissolved air (Figure 2(a)); ≈ 6.0 h for the system containing a water-reducer 216 
(w/c = 0.30WRA) and ≈ 3.0 h (w/c = 0.30; Figure 3(a)) for the plain system as compared to the systems containing 217 
dissolved air. This behavior can be related to the propagation of sound through the percolated medium; water and 218 
air, in the de-aired system and the system containing dissolved air, respectively. 219 

                                                 
* Certain commercial products are identified in this paper to specify the materials used and procedures employed.  In no case does such 
identification imply endorsement or recommendation by, Purdue University the Tourney Consulting Group LLC or the National Institute of 
Standards and Technology, nor does it indicate that the products are necessarily the best available for the purpose. 
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The setting time as measured using the Vicat test is also compared to the time the wave velocity begins to 221 
increase. It is noticed, for the paste mixture (w/c = 0.30WRA) containing dissolved air the wave velocity increases 222 
earlier than the de-aired system (Figure 2(a)). In de-aired systems, the point of increase in the wave velocity was 223 
noted to correspond to the time of initial set as assessed using the Vicat penetration tests. A similar response was 224 
noted for all the cement paste mixtures (w/c = 0.30, w/c = 0.30WRA, w/c = 0.40).   225 

 226 
Computer Simulation using CEMHYD3D 227 
 228 
 The results of hydration modeling are presented for comparison in Figure 3. The fraction of percolated 229 
solids is examined as a function of specimen age for hydrating cement mixtures with two different water cement 230 
ratios (w/c = 0.30 and w/c = 0.40). The results indicate a dramatic increase in the fraction of percolated solids at 231 
≈ 3.0 h (w/c = 0.30) and ≈ 3.6 h (w/c = 0.40). In both cases, the fraction of percolated solids is seen to increase 232 
dramatically at the time of solidification. After this point, the increase in the connected solid fraction continues, but 233 
at a slower rate. It is important to note that the algorithm used in CEMHYD3D examines solid percolation by 234 
assessing solid products formed due to hydration and can differentiate this from any bridging that occurs due to 235 
inter-particle contact (touching).  236 
 237 
Measurement of the Rate of Cement Hydration  238 
 239 
 The rate of isothermal heat release of a cement paste mixture (w/c = 0.30WRA) is presented in Figure 4. 240 
The heat release response has been often used to describe the rate of cement hydration [22,23]; others have suggested 241 
that this technique (and other similar techniques such as semi-adiabatic calorimetry) may be used to identify setting 242 
in cement-based materials [24,25

 249 

]. It is noted the time of set assessed using the Vicat test (or the other techniques) 243 
does not correspond to a specific feature of the heat release curve. Rather, the time of set is noted to occur slightly 244 
after the increase in the rate of the hydration reaction occurs (i.e., after the end of the dormant period in hydration). 245 
This raises an important fundamental distinction; ultrasonic wave velocity and CEMHYD3D describe solidification 246 
in terms of development of a solid structure percolated in three dimensions rather than the rate of chemical reaction 247 
in the system as provided by isothermal calorimetry.  248 

DISCUSSION OF EXPERIMENTAL AND COMPUTER SIMULATION RESULTS 250 
 251 
 Ultrasonic wave velocity can be correlated to solidification in cementitious systems [4]. At very early ages, 252 
the propagation velocity through a de-aired cement paste mixture is measured to be ≈ 1500 m/s (Figure 2a). This is 253 
similar to the propagation velocity of sound in water (1491 m/s at 23ºC) and can be explained by the fact that 254 
initially cement paste is a suspension of solid cement particles dispersed in water [26

 257 

]. Consequently, the fluid 255 
(water) is the medium of preferential propagation of sound waves at this time.   256 

The ultrasonic wave velocity in water is influenced by the presence of air [27

27

]. This phenomenon has been 258 
attributed to the attenuation of the longitudinal sound wave that occurs due to the scattering effects of dissolved air 259 
[ ]. The presence of air and the consequent scattering in the system causes the wave velocity to reduce to ≈ 340 m/s 260 
in systems containing dissolved air (i.e., this is similar to the velocity of sound in air).  A comparison of the wave 261 
speed in systems containing dissolved air and the de-aired system is shown in Figure 2(a) for a single mixture (w/c = 262 
0.30WRA). The increase in the propagation velocity for the de-aired cement paste begins much later than that for 263 
the system with dissolved air (Figure 2(a)). Further, the rate of change (derivative) of the ultrasonic wave speed is 264 
inappropriate to determine solidification (independent of the presence of air) as the maximum rate of change in the 265 
wave velocity does not correspond to the time of solidification assessed using the Vicat test or computer modeling 266 
(Figures 2 and 3). Rather, it appears that the point (time) of increase of the ultrasonic velocity (above 1500 m/s) is 267 
best correlated with the development of a solid structure in the system.  268 

