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1. Introduction 
 

Glass powder (GP) is an alternative supplementary 

Cementous Material (SCM) which presents a pozzolanic 

activity (Shayan and xu 2004, Shi et al. 2005). This 

material is obtained by recycling mixed glass, i.e., glass of 

different colours, which is difficult to recycle because of 

inherent difficulties in sorting glass by colours. Glass 

remains in the landfills for a long time because the material 

does not degrade or decompose. Using GP as an admixture 

for concrete can contribute to reduce these storage 

requirements in an eco-friendly and sustainable manner.  

A major concern when using glass in concrete is the 

alkali-silica reaction (ASR). This reaction takes place 

between the silica, highly abundant in glass, and the alkali 

present in the pore solution of concrete. The ASR can have 

a deleterious effect. It is therefore not recommended to use 

coarse glass or glass fiber without an effective ASR 

suppressant. However, finely ground glass was found 

exhibit pozzolanic activity (Shayan, 2002).   Shayan and 

Xu (2004) was among the first to study the replacement of a 

part of cement by GP. Shayan (2004) concluded that GP can 

replace up to 30% of cement with satisfactory strength 

development, a result was confirmed also by Schwarz 

(2008). The pozzolonic activity of GP increases for finer 

particles (Shi et al. 2005). However, when GP particles are 

much finer than cement, their strength activity decreases  
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and the powder turns into a dust (Shi et al. 2005). Several 

studies reported that GP continues to exhibit pozzolanic 

activity at long time scales, this reaction is thus slow and 

continuous (Zidol et al. 2017, Shayan and Xu 2004, Kamali 

et al. 2015). Also, GP needs enough water to develop the 

total strength of concrete (Zidol et al. 2017). Zidol (2017) 

concluded that long-term development of compressive 

strength was more prominent when the water/bender (w/b) 

ratio was increased in the presence of glass powder. 

The GP has also been shown to improve a certain 

characteristic of durability (Zidol et al. 2017, Kamali et al 

2015, Schwarz et al. 2008). In addition, GP has been used in 

Ultrahight performance concrete (Soliman and Tagnit-

Hamou 2016) because it can reduce hydration heat (Laldji 

and Tagnit-Hamou 2007). GP has also been incorporated in 

asphalt concrete for use on roads (Bilondi et al. 2016). 

Concrete structures can be subjected to impacts, 

explosions or short forced movements (earthquake). The 

dynamic response to these actions greatly depends on the 

compressive strength and elastic constants of the material, 

i.e., Young’s Modulus E and the Shear modulus G.  These 

parameters can be determined by the both static and 

dynamic methods. The dynamic modulus of elasticity is 

defined as the ratio of stress to strain under vibratory 

conditions (Lu et al. 2013). That is why it is more 

appropriate to use dynamic parameters to study the 

structure’s vibration both analytically and numerically. 

Mehta (1986) reported that, the dynamic modulus of 

elasticity is generally 20, 30, and 40% higher than the static 

modulus of elasticity for high, medium, and low strength 

concrete respectively. Also, the elastic constants are affected 

by the concrete’s composition, age, water content and 
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Abstract.  In this work, the dynamic properties of a high performance concrete containing glass powder (GP) was studied. The GP 
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incorporated in concrete mixes by replacing 20 and 30% of cement. The mechanical properties of building materials highly affect 
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resonant frequencies, as well as the damping ratio. The dynamic properties of material such as dynamic elastic modulus and 

dynamic shear modulus were determined by modelling the plate on the finite element software ANSYS. Also, the instantaneous 
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with the results obtained from vibration monitoring technique. 
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curing conditions (Swamy and Rigby 1971). Besides, some 

researchers study the relation between dynamic modulus of 

elasticity and compressive strength (Emiroglu et al. 2015). 

The static elastic modulus (Es) is generally read off the 

stress-strain curve obtained from a uniaxial compressive 

test according to the standard ASTM C469. The dynamic 

modulus, one the other hand, can be measured using one of 

the two ways: (1) the resonant frequencies method or (2) the 

ultrasonic method. Both methods are non-destructive testing 

(NDT) techniques. The ultrasonic method (Prassianakis 

1977, Boumiz et al. 1996, Prassianakis 2004) is based on 

measuring the propagation time of ultrasonic waves in the 

materials. The resonant frequencies methods use the 

impact-echo technique or vibration monitoring. The impact-

echo method (Pessiki and Carino 1988, Lu et al. 2013) 

measures the short-time response to an impact load 

according to some predefined standards i.e., ASTM C215. 

