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A newly developed ultrasound method that acquires at the same time both reflected and 

transmitted P-waves, at different angles, using two immersion transducers of 0.5 MHz 

central frequency, is described in this present study. This non-destructive method allows 

calculating the longitudinal and transverse velocities, and thus, the Young modulus, so 

that its evolutions is followed in time domain. The closely correlation between the 

evolution in time domain of those calculated parameters and hydration properties of 

cement based materials was used to characterize the effects of different water-cement 

ratio and curing temperatures on early age hydration behaviour of cement pastes. To do 

so, cement samples were prepared by mixing Portland cement and freshwater. Results 

indicates that lower water to cement ratio reduces the workability and increases the 

Young modulus of resulted cement medium. Also, both ultrasound velocities and Young 

modulus values increases linearly with increasing curing temperature.  
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1. INTRODUCTION

Ultrasound based methods have been used for the last 

decades to characterize early age hydration properties of 

cement based materials [1-9]. The ultrasound control systems 

usually used are mainly similar to P-wave transmission or P-

wave reflection. Those two measurement systems are designed 

to capture received signals for further processing, which 

allows to calculate several ultrasound parameters and follow 

its evolution in both frequency and time domains.  

In this present study, a newly developed ultrasound method 

was described and employed for characterization of setting 

and hardening behaviour of cement materials. This newly 

practical method has a specific acquisition functionality that 

allows acquisition of transmitted and reflected P-waves at the 

same time.  

Although ultrasound methods permit to calculate several 

parameters than P-wave velocities [1, 5-8], still the P-wave 

velocities have been widely considered as a correlated 

parameter with hydration properties of cement materials [2, 3]. 

In this research study, in addition to P-wave velocities, the 

Young modulus is also calculated to evaluate the viscoelastic 

behaviour of early age cement materials.  

Traditionally, the water to cement ratio is the most 

important parameter in cementitious materials technology. 

Curing temperature is also one of the main physical parameters 

whose variations have a fundamental influence on the 

physicochemical properties of a cement-based material. 

Therefore, in this present study, the importance was given to 

the characterization of the influence of both parameters on the 

early hydration properties of cement pastes, using the newly 

developed ultrasound method. 

2. MATERIALS

2.1 Materials used in the investigation 

Cement samples used in this study are mixed using Portland 

cement CEM II and drinking water. The Portland cement CEM 

II was produced in a cement plant located in the region of 

Souss Massa, in the west-southern part of Morocco, with 

directives from the Moroccan standard version NM 10.1.004. 

2.2 Samples preparation 

Table 1. Designation and mix proportions of series 1 cement 

samples 

Designation Curing Temperature (°C) w/c ratio 

C-T30-R0.4 30 

0.4 
C-T35-R0.4 35 

C-T40-R0.4 40 

C-T45-R0.4 45 

Table 2. Designation and mix proportions of series 2 cement 

samples 

Designation Curing Temperature (C°) w/c ratio 

C-T35-R0.35

35 

0.35 

C-T35-R0.4 0.4 

C-T35-R0.45 0.45 

C-T35-R0.5 0.5 

The cement mixes tested were classified into two series: 

The first series of experiments considered cement pastes 

prepared with respected to a water to cement ratio of 0.4 and 

cured under different temperatures, i.e., at 30°, 35°, 40° and 
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45°. The second series of experimental tests considered 

cement pastes cured at 35° and prepared with respect to 

different water to cement ratios of 0.35, 0.4, 0.45 and 0.5. The 

designation of the two series cement mixes is presented 

respectively in Table 1 and Table 2.  

 

 

3. METHODS 

 

3.1 Experimental set up 

 

An innovated non-destructive ultrasound system, based on 

P-waves transmits at different angles, has been recently 

developed in the laboratory of metrology and information 

processing, at the faculty of sciences in Agadir of the 

University Ibn Zohr. The particularity of the newly developed 

ultrasound system consists of a simultaneous acquisition of 

reflected and transmitted time-domain signals, at the same 

time during the experiment, at different angles. The schematic 

of the ultrasound developed system is presented in Figure 1. 

 

 
 

Figure 1. Schematic presentation of ultrasound measurement 

system 

 

The ultrasound system is composed of a hardware section 

and a software section. The hardware section is composed of 

several ultrasound instruments, as follow: 

 Impulse generator (Signal Generator)  

 Two immersion P-waves transducers of 0.5 MHz 

central frequency 

 PC Oscilloscope (Signal Sampler) 

 The sealed container (Sample Cell) 

 Stepper motor with a resolution of 50 steps per 

degree 

 Motor control circuit 

 Room temperature (Thermostated basin)  

 

 
 

Figure 2. The control operating graph of the container 

movement 

The container is excited by plane wave pulses emitted at 

different angles, i.e., from 0° to 60°, by an immersion 

transducer. The whole experiment was finished after 50 h. As 

a recording interval, 10 min was taken. A Motor control circuit 

controls rotation of the sealed container. The stepper motor 

dynamics is controlled in a way that transmission pulse is 

generated after each 10° degree rotation, also matching the 

trigger time of the system. The movement of the container 

during the experiment is controlled following the operating 

graph below in Figure 2. 

The aim of this present study is to measure longitudinal and 

transverse velocities of wave propagation into the cement 

mixture samples, which values are used to calculate Young’s 

modulus following the ultrasound measurement procedure 

below. 

Generally, the measurement of longitudinal and transverse 

velocities requires to measure the time-of-Flight (ToF). Time-

of-Flight (ToF) is one of the most important and pronounced 

features in a captured P-wave signal. The method of Time-of-

Flight (ToF) principal is based on measurement of the time 

difference between two pulse echoes.  

In our case, the measurement of both ultrasound velocities 

of wave propagation in cement paste needs first to measure the 

P-wave velocity in water and PMMA (Polymethacrylate) 

media. The wave propagation velocity in water is noted as  

  

𝑉𝑤 =
𝐷

𝑡𝑤
 (1) 

 

where, 𝐷 is the distance respectively between the front surface 

of the transducer emitting the signal and the front surface of 

the transducer receiving the transmitted signal by the container, 

and 𝑡𝑤, is the time-of-flight of the P-wave signal crossing the 

water between the two transducers, as shown in Figure 3. 

 

 
 

Figure 3. The distance crossed by the P-wave between the 

emitter and the receiver transductions 

 

Also, the wave propagation velocity in PMMA, denoted 𝑉𝑝𝑙, 

which depend on angle of rotation, is measured using the 

following formula,  

 

𝑉𝑝𝑙 =

𝑒
cos 𝛼

𝑡𝑝𝑙 −
𝐷 −

𝑒
cos 𝛼
𝑉𝑤

 
(2) 

 

with 𝑡𝑝𝑙, the time-to-flight of the P-wave crossing water and 

PMMA media between the two transducers, as shown in 

Figure 4. 

 

 
 

Figure 4. The distance crossed by the P-wave in water and 

PMMA media between the two transducers 
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A general formulation of the ultrasound wave propagation 

velocity indicates its dependence on the rotation angle of the 

submerged container between the two immersion transducers. 

Thus, using this formula, the longitudinal velocity is 

calculated by choosing values of 𝛼 between 0° and the limit 

angle which is less than 50°. For this range of values between 

0° and 50°, both transverse and longitudinal waves are present. 

Therefore, to calculate the transverse velocity, an angle above 

the limit angle, which is less than 50°, should be chosen. 

Above 50°, the longitudinal mode is absent so that only the 

transverse mode is present.  

The sealer parralipipeted container consists of two PMMA 

parallel face plates, delimiting the volume where the cement 

mixture is filled, as shown in Figure 5. The P-wave 

propagation velocity in the sample of cement mixture, isolated 

in the container, is therefore expressed as 

 

𝑉𝐶 =

𝑑
cos𝛼

𝑡𝐶 −
𝐷 −

2𝑒 + 𝑑
cos 𝛼
𝑉𝑤

−

2𝑒
cos 𝛼
𝑉𝑝𝑙

 
(3) 

 

 
 

Figure 5. The distance crossed by the P-wave in water and 

the sealed container between the two transducers 

 

The velocity of propagation of ultrasound waves through 

the cement mixture sample in a given direction can be 

measured and related to the Young's modulus in that direction 

by the following equation 

 

𝐸 = 𝜌 ×
3𝑉𝐿

2 − 4𝑉𝑇
2

𝑉𝐿
2 − 𝑉𝑇

2 × 𝑉𝑇
2 (4) 

 

where, 𝑉𝐿 Longitudinal wave velocity and 𝑉𝑇 transverse wave 

velocity as well as 𝜌 the cement density. 

 

 

4. RESULTS AND DISCUSSION 

 

4.1 Effects of Temperature variation on cement paste 
 

The variation of longitudinal and transverse wave velocities 

versus age of cement pastes, tested under curing different 

temperatures of 30°C, 35°C, 40°C and 45°C, are displayed 

respectively in Figures 6 and 7. 

As presented in Figures 6 and 7, the gradual rise of curing 

temperature increases almost linearly both longitudinal and 

transversal velocities of ultrasound P-wave propagation in 

cement paste samples, during early ages of hydration. Both 

velocities curves show the same pattern. In all tested series 1 

cement pastes, the ultrasound two velocities curves show a 

stepwise increase during the first 24 hours of hydration 

followed by the steady increase until reaching a stable value. 

The calculation of the two ultrasonic velocities started hours 

after the preparation of the cement paste since the Time-of-

Flight (ToF) is difficult to measure during these first hours 

(pre-induction period, dormant period and part of the setting 

period), and in other terms, the captured echoes are difficult to 

process by the isolation algorithm during the first hours of 

hydration. The ultrasound longitudinal velocity evolves from 

values between 1000 m/s to 2000 m/s at a cement paste age 

between 4h and 7h to stable values during the early hardening 

period, between approximately 2600 m/s and 3100 m/s. The 

same evolution shape is remarked on the transversal velocity 

curves, where it evolves from values between 900 m/s to 1300 

m/s at a cement paste age between 4h to 8h to stable values 

during the early hardening period, between 1550 m/s and 1650 

m/s. However, stable values at early hardening period for 

longitudinal pulse velocity are more important than those of 

transversal pulse velocity. In all cases, it is clear that the 

ultrasound velocities calculations are sensitive to the effects of 

curing temperature variations on setting and early hardening 

hydration behaviour of cement pastes. A stepwise gradual 

increase of curing temperature by 5°C causes a gradual 

increase of both measured velocities, during the early ages of 

hydration. The hydraulic properties of cement-based materials 

during the hardening period, cured at elevated temperatures, 

was already studied in previous works [10, 11]. However, 

there are still few detailed investigations on the hydraulic 

behaviour during the early days of hydration and the 

development of the properties of cement pastes subjected to 

various curing temperatures. With increasing curing 

temperatures, the P-wave propagates faster in the cement paste 

medium during early hydration ages, which is shown in the 

results by higher values of both longitudinal and transversal 

velocities. The velocity of an ultrasound P-wave can be 

correlated and associated with changes in the microstructural 

properties of cement-based materials [12-14]. Thus, higher 

pulse velocities values are due to more and more 

interconnection between cement particles, and so, the cement 

material tested has a lower void volume [2, 15]. As mentioned 

in [16], and regarding the linearity relation between Young 

modulus and density, a cement material medium with lower 

void volume, i.e., a higher density [2, 16], has higher 

calculated Young modulus values. These results were 

validated since the stepwise increase of velocities with 

increasing curing temperature; provoke a stepwise increase of 

Young modulus values, as described in Figure 8. 

 

 
 

Figure 6. Evolution of Longitudinal wave velocity vs cement 

pastes age, for series 1 cement mixes cured under different 

temperatures of 30°, 35°, 40° and 45° 
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Figure 7. Evolution of Transversal wave velocity vs cement 

pastes age, for series 1 cement mixes cured under different 

temperatures of 30°, 35°, 40° and 45° 

 

 
 

Figure 8. Evolution of Young Modulus vs cement pastes age, 

for series 1 cement mixes cured under different temperatures 

of 30°, 35°, 40° and 45° 

 

 
 

Figure 9. Pictures of Series 1 Cement Samples with 

designation 

 

Also, the time point at which both velocities begin to 

increase sharply provide important information about the 

hydration kinetics during the early age of cement paste. As 

shown in Figures 7 and 8, this time point occurs earlier as the 

curing temperature increases gradually. This means that a 

gradual increase of curing temperature causes a progressive 

loss of workability. With increasing curing temperature, the 

cement paste loses free water and part of absorbed water. 

According to [16, 17], the rate of hydration of 𝐶3𝑆 is 

temperature dependent and increases with increasing 

temperature. Series 1 Cement Samples captured after 50h of 

hydration, are presented in Figure 9, with each one’s 

designation. 

 

4.2 Effects of water to cement ratios 

 

The variation of longitudinal and transversal wave 

velocities versus age of cement pastes, prepared using water-

to-cement ratios of 0.35, 0.40, 0.45 and 0.50 and cured under 

a curing temperature of 35 °C, are displayed respectively in 

Figures 10 and 11. 