 269 
Using this understanding and an extensive investigation on mixtures containing various chemical and 270 

mineral admixtures, an approach is proposed to estimate the time of solidification in cementitious mixtures [19]. By 271 
determining the statistical variability (6%) in the wave velocity at the time of solidification (initial set), it is noted 272 
solidification occurs (for the mixtures evaluated) when the wave velocity approached 1590 m/s. This criterion was 273 
also validated for the cement paste containing dissolved air (w/c = 0.30WRA; Figure 2(a)); where the mixture 274 
achieves initial set (8 hours) at an interval corresponding to a wave velocity of 1590  m/s. This approach based on a 275 
wave velocity criterion was noted to be successful in estimating the time of solidification for the mixtures evaluated. 276 
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Similar investigations performed on cement mortars of various w/c and aggregate fractions have validated the 277 
application of a velocity based approach for determining the time of solidification in these materials [19]. 278 
 279 
 Further, the ultrasonic propagation velocity is compared to the results of numerical modeling using 280 
CEMHYD3D (Figure 3). The results of the simulation show a rapid increase in the fraction of percolated 281 
(connected) solids at 3.0 h (w/c = 0.30). The fraction of percolated solids is observed to increase with increasing 282 
hydration, showing a dramatic increase at an interval corresponding to solidification. These observations compare 283 
well to measurements of setting assessed using the Vicat needle; with the initial setting time for the plain cement 284 
paste mixture (w/c = 0.30) being 3.0 h and 3.6 h for the mixture having a higher water content (w/c = 0.40). The 285 
delay in solidification noted in the mixture with a higher w/c can be related to considerations of increased 286 
interparticle spacing [28

 288 
], consequently requiring a larger extent of time (and hydration) to achieve solidification.  287 

 The results obtained from isothermal calorimetry are presented in Figure 4 for a cement paste containing a 289 
water reducer (w/c = 0.30WRA).  This can be examined in conjunction with the time of initial and final set assessed 290 
for this mixture (6 h and 7 h respectively).  It is noted that the increase in heat evolution occurs earlier than the time 291 
of initial set. Past studies [29] have related this increase in heat release to the solidification of the cementitious 292 
system. However, the increase in heat evolution is only an indication of the increase in the rate of the hydration 293 
(chemical) reactions. The point of solidification is more directly related to the formation of a percolated 294 
microstructure which can be emphasized using results of wave propagation experiments and CEMHYD3D modeling 295 
(Figure 3). Further, it may be added that the time of initial set measured for mixtures with varying w/c (w/c = 0.30, 296 
w/c = 0.40) is seen to increase (Table 2) with increasing dilution (water content), while the isothermal calorimetry 297 
curves obtained for such cement pastes are essentially the same [30

7
]. This indicates that the isothermal heat response 298 

does not directly measure solid percolation, as it provides a measure of the rate of the hydration reaction [ ,16,17,30].  299 
Approximations may be made between typical values of heat release and setting but it should be remembered that 300 
these are not direct measurements of setting. 301 
 302 

SUMMARY AND CONCLUSIONS 303 
 304 
This paper has investigated the application of ultrasonic wave propagation and computer modeling to determine the 305 
time of solidification in cementitious materials: Specifically, the following observations can be made: 306 
• Ultrasonic wave speed can be used to determine the fluid-to-solid transition in cementitious systems. The 307 

influence of dissolved air in the system must be carefully considered before correlating the wave propagation 308 
velocity to the formation of a solid structure in the system. In both the de-aired system and the system 309 
containing air, solidification was observed to occur when the wave speed approaches 1590 m/s. Using this 310 
understanding, a velocity based criterion is proposed to estimate the time of solidification.  311 

• The results of computer simulation show an increase in the fraction of connected solid hydration products which 312 
is associated with the formation of a solid-skeleton percolated in three dimensions. Further, the computer 313 
simulation results indicate that the interval of solid percolation corresponds with the point (time) of increase in 314 
the ultrasonic velocity, which is noted to occur at the time of solidification for the mixtures evaluated. 315 

• Isothermal calorimetry does not directly measure the time of solidification in cement-based materials.  316 
Solidification is noted to occur after the end of the dormant period for the mixtures tested, however the time of 317 
solidification does not correspond to a specific feature of the heat release curve.  Isothermal conduction 318 
techniques measure the rate of the hydration reaction (chemical process) rather than the structure of the 319 
material. 320 
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 333 
 334 
 335 
 336 
 337 
 338 
 339 