The vibration monitoring technique obtains the fundamental 

transverse resonant frequency to calculate Ed has few 

normalized methods (ASTM C215, DIN 1048 and PN-EN 

ISO 12680-1). Wang et al. (2014) used an impact-echo 

method on a lumber beam to measure the elastic modulus 

and validate the results by probabilistic analyses. However, 

these standards use one point impact excitation which is not 

really representative of a heterogenic material like concrete. 

Several studies (Lu et al. 2013, Bahr et al. 2013 and 

Yaogang et al. 2015, Emiroglu et al. 2015) used a more 

advanced method using larger specimens and more than one 

impact excitation point. Here, we present, a vibration 

monitoring method with multiple impact points.  

Damping is an important parameter in vibration 

structure. It is defined as a dissipation of the mechanical 

energy on thermal energy. This damping phenomenon is 

represented by a non-dimensional parameter called a 

damping ratio. This parameter describes the ability of the 

material or structure to dissipate vibration energy. However, 

the total damping of a structure is a complex combination of 

different damping ability of the elements in the structure: 

the joins and bearing point, the soil, the material, the beam   

dimensions and sections. In most cases the material 

damping is predominant (Swamy and Rigby 1971). 

Unfortunately, the damping capacity of concrete is poor 

(Swamy and Rigby 1971).  Some admixtures like silica 

fume and carbon fibres was studied how affect the damping 

capacity (Ou et al. 2006 and 2008, Xu et al. 1999). They 

concluded that this admixture can be employed to enhance 

the damping capacity of concrete materials. That is why it is 

important to study the influence of a new admixture on the 

damping ability of the concrete and study the capacity of 

such admixture. For example, the value of damping on high 

performance concrete with a compressive strength between 

44-55 MPa is between 0.55 - 0.70% (Giner et al. 2011). The 

higher compressive strength corresponds to the lower 

damping ratio. This is because the higher compressive 

strength corresponds to the more compacted one and the 

more reduced size of pores. This contributes to reduce the 

internal defect and dislocations of the different interfaces 

and transition zone, which are responsible for dissipating 

energy by friction during vibration (Swamy and Rigby 

1971). 

 

Fig. 1 Particles size distribution of binders and aggregates 

 
Table 1 Chemical composition and physical characteristics 

of cement and glass powder 

Composition (%by mass)/Property Cement GP 

Loss on ignition  

Silica (SiO2) 

Alumina (Al2O3) 

Iron oxide (Fe2O3) 

Calcium oxide (CaO) 

Magnesium oxide (MgO) 

Sulfur trioxide (SO3) 

Potassium oxide (K2O) 

Sodium oxide (Na2O) 

Phosphorus oxide (P2O5) 

Titanium oxide (TiO2) 

Specific surface area (m2/kg) 

Density (kg/m3) 

6.89 

18.52 

4.94 

3.03 

0.75 

1.97 

2.76 

0.66 

0.11 

0.15 

0.24 

361 

3100 

1.15 

69.86 

1.75 

0.54 

11.80 

0.49 

0.24 

0.48 

13.58 

0.02 

0.10 

452 

2500 

 
 
Research significant 

 

The main objective of the present work is to study the 

influence of the GP substitution to cement on the 

mechanical properties of concrete, focusing on its dynamic 

properties and damping ratio. Also, this study aims to 

evaluate the reliability and precision of the results obtained 

by multi-excitation method for measuring vibration 

frequencies of a shape and the dynamic properties of a 

material.  
 

 

2. Materials and test methods 
 

2.1 Materials and specimen preparation 
 

We used CPJ-CEM II / A 52.5 Portland cement, 

produced according to local standard (NA 442, 2013). Silica 

fume based on micro silica (composed of 85% Si02) was  
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used as an additive. A 0-5mm sand and two gravel classes 

3-8mm and 8-15mm were used for the aggregates.  

The glass powder (GP) was obtained from recycling 

differently coloured glass bottles. They were collected, 

cleaned, and then crushed to be dried in an oven at 105°C. 

After removing the fines by sieving and taking only 

elements bigger than 3 mm, the glass was ground in the 

laboratory using electrical grinding balls with 10 kg 

capacity. The grinding sequence consisted of six grindings 

of 25 minutes, each separated by a rest period of 10 to 15 

minutes.  

The chemical composition and physical characteristics 

of GP and cement used are shown on Table 1. Also, the size 

distribution of GP, cement and aggregates are shown on the 

fig. 1. 

In the first, the reference concrete mix was formulated 

with water to bender (w/b) ratio of 0.3. Then, three types of 

concrete mixes were prepared: (1) the reference concrete 

specimen, denoted as HPC, (2) mix with 20% of cement 

replacement, denoted as HPC-20GP, (3) mix with 30% of 

cement replacement, denoted as HPC-30GP. The rates of 

substitution were chosen to be the maximum without any 

notable decrease in strength of the concrete (Shayan and xu 

2004, Schwarz et al. 2008). The contents of these different 

mixes are reported on Table 2.  

Nine cubic and nine prismatic specimens were cast for 

each of the three concrete mixtures. After 24 hours, all the 

specimens were released from the moulds and cured in 

water. Three specimens’ type of each mixture were tested 

after 7, 28 and 90 days. The cubic specimens (100x100x100 

mm) were used in compression tests following standard NF 

EN 12390(2012). Prismatic specimens (280x700x700 mm) 

were used in three-point flexural tests to measure the 

mixture’s tensile strength according to standard NF EN 

14651 (2007). 
Three concrete plates (640x160x40 mm) were used for 

the vibration tests which were carried out after curing in 
water for 14, 28 and 90 days.  

 

 

 

Fig. 3 experimental setting for free vibration test. 
 
 

2.2 Dynamic testing method 
 

The frequency measurements on the plates were carried 

out using a PCB PIEZOTRONICS device from National 

Instruments Company. The device (Fig. 2) consists of the 

following: 

- One triaxial accelerometer, PCB Model 356A15 with a 

high sensitivity of 10.2 mV/(m/s²) (±10%), made of 

titanium with ceramic sensing element. 

- One impact hammer, PCB Model 086C03 with 

sensitivity of 2.25 mV/N (±15%)), made of quartz sensing 

element. 

- The multi-channel data receiver, Model National 

Instrument 9234 CompactDAQ, used to receive and amplify 

the signal 

- A signal processing software called SO Analyzer of 

m+p International.  

Sixteen meshes with 27 nodes numbered from 1 to 27 

were drawn on each plate (Fig. 2(a)). The plate was 

suspended from a frame on Nylon threads attached on each 

 

Fig. 2 schematic of experimental setting and experimental devises for free vibration test 

L= 64 cm 4 cm 

1
6

 c
m

 

0.224L 0.224L 

Nylon thread 

Accelerometer 

placed on the back 

of the plate 

Hammer knocker 

 (on the nodes) 

(b) Three-axis 

accelerometer   

(c) Impact 

hammer 
(d) Multi-channel data 

receiver 

(a) Schematic of experimental setting and specimen dimension 

Nylon thread The frame 

The plate 
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side of the plate (fig. 2(a) and 3). The nylon bands were 

attached at those locations correspond to the theoretical 

nodes’ lines of the first-order bending vibration mode, i.e., 

at a distance of 0.024L (L=64cm) from the edge. The 

accelerometer was placed on the back of the plate, at the 

same axe of the node number 1 to have the furthest 

measurement point from the impact of the hammer, i.e., 

Knock at the node number 27 is the diagonal furthest point 

from the recording. The accelerometer was connected to a 

multi-channel data receiver to amplify the signal. The 

graphical representation of the plate was drawn using the 

SO Analyzer software, replication the same meshes and 

nodes numbers. An individual excitation was produced by 

gently impacting the plate on the 27 nodes by the hammer, 

running through all 27 points sequentially. The impacts 

order follows the indication given by the SO Analyzer 

software.  The signals were treated using a multi-channel 

data receiver and SO Analyzer software recording the 

signals given by the hammer and the accelerometer over 

time to be transformed into the frequency domain using a 

Fast Fourier Transform (FFT). The SO Analyzer software 

produced a series of frequency response functions (FRF) 

(Fig. 4(a)) and showing the frequencies of the different 

vibration modes. The SO Analyzer software treat the 27 

FRF provided of each excitation and gives the average FRF 

of the plate. The software also provided the shape of the 

vibration modes (Fig. 4(b), and the damping ratio of each 

mode.  
 

2.3 Dynamic elastic constants 
 

The finite element software ANSYS has been used for 

modelling the experimental plate assuming a free boundary 

condition. The meshed model is represented in fig. 4(C). 

The frequencies and the shapes of the free resonant 

vibrations can be determined by the ANSYS model. The 

first and the second frequencies of resonant vibration are a 

bending mode and a torsional mode respectively. By 

varying the material properties: elastic modulus (E) and 

Poisson ratio (ν), the frequency of the first and second mode 

of vibration obtained from the model can be adapted to 

match those obtained experimentally. Therefore, we obtain 

the dynamic modulus “of elasticity (Edv) and the Poisson 

coefficient (ν). However, the dynamic shear modulus (Gdv) 

is given by eq. (1). 

𝐺𝑑𝑣 =
𝐸𝑑𝑣

2(1 + ν)
 (1) 

Wang et al. (2015) research, using an experimental 

method similar to ours, validated analytically that the 

dynamic parameters: elastic modulus E, shear modulus G 

 

 
(a) The average FRF of 27 excitation points on the plate 

 
(b) The shapes of the resonant vibration modes – HPC 

plate at 90 days 

 
(c) The meshed plate modelled in ANSYS software 

Fig. 4 Results given by SO Analyze Software and ANSYS 

of free vibration test on the plate 

 

 
and Poisson ratio ν for the concrete, follow the relationship 

given by Eq. (1). 

Table 2 Mix proportions of 1 m3 of mixes and hard properties of the concrete 

 Kg/m3 -  % 

 C GP SF S G 3/8 G8/15 W SP (2%) Density Porosity 

HPC 420 - 33.6 610 454.5 565.5 136 30.24 2451 4.82 

HPC-20GP 336 84 33.6 610 454.5 565.5 136 30.24 2462 4.43 

HPC-30GP 294 126 33.6 610 454.5 565.5 136 30.24 2490 4.37 

         C cement,   GP Glass Powder,    SF Silica Fume,    S Sand,    G Gravel,    W Water,    SP Superplasticizer  

 

First-order bending 
Frequency: 428.95 Hz 
Damping ratio: 0.266% 

Second-order bending 
Frequency: 1158.30 Hz 
Damping ratio: 0.321% 

Third-order bending 
Frequency: 2222.71 Hz 
Damping ratio: 0.515% 

First-order torsional 
Frequency: 964.94 Hz 
Damping ratio: 0.277% 

Second-order torsional 
Frequency: 1964.02 Hz 
Damping ratio: 0.408% 
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Fig. 5 Evolution of compressive strength of different 

mixtures 

 

 

Fig. 6 Evolution of tensile strength of different mixtures 

 
 
2.4 Elastic modulus by instantaneous aroused 

frequency method 
 

According to the transverse bending theory, for an Euler 

Beam, the elastic modulus can be determined by the natural 

frequency of the first bending mode of a free beam (Cheng 

and Timesheko 1965), eq. (2). 

2𝜋𝑓1 = (4.730041)2√
𝐸𝐼

𝜌𝐴𝐿4
 (2) 

where 𝑓1the first bending frequency (Hz), E is is the elastic 

modulus of the beam, I and A are the inertia and area of the 

section respectively, ρ is the air-dry density of the beam.  

For rectangular section, the Elastic modulus can be 

drawn in Eq. (3) 

𝐸𝑓 = 0.9462
𝜌𝑓1

2𝐿4

ℎ2
 (3) 

where Ef is the Elastic modulus of the beam (Pa), ρ is the 

air-dry density (kg/m3), 𝑓1  is the first bending frequency 

(Hz. ), L is the length of the tested beam, h is the high of the 

tested beam. 

This method was used for lumber beam by Wang et al. 

(2014). The probabilistic analyses confirm that the results 

of such a method are relevant. 

 

2.5 Elastic modulus by Ultrasonic method 
 

We used a second method to determine the dynamic 

elastic modulus (Ed) and then compared it to the result 

obtained using the vibration method. The propagation 

 

Fig. 7 Resonant frequencies modes of different mixes 

 

 

velocity of the ultrasonic waves in a section of concrete 

depends on the density of the material and the elastic 

modulus (Prassianakis 1977 and 2004). By measuring this 

velocity, we can determine the dynamic elastic modulus Eds.  

So, Eds can be determined by the eq. (4) (Prassianakis 1977 

and 2004):  

𝐸𝑑𝑠 =
(1 + ν)(1 − 2ν)

(1 − ν)
𝛾𝑉2 (4) 

where 𝛾  is the concrete’s density,  ν  is the Poisson 

coefficient and 𝑉 is the sound velocity. 

 

 

3. Results and discussion 
 

3.1 Concrete strength 
 

3.1.1 Compressive strength 
The compressive strength at various curing ages is 

shown in Fig. 5. According to the results, the compressive 

strength of the mixes reached values ranging between 82-97 

MPa. It can be seen that the substitution of a part of cement 

by GP led to a slight decrease in the compressive strength at 

all curing ages.  The differences appear proportional to the 

GP percentage replacement. After 90 days, the HPC-20GP 

and HPC-30GP mixtures exhibited 95.1% and 84% of the 

compressive strength of the control mix (HPC), respectively. 

It should be noted that the strength increased between day 

28 and 90 is 0.6%, 1.1 % and 1.8% for the HPC, HPC-20GP 

and HPC-30GP mixtures, respectively. The development of 

strength after day 28 is more important for the concrete 

containing glass powder because of the pozzolanic activity 

of GP is slow but continuous (Zidol et al. 2017, Shayan and 

Xu 2004).  

 

3.1.2 Tensile strength 
Fig. 6 shows the evolution of the tensile strength of the 

mixtures. At 28 curing days, the tensile strength of concrete 

with GP is higher than the reference concrete (HPC). 

However, the tensile strengths achieved after 90 curing days  
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Fig. 8 Evolution of Elastic modulus of mixes determined 

by vibration method (Edv) and ultrasonic method (Eds) 

 

 

Fig. 9 Evolution of dynamic shear modulus of mixes 

 

 

are approximately the same for all mixes, about 7.8 MPa. 

This same tensile strength development of different 

mixtures at long term is due to the little differences in 

compressive strength. 
 

3.2 Dynamic properties 
 
3.2.1 Resonant frequencies 
Fig. 4(a) shows the overall average of 27 frequency 

spectra (FRF) resulting from 27 individual excitations at the 

plate’s node points. Each frequency peak corresponds to a 

resonant vibration frequency. Fig. 4(b) shows the shape of  

 

Table 5 Values of damping ratio of mixes after 90 days 

 Damping ratio (%) 

Motion HPC HPC-20GP HPC-30GP 

Bending 0,275± 0.028 0,305± 0.025 0,379± 0.013 

Torsion 0,324± 0.033 0,260± 0.012 0,295± 0.014 

 

 

the resonant vibration mode as obtained from SO Analyzer 

software. The first, third, and fifth frequencies correspond 

to a bending mode, whereas the second and forth 

frequencies correspond to torsion vibration modes.  

Table 3 and fig. 7 shows the average values on three 

plate specimens of the five first resonant frequencies 

obtained at 14, 28 and 90 days. The first resonant 

frequencies between 350-430 Hz correspond to the first 

longitudinal bending vibration mode. The third (960-

1160Hz) and fifth (1680-2220Hz) resonant frequencies 

correspond to the second and third bending vibration 

modes, respectively. The second and forth resonant 

frequencies fit the first and second torsion vibration modes 

with 810-970Hz and 1390-1980Hz, respectively. Replacing 

up to 30% of the cement by GP reduces the resonant 

vibration frequencies (Fig. 7) proportionally to the amount 

of cement replacement. The frequencies are reduced by 2 to 

4% for HPC-20GP and by 4.5 to 6.5% for HPC-30GP. 

The comparison of the five vibration modes frequencies 

obtained from experiments (FEX) to the results obtained 

from the model simulations (FM) are denoted FEX-FM (Tab. 

3). There are no differences (FEX-FM) in the first bending 

and first torsional vibration frequencies modes because we 

make it to be equals in determining the material 

characteristics. We note that the differences for the bending 

modes do not exceed 2.7% for all mixes and curing ages. 