 

 
 

Figure 10. Evolution of Longitudinal wave velocity vs 

cement pastes age, for series 2 cement mixes cured under a 

temperature of 35° with respect to water to cement ratios of 

0.35, 0.4, 0.45 and 0.5 

 

As shown in Figures 10 and 11, both ultrasound wave 

velocities are sensitive to the variation of water to cement (w/c) 

ratio. It can be seen from our results that lower w/c precipitates 

the accelerative increasing of wave velocities and earlier 

achievement of the steady state. This means that lower w/c 

leads to faster wave velocity development, and thus, faster 

setting and hardening of cement pastes [8]. Clearly, a cement 

paste needs small amounts of water to bind solid phases 

together and form a more compact microstructure. When 

observing the different evolution curves of both wave 

velocities, we found that with decreasing w/c ratio, both 

longitudinal and transversal wave velocities values increase 

during the steady state of the early hardening period. This 

means that a cement paste with lower w/c ration presents a less 

attenuative medium. Zhang et al. [8] determined two 

characteristic time points to explain a correlation between 

pulse velocity evolution and early ages hydration behaviour of 

a cement material. The two characteristic points were used to 

classify the evolution of pulse velocity in cement material into 

three-hydration stage process. Using this method, Zhang et al. 

[8] prove that lower w/c ratio leads to a less attenuative cement 

paste medium and achieve higher pulse velocity values during 

the early ages of hydration. This may be explained partly by a 

decrease in void volume. In this context, [16] stated that the 

porosity of cement paste decreases with decreasing the w/c 

ratio. Zhang et al. [8] confirmed this statement by using 2D 

Sketches of the initial paste microstructure that show a lower 

initial solid volume fraction, i.e., a higher porosity, in a cement 

paste prepared with higher w/c ratio. In Trtnik et al. [18], a 

wave transmission method was proposed in order to monitor 

early ages hydration behaviour of an arbitrary cement paste 

mixture. 
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Figure 11. Evolution of Longitudinal wave velocity vs 

cement pastes age, for series 2 cement mixes cured under a 

temperature of 35° with respect to water to cement ratios of 

0.35, 0.4, 0.45 and 0.5 

Figure 12. Evolution of Young Modulus vs cement pastes 

age, for series 2 cement mixes cured under a temperature of 

35° with respect to water to cement ratios of 0.35, 0.4, 0.45 

and 0.5 

Figure 13. Pictures of Series 2 Cement Samples with 

designation 

This method used measurement of ultrasound longitudinal 

wave velocity to prove that lower w/c ratio results in shorter 

workability time. This phenomenon can be observed also 

using our newly developed method, from Figures 10 and 11.  

Using Abram's generalization law [19, 20], Thanh [21] 

found that mechanical properties of concrete vary inversely 

with the w/c ratio. In Thanh's work [21], it was shown that with 

an increase in the water/cement ratio in concrete, the strength 

decreases. Thanh’s results were also validated for cement 

mortars [22-25]. In the same way, Young modulus is 

considered as a major mechanical property that describes the 

viscoelastic behaviour of cement pastes [6, 16]. Thus, our 

results showed that Young modulus decreases linearly with 

increasing w/c ratio, as represented in Figure 12. As mentioned 

by Zhang et al. [8], higher w/c ratio leads to higher porosity, 

which also can be, as presented by previous researches [26, 

27], as a primary cause for drop of Young modulus values of 

cement pastes. Series 2 Cement Samples captured after 50h of 

hydration, are presented in Figure 13, with each one’s 

designation. 

5. CONCLUSION

This study demonstrates a description of a creative newly 

developed non-destructive ultrasound method for early age 

hydration assessment of cement materials. This method is 

technically practical and is easily used so longitudinal and 

transverse velocities can be calculated and recorded for further 

analysis. This way the effects of different curing temperatures 

and various water to cement ratios on early hydration 

properties of cement pastes are characterized. Multiple 

resulted are induced for this experimental assessment: 

(1) The ultrasound longitudinal and transverse wave

velocities are very sensitive to the effects of curing

temperatures on early ages hydration of cement

pastes

(2) A stepwise increase of curing temperature causes a

stepwise increase of both ultrasound wave velocities

in cement pastes cured at 30°C, 35°C, 40°C and

45°C. Thus, Young modulus increases linearly with

increasing curing temperature, during setting and

early hardening periods of hydration.

(3) The acoustic method used is highly sensitive in early

ages of cement paste hydration and the difference of

hydration behaviour caused by such small variations

of w/c ratios can be clearly identified.

(4) Lower w/c results in shorter workability time and

leads to faster hardening of cement pastes.

(5) Lower w/c ratio produces a less attenuative cement

paste medium during the early hardening period,

which can be partly due to a decrease in void volume.

Prepared cement pastes with a lower w/c ratio have a higher 

Young modulus during setting and early hardening periods of 

hydration. Thus, the Young modulus deceases linearly with 

the increase of w/c ratio. 
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