LIST OF TABLES AND FIGURES 340 
 341 

Table 1: Mixture Proportions (by Mass) 342 
 343 

Mixture ID w/c = 0.30 w/c = 0.30WRA w/c = 0.40 

De-ionized Water 0.300 0.300 0.400 

Cement 1.000 1.000 1.000 

WRA ~ 0.005 ~ 

 344 
 345 

Table 2: The Time of Solidification as assessed using Ultrasonic and Vicat Techniques 346 
 347 

Mixture ID w/c = 0.30 w/c = 0.30WRA w/c = 0.40 

Mixture Type De-aired De-aired  With Air De-aired 

Initial Set (h) 3.0 6.0 8.0 3.7 

Final Set (h) 4.3 7.0 9.2 4.9 

Ultrasonic Velocity  
≈ 1590 m/s (h) 3.0 6.0 8.0 3.6 

 348 
 349 



Prepared for the Session on: Transition from Fluid to Solid: Re-examining the Behavior of Concrete at Early 
Ages: San Antonio, Texas: Spring 2009 

 

Special Publication of the American Concrete Institute: ACI-SP XXX 8 

 350 
 351 

Figure 1: An illustration of the apparatus used to measure ultrasonic wave propagation velocity 352 
 353 
 354 
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                                                  (a)                     (b) 356 
Figure 2: (a) A comparison of ultrasonic wave propagation velocities and (b) The rate of change of the ultrasonic 357 
velocity for a de-aired cement paste and a cement paste containing dissolved air. Based on replicate specimens, the 358 
uncertainty in the measurements is ≈ 5 %. 359 
 360 
 361 
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                                            (a)                (b) 363 
 364 
 Figure 3: A comparison of the ultrasonic pulse velocity in de-aired cement pastes and the fraction of connected 365 
solids assessed using CEMHYD3D for: (a) w/c = 0.30 (b) w/c = 0.40 366 
 367 
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 372 
Figure 4: The isothermal heat release signature of a hydrating cement paste mixture containing a water reducer 373 
(w/c = 0.30WRA). Based on replicate specimens, the uncertainty in the measurements is ≈ 2 %. 374 
 375 

REFERENCES 376 
                                                 
1     Sant, G., Lura, P., and Weiss, W.J., “Measurement of Volume Change in Cementitious Materials at Early Ages: 

Review of Testing Protocols and Interpretation of Results”, The Transportation Research Record, 1979, (2006) 
2     ASTM Annual Book of Standards, Volume 4.02, Concrete and Aggregates © 2006 West Conshohocken, PA 
3   Aïtcin, P.-C., “Autogenous Shrinkage Measurement,” Autoshrink ’98, Proceedings of the International 

Workshop on Autogenous Shrinkage of Concrete, Hiroshima, Japan, ed. E. Tazawa, pp. 245-256, (1988) 
4   Barcelo, L., Boivin, S., Acker, P., Toupin, J., and Clavaud, B., “Early-age Shrinkage of Concrete: Back to 

Physical Mechanisms,” Engineering Foundation Workshop, Advances in Cement and Concrete: Materials 
Aspects of Concrete Repairs and Rehabilitation, Mont-Tremblant, Canada, (2000) 

5   Couch, J., Lura, P., Jensen, O.M., and Weiss, W.J., “Use of Acoustic Emission to Detect Cavitation and 
Solidification (Time-Zero) in Cement Pastes”, Proc. RILEM Int. Conf. of Volume Changes of Hardening 
Concrete: Testing and Mitigation, Denmark, (2006) 



Prepared for the Session on: Transition from Fluid to Solid: Re-examining the Behavior of Concrete at Early 
Ages: San Antonio, Texas: Spring 2009 

 

Special Publication of the American Concrete Institute: ACI-SP XXX 10 

                                                                                                                                                             
6   Leighton, T.G., ”Bubble Population Phenomena in Acoustic Cavitation”, Ultrasonics Sonochemistry, 2 (2), pp. 

123-136, (1995) 
7     Sant, G., Ferraris, C. F., and Weiss, W. J., ”Rheological Properties of Cement Pastes: A Discussion of Structure 

Formation and Mechanical Property Development,” Cement and Concrete Research (in press), available online: 
doi: 10.1016/j.cemconres.2008.06.008, (2008) 

8   Carlson J., Nilsson, M., and Fernandez, E., Planell J.A., “An Ultrasonic Pulse-echo Technique for Monitoring 
the Setting of CaSO4-based Bone Cement”, Biomaterials, V. pp, 71–77, (2003) 

9   Boumiz A., Vernet C. and, Cohen-Tenoudji F., “Mechanical Properties of Cement Pastes and Mortars at Early 
Ages”, Advanced Cement Based Materials, 3(3/4) , pp. 94-106, (1996) 

10  Sayers, C. M., and Grenfell, R. L., “Ultrasonic Propagation through Hydrating Cements,” Ultrasonics, 31, pp. 
147-153, (1993) 