Also, for the resonant torsion frequencies, the differences 

do not exceed 1.6%. Therefore, we can conclude that this 

method of determining the elastic modulus properties is 

both reliable and precise. In addition, the standard 

deviations are generally around 1% and do not exceed 2% 

for all mixes which strength this conclusion.  

Table 3 Values of bending and torsional frequencies vibration of the plate the differences between experimental and modelling 

values (FEX-FM)   

SD: Standard deviation of the three specimens tested            FEX-FM: difference between the experimental and modelling values 

  Bending resonant frequencies Torsion resonant frequencies 

  1st order 2nd order  3rd Order 1st order 2nd order  
(Hz ± SD) (Hz ± SD) FEX-FM 

(%) 

(Hz ± SD) FEX-FM 

(%) 

(Hz ± SD) (Hz ± SD) FEX-FM 

(%) 

90 Days 

HPC 428.66 ± 2.31 1159.81 ± 1.13 0,44 2218.75 ± 5.58 0,6 966.52 ± 4.12 1971 ± 6.70 0,26 

HPC-20GP 410.44 ± 4.12 1121.58 ± 10.91 1,16 2151.39 ± 17.44 1,85 929.43 ± 8.93 1917.88 ± 16.92 1,1 

HPC-30GP 400.79 ± 3.39 1084.66 ± 8.82 1,4 2087.69 ± 11.77 1,42 908.65 ± 9.39 1877.25 ± 18.49 1,21 

28 Days 

HPC 426.57 ± 2.30 1155.63 ± 1.24 0,35 2205.22 ± 4.80 0,48 963.26 ± 3.96 1960.98 ± 3.08 0,44 

HPC-20GP 406.76 ± 4.24 1112.26 ± 12.03 1,25 2136.48 ± 18.21 2,079 923.87 ± 8.81 1909.98 ± 15.64 1,3 

HPC-30GP 393.27 ± 2.53 1071.37 ± 2.44 0,88 2063.47 ± 8.42 1,96 899.88 ± 6.64 1859.01 ± 15.60 1,26 

14 Days 

HPC 424.89 ± 2.57 1149.95 ± 5.14 0,48 2199.95 ± 4.70 0,55 959.4 ± 5.50 1956.97 ± 5.17 0,5 

HPC-20GP 397.78 ± 7.67 1088.19 ± 21.66 1,35 2093.85 ± 35.89 1,97 1242.39 ± 8.46 1887.85 ± 26.86 1,02 

HPC-30GP 386.39 ± 2.56 1054.55 ± 0.36 0,83 2037.36 ± 7.77 1,33 890.17 ± 8.78 1842.18 ± 14.43 1,12 
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3.2.2 Dynamic elastic properties 
The values of the dynamic elastic modulus obtained by 

different methods at 14, 28 and 90 days are given in Table 4 

and illustrated in Fig. 8. According to the results, the Edv of 

the mixes reached values between 39.5 and 45.5 GPa. GP 

substitution of part of the cement led to a slight decrease in 

Edv at all curing ages proportionally to the amount of GP 

replacement. At 90 days, the mixture HPC-20GP showed a 

decrease of 8.3% compared with the control mix HPC, 

while HPC-30GP had a 12.6% low value. 

The values of dynamic elastic modulus obtained by 

instantaneous aroused frequency method reported in the 

table 4 are really close to those obtained by vibration 

method. All the values are lower to the dynamic values. 

However, the difference does not exceed 1.75%.   

The dynamic elastic modulus obtained by the ultrasonic 

method (Eds) at 14, 28 and 90 days are given in Table 4 and 

plotted in Fig. 9. Eds values show the same evolution pattern 

through curing age as the values obtained from the vibration 

method but the absolute values are 10% to 15% lower in 

comparison.  

The values of dynamic shear modulus Gdv obtained after 

14, 28 and 90 days of curing are presented in Table 4 and 

illustrated in Fig. 9. The maximum shear modulus is 

obtained for the HPC, control mixture, with 19.69 GPa. The 

concrete with GP shows a reduction in the shear modulus, 

decrease of 13.2% for the HPC-20GP and 17% for the 

HPC-30GP after 90 days of curing. 

For the Poisson coefficient, the same pattern can be 

observed as for the elastic and shear modulus (fig. 10). It is 

maximal for HPC with a value of 0.23. For HPC-20GP and 

HPC-30GP the poison coefficients are 4.3% and 5.6% lower 

than the HPC value, respectively. 

 

3.2.3 Damping ratio 
The values of the damping ratio for different mixtures 

obtained after 90 days of curing are given in Table 5. The 

damping ratio presented in this table concern the first 

resonant bending mode, called bending damping, and the 

first resonant torsion mode, called torsion damping. 

 The values of bending damping are between 0.275 and 

0.38%. The control mix, without GP, showed the lowest 

 

 

ratio (0.275%), while HPC-20GP and HPC-30GP had ratios 

of 0.305% and 0.379%, respectively. This is due to the 

ability of the material to dissipate vibration energy and is 

directly related to the structure of the material. More 

compact concretes with reduced size pores, have less 

important damping ratio (Giner et al. 2011). In this study the 

concrete with GP have à more compact concrete (density mass 

of 2462 kg/m3 and 2490 kg/m3)  and less pore size(4.43 and 

4.37%) for respectively HPC-20GP and HPC-30GP (tab. 2) 

compared with the reference concrete (density of 2451 kg/m3 

and porosity of 4.82%). That is why the higher the 

compressive strength the lower the bending damping ratio. 

Giner (2011) concluded that this behavior is due to internal 

defects and dislocations of the different interfaces and 

transition zone which are responsible for dissipating energy 

through friction during vibration. The damping torsion ratio 

are lower for the mixes with GP and its values are between 

0.29 and 0.33%. 

 
 
4. Conclusion 
 

The aim of this work was to investigate the influence of 

replacement part of the cement with GP on both the 

dynamic and static mechanical properties of high 

performance concrete. From the results obtained, the 

following conclusions can be drawn: 

- Replacing 20 to 30% of cement by GP reduces the 

compressive strength of the concrete by 4 and 15% but does 

not affect the tensile strength at long time period.  

- The resonant frequencies of concrete specimens 

slightly decreased for mixes containing GP. 

- The elastic modulus obtained using a vibration 

technique is between 10 and 15% higher compared to 

values obtained through an ultrasound method.  

- The dynamic elastic constants, elastic and shear 

modulus, decrease with increasing GP content. 

- This measurement proved to be reliable and precise 

because there were no significant differences between 

experimental and modelling results beyond the second 

resonant frequencies. Furthermore, there is only minor 

differences of the frequencies for the same mix (based on 

Table 4 Values of elastic constants by vibration method and elastic modulus by ultrasonic method 

SD:  Standard deviation of the three specimens tested 

  Vibration method Frequency method Ultrasonic method 

  Elastic Modulus  Shear modulus Poisson ratio Elastic Modulus Elastic Modulus 

Eds (GPa ± SD)   Ed (GPa ± SD) Gd (GPa ± SD) μ Ef (GPa ± SD) 

90 Days  

HPC 45.47 ± 0.50 18.48 ± 0.15 0.230 ± 0.005 44.68 ± 0.59 38.77 ± 0.23 

HPC-20GP 41.70 ± 0.84 17.09 ± 0.33 0.220 ± 0.003 41.15 ± 1.01 36.04 ± 0.37 

HPC-30GP 39.75 ± 0.67 16.34 ± 0.35 0.217 ± 0.030 39.69 ± 0.82 36.15 ± 0.22 

28 Days  

HPC 45.04 ± 0.48 18.36 ± 0.15 0.227 ± 0.006 44.55 ± 0.82 38.16 ± 0.40 

HPC-20GP 41.13 ± 0.86 16.97 ± 0.32 0.212 ± 0.002 40.51 ± 1.10 36.28 ± 0.37 

HPC-30GP 38.90 ± 0.50 16.29 ± 0.24 0.194 ± 0.006 37.87 ± 0.88 35.86 ± 0.64 

14 Days  

HPC 44.70 ± 0.63 18.20 ± 0.21 0.227 ± 0.005 44.20 ± 0.97 36.06 ± 0.47 

HPC-20GP 39.40 ± 0.15 16.50 ± 0.41 0.191 ± 0.018 38.75 ± 1.66 32.62 ± 0.56 

HPC-30GP 37.50 ± 0.50 15.90 ± 0.32 0.178 ± 0.020 36.55 ± 0.62 31.30 ± 0.28 
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standard deviations) which proved the repetitively of the 

experience.  
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