
1 

 

New non-destructive method for testing the strength of cement 

mortar material based on vibration frequency of steel bar: Theory 

and experiment 

 

 

Hao Shia,c, Lei Song a,*, Wenlong Chenb, Houquan Zhanga, Guozhu Wanga, 

Guotao Yuana, Wenliang Zhanga, Guiwu Chena, Yu Wanga, Gang Lina 

 

aState Key Laboratory for Geomechanics & Deep Underground Engineering, School of Mechanics & Civil 

Engineering, China University of Mining and Technology, Xuzhou 221116, People’s Republic of China 

bSchool of Water, Energy and Environment, Cranfield University, Cranfield MK43 0AL, UK 

cGeoEnergy Research Centre, University of Nottingham, Nottingham NG7 2RD, UK 
1
*Corresponding authors at: State Key Laboratory for Geomechanics & Deep Underground Engineering, School of 

Mechanics & Civil Engineering, China University of Mining and Technology, Xuzhou 221116, People’s Republic 

of China E-mail addresses: songlei_cumt@163.com (L. Song). 

 

Abstract: Timely and accurately obtaining the strength of pouring material, e.g., concrete, cement mortar, 

is of great significance for engineering construction. In this paper, a non-destructive, economical and 

accurate strength detection method that suites for on-site using is proposed for the steel bar cement mortar 

material. The method based on the relationship between the vibration frequency of the steel bar and the 

properties of the mortar material, which is obtained by solving the Euler-Bernoulli beam problem. Both 

Particle Flow Code (PFC) software simulation (calibrated) and Split Hopkinson pressure Bar experiment 

on test samples of cement mortar and steel bar were performed to verify the theoretically obtained 

relationship. Studies on samples of various aggregate ratio further confirmed such correspondence. 

Results show that the dynamic stiffness of the cement mortar material dominates the calculation of the 

vibration frequency of steel bar, while the combined effect of the density, length, elastic modulus, inertia 

moment of the steel bar can be safely ignored. A single-valued mapping relation exists in between the 

dynamic stiffness coefficient and the Uniaxial Compressive Strength (UCS) of the cement mortar sample, 

i.e., increased dynamic stiffness coefficient with increasing UCS. Both experimental and predicted 

results showed a linear relationship between the vibration frequency of the steel bar and the strength of 

the mortar material. Fitted linear relations were proposed with coefficients depending on sample size and 

aggregate ratio and might serve as a good indicator for the strength of the mortar material. Further studies 

on the effect of internal defects of the mortar materials as well as on samples of more size and aggregate 

ratio are required to make the proposed method a practical tool. 
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List of symbols 

CMSD Cement mortar strength detection 1  Axial strain 

L  The length of steel bar p  Strength 

y  The lateral displacement of the cross 

section of the steel bar 

C1, C2, 

C3, C4 
Undetermined constants 

A  The cross-sectional area of steel bar   The density of steel bar 

E  The elastic modulus of steel bar b  
An undetermined constant related to the 

variable y 

J  
The inertia moment of the cross-section to 

The neutral axis of the steel bar 
  

The angular frequency of the micro 

element 

q  The linearly distributed load on the micro 

element of the steel bar 
Q  

The shear force on the micro element of 

the steel bar 

  The phase angle of the micro element Y  An equation related to the variable y 

M  
The bending moment on the micro 

element of steel bar 
k  

The dynamic stiffness coefficient of 

cement mortar 

  An variable related to steel bar frequency i  The modes of steel bar frequency 

x  The distance of from the coordinate origin f  Vibration frequency 

1  Axial stress UCS Uniaxial compressive strength 

1 Introduction 

Concrete and cement mortar are common materials in civil constructions [1-3], with 

advantages in high strength, durability, convenient pouring and economic cost. In combination with 

steel bars [4], they are widely used as load-bearing members of buildings. For both the cement 

mortar and concrete material, it is necessary to precisely acquire their temporal strength growth after 

pouring, to prepare for the next construction operation. Moreover, for large-volume components in 

the harsh construction conditions, e.g., the seabed, and cold and arid regions [4-6], there is highly 

likely a great difference in surface and internal strength [7]. Such strength variation introduces great 

safety hazards to the construction of the project. This has casted a requirement for a method that 

can detect the strength at different positions of the components both conveniently and effectively. 