11  Weiss, W. J., “Chapter 6.1 - Experimental Determination of the ‘Time-Zero’”,  Early Age Cracking In 
Cementitious Systems” – RILEM State of the Art Report TC-EAS, edited: Arnon Bentur, © (2002) 

12  Casson R.B.J., and Demone, P.I.J., “Ultrasonic Monitoring of the Early-Age  Properties of Concrete,” 
International Conference on Concrete at Early-Ages, 1, RILEM, Paris, pp. 129-136, (1982) 

13   Keating, J., Hannant, D. J., et al., "Comparison of Shear Modulus and Pulse Velocity Techniques to Measure 
the Build-Up of Structure in Fresh Cement Pastes used in Oil Well Cementing" Cement and Concrete Research, 
19(4), pp. 554, (1989) 

14   Grosse, C. U., Reinhardt, H.W., "Continuous Ultrasound Measurements during Setting and Hardening of 
Concrete" Otto-Graf-Journal, 5, (1994) 

15   Mehta, P. K., and Monteiro, P.J.M., “Concrete structure, Properties and Materials”, 2nd Edition, Prentice Hall, 
Englewood Cliffs, NJ, USA, (1993)  

16 Sant, G., Dehadrai, M., Lura, P., Bentz, D., Ferraris, C. F., Bullard J., and Weiss, W.J., “Detecting the Fluid-to-
Solid Transition in Cement Pastes: Part I – Assessment Techniques”, accepted by Concrete International, (2008) 

17  Sant, G., Dehadrai, M., Bentz, D., Lura, P., Ferraris, C. F., Bullard J., and Weiss, W.J., “Detecting the Fluid-to-
Solid Transition in Cement Pastes: Part II – Comparison of Experimental and Numerical Techniques”, accepted 
by Concrete International, (2008) 

18    Winslow, D.N., Cohen, M.D., Bentz, D.P., Snyder, K.A., and Garboczi, E.J., "Percolation and Pore Structure in 
Mortars and Concrete", Cement and Concrete Res., 24(1), pp. 25-37, (1994) 

19  Dehadrai, M., ”Health Monitoring of Civil Engineering Materials,” Master’s Thesis, Purdue University, West 
Lafayette, IN, USA, (2008) 

20  Bentz, D.P.,”CEMHYD3D: A Three-Dimensional Cement Hydration and Microstructure Development Modeling 
Package. Version 3.0,” NISTIR 7232, U.S. Department of Commerce, Maryland, USA, (2005) 

21  Sayers, C. M., and Dahlin, A., "Propagation of Ultrasound through Hydrating Cement Pastes at Early Times", 
Advanced Cement Based Materials, 1, pp. 12-21 (1993)   

22    Bentz, D., Sant, G., and Weiss, W. J., “Early-Age Properties of Cement-Based Materials: I. Influence of Cement 
Fineness”, ASCE Journal of Materials in Civil Engineering, 20(7), pp. 502-508, (2008) 

23   Parrott, L.J., Geiker, M., Gutteridge, W.A., Killoh, D., “Monitoring Portland Cement Hydration: Comparison of 
Methods,” Cem. and Conc. Res., 20, pp. 919-926, (1990) 

24   Edson, A., “Effects of Supplementary Cementing Materials on the Setting Time and Early Strength of Concrete,” 
Master’s Thesis, The University of Texas at Austin, (2007) 

25   Wang, K., Ge, Z., Grove, J., Ruiz, J.M., Rasmussen, R., “Developing a Simple and Rapid Test for Monitoring 
the Heat Evolution of Concrete Mixtures for Both Laboratory and Field Applications – Phase I Report,” FHWA 
Report DTF61-01-00042 (Project 17-I), (2006) 

26     http://resource.npl.co.uk/acoustics/techguides/soundpurewater/; last verified: September 19, 2008 
27  Urick R. J., “Principles of Underwater Sound”, Mc-Graw Hill, New York, USA, (1974)  
28  Bentz, D.P., and Aitcin, P.-C., “The Hidden Meaning of Water-Cement Ratio”, Concrete International, 30(5), 

pp. 51-54, (2008) 
27  Schindler A.K. “Prediction of Concrete Setting,” in Proceedings of the RILEM International Symposium on 

Advances in Concrete through Science and Engineering, Edited by Weiss, W. J., Kovler, K., Marchand, J., and 
Mindess, S., RILEM Publications SARL, Illinois, (2004) 

28  Bentz, D.P., Peltz, M.A., and Winpigler, J., “Early-Age Properties of Cement-Based Materials: II. Influence of 
Water-to-Cement Ratio,” submitted to ASCE Journal of Materials in Civil Engineering, (2008) 

http://resource.npl.co.uk/acoustics/techguides/soundpurewater/�

