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Mechanical Properties Measurement of Hydrated Cement Paste 
Using Resonant Ultrasound Spectroscopy 

 

ABSTRACT: The Resonant Ultrasound Spectroscopy (RUS) experimental technique 
was applied to measure the modulus of elasticity and Poisson’s ratio of hydrated cement 
paste(HCP). RUS is a modern nondestructive acoustic technique which can be used to 
determine the elastic properties of solids with high-precision but little efforts. By 
measuring the natural resonance frequencies for a single small cement paste sample with 
water cement ratio of 0.4, the elastic constants which can be used to compute modulus 
and Poisson’s ratio, were obtained. The RUS measured results E=21.55GPa, �=0.225 
agree with the numerical computation values.  
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Introduction  

  Concrete is one of the most important man-made engineering materials. Properties 

of concrete is largely dependent on the constituent material: hydrated cement paste.  

Many experimental techniques as shown in table 1 can be applied to determine the elastic 

constants of solids, which may be classified as four groups: static and dynamics, 

ultrasonic method (including pulse-echo and V(z) curve methods), RUS and 

nanoindentation methods [1-5]. Unfortunately, there is no standard test method for the  

determination of mechanical properties such as modulus and Poisson’s ratio for cement 

paste. And very few literature on the test method for elastic constants measurement of 

hydrated cement paste has been reported.  On the contrary, several analytical and 

numerical approaches [6-10] are available though predicting elastic properties of HCP is 

difficult because of its random and complexity nature.  

          In most recent years, nanoindentation experimental technique has been widely used 

in the determination of properties of materials including hydrated cement paste individual 

constituents[11-13]. Using nanoindentation technique, the properties of hydrated cement 

paste can only be derived by employing proper microstructural models of HCP along 

with each individual properties given by nanoindentation test results.    

 Among all the methods listed in table 1, RUS is a modern nondestructive acoustic 

technique which can be used to measure the elastic properties of solids directly with high-

precision. Migliori [14-15] may be the first to employ RUS to study the elastic constants 

of single crystals of La2CuO4 in 1987.  RUS measures the well defined vibrational 

eigenmodes of parallelepiped, spherical or cylindrical samples to determine the elastic 

constants of the test solids. The sample size may vary from a few hundred microns, with 
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a mass of less than 100 micrograms, to a dimension of several centimeters and masses of 

several kilograms[16]. The distinguished advantage of RUS is that only one small sample 

is needed to have one spectrum, from which the elastic constants of the solid is readily to 

be determined. Obviously this experimental technique is time saving and cost effective.  

There are many applications of RUS such as phase transitions, flaw and crack 

detection [17], and elastic properties measurement of solids [15]. RUS has been widely 

used in the studies of solid materials. So et al. [18] measured elastic constants of thin 

films of colossal magnetoresistance material using thin-film RUS, McCall et al. [19] 

applied RUS to study the elastic properties of macroscopic rock. Measurement of elastic 

constants of single crystal chrome-diopside was previously done by Isaak and Ohno [20]. 

Other interesting applications include the elastic constants measurement of human denti 

[21] and composite material Ti-6AI-4V/TiB [22].  

In this work, RUS was employed to measure the HCP mechanical properties, 

i.e. modulus of elasticity and Poisson’s ratio. This study serves our first attempt of RUS 

applications in cement based materials, geomaterials, and possibly nanocomposites. 

 

RUS Measurement of Elastic Constants of HCP 

Principles 

Solids usually have many vibration modes with peak frequencies that depend on the 

mechanical properties, geometry and flaws inside [23]. Given the information of sample 

shape,crystallographic orientation, and density, together with the measured 

eigenfrequencies (as the RUS spectrum shown in Fig.2),  we can calculate all the elastic 

constants [24], which is so called “the inverse problem”[16]. 
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         The principle theory of RUS can be simply expressed as [16,25]: 
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where ijklC  are the elastic constants,  is the density of the sample, u is the displacement. 

This expression is a result from the combination of linearized Lagrangian strain tensor, 

generalized Hook’s law and classic Newton’s second law, which are listed in Eqs (2)-(5) 

below, respectively. 
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where ekl is strain tensor, σij is stress tensor.  Eq. (4) can be understood as net force due to 

the spatial variation of the stress. 

          It is not easy to find the exact solution to Eq. 1. In practice, an approximate 

solution procedure leads Eq. 1 to a generalized eigenvalue problem [25]: 

                                                                2a a                                                  (5)  

where  2   are eigen values, ω are the resonant frequencies, a  are expansion 

coefficients, Γ and Ε are matrices in the expression of the Lagrangian for a 3D solid body 

(details can be referred to [25] page 6009).  Eq. (5) can be used to determine the 

resonance frequencies from the elastic moduli [26].  

         The procedures to find the elastic constants Cijkl of 3D solids start with a “guessed” 

set of elastic constants, followed by an iteration procedure to calculate the corresponding 
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spectrum of the solid until the calculated spectrum most closely fit to the measured 

resonances (frequencies fn) with an acceptable error[17] .  

 

Experimental 

    RUS test samples was prepared and cured according to ASTM standard C192.  

Although the RUS test sample can be different shapes, we used nicely shaped 1.378cm×

1.1956cm×0.964cm parallelepiped as the one shown in Fig. 2. Water: cement ratio for the 

sample is w/c=0.4. We measured much more cement and water than what we actually 

need for the sample to eliminate the error very small amount materials may cause. After 

sufficient mixing, the cement paste was poured into a well made wood mould. Then we 

tapped the sides of the sample until a smooth surface appear. After 24 hours, the sample 

was removed and transferred to a small water tank for curing. Before testing in 28 days, 

we used a motor driven polisher to carefully make desired shape and smooth surfaces.         

            During the test, the sample was supported gently by transducers at diametrically 

opposite corners as shown in Fig. 1(a). The sample was excited at one point by one of the 

two transducers, while another transducer collected the resonant response of the sample. 

When the frequency of the driving transducer matches one of the vibrational eigenmodes 

of the sample, there will be a large resonant response. The spectrum frequencies are then 

used as input data for a program which adjusts the initially guessed elastic tensor until the 

calculated spectrum most closely matches the measured spectrum[17]. 

 

Results and Verification 
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            Fig.3 shows the measured spectrum for the cement paste sample. The elastic 

constants determined from peak fits to these spectra are listed in Table 1. The elastic 

modulus E and Poisson’s ratio can be derived from the relationship: 
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the measured spectrum frequencies is 21.27GPa, and the Poisson’s ratio ν is 0.216.  

    Numerical and analytical simulation result for modulus of elasticity on the same 

mixture HCP was given in the author’s work [10], which is E= 23.7GPa. In the numerical 

simulation, a multiscale approach was adopted to model concrete as a hierarchical 

structural composite material by using tools as molecular dynamics, microporomechanics, 

and mechanics of composite materials. The RUS measured modulus agrees with the 

numerical value fairly well. 

 
Conclusions and Discussions` 

The elastic constants of hydrated cement paste were determined by RUS with 

little effort and the yielded results are satisfying. In this work, hydrated cement paste 

properties were studied by RUS only at room temperature. Stiffness of the concrete and 

cement paste exposed to fire will be largely reduced [27-28]. Therefore, it is of great 

importance to study the performance of HCP, concrete and other cement based 

engineering materials during fire. RUS may measure the elastic constants at very high 
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temperatures and on very small or very large samples[16,26]. Modulus of cement paste or 

concrete with elevated temperature can be monitored using RUS as shown in Fig. 1 (b).  

The capacity of using small (single-crystals) and larger size sample make it 

possible to study a wide range of engineering materials such as cement paste, aggregate, 

even sand. Or it may be possible to study the properties of hydrated cement paste 

products mineral crystals such as CH, jennite and tobermorite 14Å, the last two are 

structurally related to Calcium-Silicate-Hydrate (C-S-H): the main hydrated cement 

product and strength contributor of cement based materials. Moreover, RUS may have a 

potential usage in the determination of elastic properties for nanocomposites.  
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TABLE 1—  Methods commonly used for measuring elastic properties of solids 

Methods Equation for 
elastic constant

Notes 

Static 
Methods 

Static tension or 
compression 

pl

A l  
p-applied tensile or 
compressive load 

Static uniform 
bending 

 
CR

J
 

C-Applied bending moment 
R- Radius of curvature 
J-Moment of inertia  

Static non-uniform 
bending 

3
0

03

P l

Jx
 cantilever 

Dynamics 
methods 

Dynamic 
longitudinal 
vibration 

2 2

2

4l

n

 

 

Specimen clamped at middle 
point and free at both ends 

Dynamic flexural 
vibration 

2 4 24 Al

J

  


 
Specimen clamped at one end 
and loaded with mass M at the 
other. 

Ultrasonic 
methods 

Pulse-echo  
Use time-of-flight of plane 
bulk wave propagating in the 
material 

V(z) curve  
Use surface acoustic wave 
traveling on the surface 

RUS RUS 

 
2 2

2
k i

ijkl
j l

u u
C

x x t
 


    

High precision, small and big 
sample size, single 
measurement for all elastic 
constants 

Indentation 

Micro-indentation 
 Mechanical properties 

measurement in micro-scale 

Nano-indentation 

 
2

*

11 1 indenter

indenterE E E

 
 

 

Measure hardness and elastic 
modulus of localized material, 
a smaller scale  
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TABLE 2—  The fitting of the measured resonances and calculated resonances 
 

 

Peak 
Measured freq 

(MHZ) 
Calculated freq 

(MHZ) 
Error (%) Included/Excluded

1 0.067361 0.067118 0.362 INC 

2 0.088249 0.089107 -0.963 INC 

3 0.095751 0.096265 -0.534 INC 

4 0.100099 0.099825 0.274 INC 

5 0.103022 0.103084 -0.06 INC 

6 0.111741 0.111261 0.431 INC 

7 0.114769 0.114553 0.188 INC 

8 0.115898 0.115421 0.413 INC 

9 0 0.11636 0 -- 

10 0.119356 0.11901 0.291 INC 

11 0.124559 0.124982 -0.338 INC 

12 0.125949 0.126052 -0.082 INC 

13 0.128436 0.128334 0.08 INC 

14 0 0.136486 0 -- 

15 0.143455 0.143776 -0.223 INC 

16 0.147126 0.149897 -1.849 EXC 

17 0 0.15416 0 -- 

18 0 0.155213 0 -- 

19 0 0.157388 0 -- 

20 0.158854 0.158771 0.052 INC 

 
       Average error magnitude of included peaks= 0.306 % 
        Density used in the calculation is 1.940 g/cm3. 
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TABLE 3— RUS results for hydrated cement paste with w/c=0.4 

Symmetry C11 C33 C12 C13 C44 ν E G 

Isotropic/Cubic 24.23  6.69  8.77 0.216 21.55    8.8 

 
    Units are GPa with the exception of the Poisson’s ratio (� ),which is dimensionless. E is the Young’s    
    modulus and G is the shear modulus. 
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FIG.1—  (a) A room temperature RUS system  (b) A high temperature RUS system 
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FIG.2— A 1.378cm×1.1956cm×0.964cm parallelepipedal shape cement paste sample 
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FIG.3— The spectrum for a 1.378cm×1.196cm×0.964cm parallelepipedal shape 

cement paste sample.  
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