At present, the following five methods are commonly used to detect the strength of cement 

mortar or concrete materials. i) Cube compressive strength testing method [8-11]. In this method, a 

cube test sample is prepared using the freshly mixed material and maintained to a designed age. The 

sample is then tested with a pressure machine to obtain its strength. Due to the variation in 

maintenance conditions and the limited size of the test samples, the strength data obtained with this 

method is unable to precisely reflect the real-time strength of the poured structure. Moreover, the 

aggregate ratio used in different structures of the building shows a large variance, which 

significantly increases the workload. ii) Core drilling method [12-16]. This method detects the 

strength of the structure after the material is hardening with a cylindrical core sample drilled from 

the maintained structure.  Although it gives an accurate assessment of the strength of the material, 

the method is rarely used in application for the permanent damage caused to the structure. iii) 

Rebound method [17-21]. This method takes advantage of the relationship between surface hardness 

and compressive strength of the material to quickly assess the strength of the hardened structure 

without damaging the structure [17-21]. However, this method can only measure the surface quality 

of the structure [18-25]. iv) Electro-mechanical impedance method [26-27]. This method uses the 

electro-mechanical properties of piezoelectric materials to detect the local strength of the structure 

[26-27]. Piezoelectric sensors generate stress in response to an alternating voltage which leads to 

the vibration of the structure when its pasted on the surface or buried inside the structure. The local 

vibration information of the structure is then analyzed to detect structural strength and health [27-

29]. However, the complexity of the method arises from the signal recognition as minor damage or 
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strength changes in the components causing fuzzy changes in the signal [27,29-32]. A reasonable 

assessment is impossible in the absence of multiple peaks in impedance signature, which increases 

the operational difficulty of this method and limits its application in large concrete structures [30-

32]. v) Ultrasonic method [2,33-34]. This method relates the strength of the cast material with its 

ultrasonic propagation characteristics [33-34]. Parameters such as concrete compactness, uniformity, 

fissure depth, and surface damage layer thickness can be detected with this technique [35-37]. 

However, the acoustic velocity is sensitive to cement type, coarse aggregate particle size, and 

aggregate mixture ratio, which may affect the accuracy of measurement results [35-38]. Moreover, 

the detection result only registers the average value within the detection range and cannot specify 

the strength of a certain location [35,38-39]. 

The shortcomings of current strength evaluation methods of casting materials [2,8,13,17-

32,35,38-39] have posed an urgent need to explore more advanced and non-destructive detection 

methods. In engineering construction, pouring materials are often mixed with steel bars. One 

possibility is to use a certain characteristic of the steel bar to detect the strength of the cement mortar. 

Recent studies [34,40-41] show that the vibration characteristics of steel bars as effective sensing 

elements are closely related to the constraints. The question is then how well is the correspondence 

between the vibration frequency of steel bar and the strength of the pouring material. How does the 

characteristics of mortar cement, e.g., cement size, aggregate ration and curing time, affect this 

correspondence. This paper aims to address these questions. 

In this paper, cement mortar with good homogeneity was selected as the research object. The 

vibration equation of steel bar in cement mortar was derived, and the correspondence between the 

vibration frequency of steel bar and the strength of mortar material was analytically obtained. Next, 

the mixed material test samples of cement mortar and steel bar was tested and compared with the 

theoretical formula. The influence of aggregate ratios was also investigated by testing another two 

samples with different aggregate ratios. 

2 Theory of cement mortar strength detection (CMSD) 

2.1 Mechanical model of CMSD 

 
Fig. 1 Mechanical model of cement mortar strength detection. 

Steel bar-cement mortar or steel bar-concrete is a good compressive and shear resistant 

composite material and is thus widely used in construction. The transverse vibration of the steel bar 

inside the cement mortar or concrete material can be described by a mechanical model, as shown in 

Fig. 1. In this paper, cement mortar other than concrete material was chosen as the research object 

for its better homogeneity shown in trial experiments, which is preferable for laboratory research 

[42-44]. A small vibration of the steel bar will be produced when the exposed end of the steel bar is 

excited, which leads to a limited deformation of the cement mortar in the disturbance range [45-46]. 

So the effect of the cement mortar material on the steel bar is represented by an elastic element. In 

addition, the elastic element is in point contact with the rebar outline to ensure compressive stress 

instead of tensile stress to be imposed onto the cement mortar material [47]. In the initial state, the 

k
Steel bar

Cement mortar
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radial force of the rebar is kept as zero. 

2.2 Equation of coupled steel bar transverse vibration 

A horizontal axis (x) is set along with the steel bar, and is positively rightward with the left end 

to be the origin, i.e., x=0, see Fig. 2. Subjected to a slight transverse vibration, the lateral 

displacement of the cross section of the steel bar at a distance of x from the origin at time t is defined 

as y(x, t). The length (inside the cement mortar), the density, the cross-sectional area, the elastic 

modulus and the inertia moment of the cross-section to the neutral axis of the steel bar are denoted 

as L, , A, E and J, respectively. 

 
(a) Steel bar in stationary state; 

 
(b) Steel bar in vibrational state; 

Fig. 2 Two-dimensional coordinate system of transverse vibration of steel bar. 

An element of dx length on the steel bar is taken for analysis. The forces on the micro element 

body are illustrated in Fig. 3. q is the linearly distributed load with the unit of Nm-1. Q and M 

represents the shear force and bending moment at x, with 
Q

dx
x




and 
M

dx
x




 being their increment. 

The inertial force of the element body is denoted as 

2
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The motion differential equations and the moment equilibrium conditions of the element 

segments in the y direction [48] require  
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Omitting the high-order infinitesimals in Eqs. (1) and (2) leads to 
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Substituting Eq. 4 into Eq. 3 results in, 
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Forces imposed by 

cement mortar



5 

 

 

2 2

2 2
+ -

y M
A q

t x
  


 

, (5) 

where q=-ky, and k is the dynamic stiffness coefficient of cement mortar with the unit of Nm-2 [48-

49]; the negative sign indicates that q is in the opposite direction of the micro-element displacement 

y of the steel bar. Note that q is linearly distributed along the element dx. 

With the assumption of small deformation of material mechanics, the bending moment M can 

be expressed as

2

2
=

y
M EJ

x




, where J is the inertia moment of the steel bar section with respect to 

the neutral axis. The governing equation for y can be obtained by introducing the expression of M 

into Eq. (5), 

 
Fig. 3 Schematic diagram of the force distributed on the micro element of steel bar under transverse 

vibration. 

 

4 2

4 2
+ + 0

y y
EJ A ky

x t
 


 

. (6) 

Applying the separation variable method [40,47], the solution of y can be written as, 

 ( , ) ( ) sin( )y x t Y x b t   , (7) 

where, ( )Y x only represents an equation related to the displacement at the x position of steel bar; 

the product of ( )Y x and a variableb is the vibration amplitude-the maximum displacement at x 

position. In addition, and represent the angular frequency and phase angle of the micro element, 

respectively. The equation for Y can be obtained by substituting Eq. (7) into Eq. (6), 

  
4

2

4
- - 0
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. (8) 

Defining
2

4

1

-
=

A k
EJ

  , the Eq. (8) can be transformed into 
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d Y
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  . (9) 

A general form of Y that satisfies the Eq. (9) can be expressed as follows [34,40,47], 

 1 1 2 1 3 2 4 2( ) sin cos sh chY x C x C x C x C x       , (10) 

where
2 4 2

1 1 1
=   ;

2 4 2

2 1 1
=   ; C1, C2, C3 and C4 are undetermined constants. A relation 

between and exists. In general, there are frequencies of multiple modes for the micro elements 
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[34,50], which depend on its component. Here, the subscript for the frequency was used to denote 

the frequency of various modes, i.e., i , with i=1,2,3… refers to the ith mode. For each frequency

i  , there is a corresponding
1,i  . Therefore, the relationship between the transverse vibration 

frequency of the coupled steel bar and the dynamic stiffness coefficient of the cement mortar 

material at i mode is obtained, 

 

4

1,1

2 2

ii
i

k EJ
f

A


  


  , (11) 

where fi refers to the ordinary frequency. In theory, the vibration frequency fi of the steel bar 

increases with the increase of the dynamic stiffness coefficient k. But to what extend is k affecting 

the frequency depends on the comparative magnitude of k and
4

1,iEJ . A parameter analysis in the 

Eq. 11 is thus necessary. 

3 Parameter analysis of the transverse vibration frequency of steel bar 

The elastic modulus E, the density , the cross-sectional area A and the inertia moment of the 

steel bar section to the neutral axis J are known properties for a specific type of steel bar. The remain 

unknown on the right hand side of Eq. (11) is 1,i which corresponds to the natural frequency and 

the dynamic stiffness coefficient k of cement mortar material. 

3.1 1,i corresponding to natural frequency 

It can be seen from Fig. 1 that both ends of the steel bar can be regarded as free in the coupling 

state of the steel bar and cement mortar material. This provides a boundary condition for Eq. (11), 

based on which the undetermined constants, i.e., C1, C2, C3 and C4 can be solved. 

At x= 0, the zero force and torque condition should be satisfied, i.e., 
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The same applies to boundary at x= L, 
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The boundary conditions at both ends provide a linear group of equations for C1, C2, C3 and 

C4, which read 
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Non-zero solutions of C1, C2, C3 and C4 exist only if the determinant of the coefficient matrix 

on the left hand side in Eq. (14) is zero. Since 
2 2

1 2=  , the following two cases are hypothesized. 

(1) For 1 2=   , the transcendental equation to satisfy the zero determinant condition is as 

following, 

  10 2 2

1 1 1 1 1
1 2ch cos +ch -sh 0L L L L      . (15) 

Equation (15) can be further simplified as, 

 
10

1 1 1(cos( ) ( ) 1) 0L ch L     , (16) 

which is a typical Euler-Bernoulli beam problem. The root
1,i corresponding to the natural 

frequency of each order can be approximated as following, 

 
( 1)

1,

1 π
(2 1) 2( 1) exp( (2 1) )

2 2

i

i
i i

L

        


(i=1,2,3…). (17) 

 
Fig. 4 The relationship between 1,i  and the steel bar length. 

Theoretically, the steel bar has infinite number of natural frequencies, but in most circumstance, 

only low-mode natural frequencies (less than 6th mode) are concerned [45-46,50]. This is because 

the lower natural frequency is relatively easier to be excited. For steel bars of varying length L, the

1,i  from 1st to 6th mode are shown in Fig. 4. The length of the steel bar ranges from 0.1 m to 10 

m. 

It can be seen from Fig. 4 that all the natural frequencies quickly decrease with the increase of 

the steel bar length L, which is as expected since 1,i  is reversely proportional to the length. 

Furthermore, limited changes in the frequency are observed for the steel bar longer than 2 m. 

(2) For 1 2=-  , the transcendental equation can be obtained as follows, 

  10 2 2

2 2 2 2 2
1 2ch cos +ch -sh 0L L L L      . （18） 
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Equation 18 can be converted to the following formula, 

  10 2 2

1 1 1 1 1
1 2ch cos +ch -sh 0L L L L      . （19） 

Therefore, the solution is the same when 1 2=   and 1 2=-  . 

3.2 Dynamic stiffness coefficient of cement mortar 

In this section, the cement mortar test samples were cured for various length of period, i.e., 

from 1 to 30 days, to obtain different strength levels. Uniaxial compression experiments were carried 

out on these samples and the corresponding full stress-strain curves were obtained. The Particle 

Flow Code in two dimensions (PFC2D) numerical models were established and the mesoscopic 

parameters of the models were calibrated with the aid of the full stress-strain curves of the 

representative cement mortar test samples. Finally, the PFC2D simulation of Split Hopkinson 

Pressure Bar (SHPB) experiment was performed to obtain the dynamic stiffness coefficient under 

different impact rates. 

3.2.1 Preparation of standard samples of cement mortar 

The aggregate ratio used of the M25 cement mortar specimens is (425 cement: medium sand: 

water = 1: 4.03: 0.75) and the test sample size is (diameter  height = 50mm 100 mm). Standard 

specimen mould and its composition are shown in Fig. 5. There are in total 60 samples and are 

equally divided into 12 groups. The sample’s curing time for 12 groups are 1 day, 2 days, 3 days, 5 

days, 7 days, 9 days, 12 days, 15 days, 18 days, 21 days, 25 days and 30 days, respectively. Part of 

the samples are shown in Fig. 6. 

3.2.2 Uniaxial compression experiment of cement mortar test samples 

 
 

Fig. 6 Part of the cement mortar test samples. 
Fig.7 Uniaxial compression experiment of 

cement mortar test samples. 

The test samples were tested following the International Society for Rock Mechanics (ISRM) 

testing procedures, as shown in Fig. 7. The Uniaxial Compressive Strengths (UCSs) of test samples 

Cement mortar

specimen

Indenter

 
Fig. 5 Standard specimen mould and its composition [51] showing: a, mould appearance; b, horizontal 

hoop; c, Top plate; and d, Base plate, tiles and pillars. 

(a) (b)

(c)

(d)
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in each group are listed in Table 1. It can also be seen that in each group the dispersion of test 

samples strength is small due to the strict control of the aggregate ratio and maintenance conditions 

(e.g., temperature, humidity). Note that some test samples with obvious defects have been 

eliminated. In each group, the sample with UCS closest to the average value is marked with *, and 

the corresponding test sample is selected to obtain the dynamic stiffness coefficient. 

3.2.3 Calibration of mesoscopic parameters used in PFC2D of representative test samples 

PFC2D was selected to simulate the dynamic stiffness coefficient of the cement mortar for its 

excellent performance on simulating the mechanical properties of cementitious materials [52-53]. 

To this end, the PFC2D model containing 31190 particles were established. The representative test 

samples in Table 2 are used to calibrate the PFC2D parameter, and the uniaxial compression 

experiments with same sample size (in two-dimensional), boundary conditions and loading method 

were reproduced. The specific parameters to be calibrated are the peak strength and elastic modulus 

of the sample. This is because the focus is to obtain the dynamic stiffness coefficient. Next, the “trial 

and error method” is used to calibrate the model parameters [54-55]. The simulated full stress-strain 

curves of test samples are compared with experimental results and are shown in Fig. 8. Both the 

elastic modulus (e.g., the marked parallel lines in Fig. 8c) and the peak strength of the simulated 

samples are very close to that of the corresponding experimental samples, which reflects the ability 

of the model to reproduce the strength and deformation characteristics of the experimental samples. 

Table 1 UCSs information of test samples in each group 

Curing time 

(days) 

UCS（MPa） 

Sample 1 Sample 2 Sample 3 Sample 4 Sample 5 Average UCS 

1 2.84* 2.58 2.53 2.56 3.04 2.71 

2 3.93 3.72 - 3.80* 3.67 3.78 

3 6.03 6.17 5.53* 5.31 5.37 5.68 

5 9.21 9.90 9.27* 9.99 8.40 9.35 

7 12.01* 12.22 11.72 13.03 11.45 12.09 

9 13.45 15.03 14.65 16.75 15.01* 14.98 

12 17.13 17.21 17.67 18.91 17.77* 17.74 

15 19.12 22.12 25.02 23.16* 23.94 22.67 

18 22.69 - 23.57 19.85 21.17* 21.82 

21 19.84 25.02 24.30* 25.11 - 23.57 

25 25.56 24.88 - 24.51* 19.85 23.70 

30 24.89* 22.90 26.13 - - 24.64 

* indicates that the data is closest to the average value of the group. 

3.2.4 PFC2D simulation of SHPB experiment 

In this section, the SHPB experiment was reproduced using the PFC2D model. Note that the 

simulation of the representative test samples had been carried out in calibrating the meso-parameters 

(section 3.2.3). 

(1) The establishment of SHPB experiment system 

The SHPB experimental system established by PFC2D is shown in Fig. 9. The system is mainly 

composed of 4 parts, from left to right namely: the striker, incident bar, test sample and transmitted 

bar. The size of each part and the position of measuring point are marked in Fig. 9. The meso-

parameters of the striker, incident bar and transmitted bar are listed in Table 2. 

(2) Loading method of SHPB experiment system and data collection 

The effect of different impact rates ( , see Fig. 9) on the dynamic stiffness coefficient of the 

test samples is considered in the simulation process, owning to fact that the lateral vibration rate of 

the steel bar is unknown. Therefore, the speed of the striker is set to be 15 m/ s, 30 m/ s, 50 m/ s, 75 

m/ s and 100 m/ s in the simulation, and the striking direction has been marked in Fig. 9. 

For the two-dimensional plane problem, the stress distribution of the test samples corresponds 

to the linearly distributed load of the micro-element in Fig. 3 [56]. Therefore, the dynamic stiffness 
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coefficients of the test samples were obtained by measuring the stress and displacement parameters 

of a measuring element during loading, as shown in Fig. 9, where a radius of 5 mm in the middle of 

the test samples was chosen to be the measuring element. 

  
(a) Test samples dn1-1 and dn2-4; (b) Test samples dn3-3 and dn5-3; 

  
(c) Test samples dn7-1and dn9-5; (d) Test samples dn12-5 and dn15-4; 

  
(e) Test samples dn18-5and dn21-3; (f) Test samples dn25-4and dn30-1; 

Fig. 8 Comparison between the full stress-strain curves of the simulated and experimental test samples. 

(3) Stress-displacement curves of test samples 

The stress-displacement curves of the representative test samples of all groups (differs in 

curing time, see Table 1) under different impact rates were obtained by simulating the SHPB 

experiment, as shown in Fig. 10. It can be seen that almost all curves are approximately linear before 

loading to about 0.35 mm; but the stress-displacement curve begins to bend and the stress increase 

rate gradually decreases when the loading displacement is greater than about 0.35 mm. Some 

exception occurs as the stress increasing rate of some specimens increased significantly in 
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approaching peak stress, such as the curve of specimens of 9 days curing time. The specimen shows 

clear plastic deformation characteristics under dynamic load [57-60]. In general, the strength of the 

specimen increases with a longer curing time. The effect of curing time is reducing for curing time 

longer than 12 days, as shown by the merging of the stress-displacement curves of specimens with 

long curing time regardless the various loading rate. This means that most of the internal hydration 

reaction of the specimen has been completed when the curing timeis12 days. A longer curing time 

therefore leads to minor increase in the dynamic stiffness coefficient of the specimens [61-62], 

which is consistent with the strength evolution process of the specimens (see Table 1). The peak 

displacement, on the other hand, decreases with the increasing of curing time. This trend is not so 

obvious or even reversed when the curing time is longer than 21 days, with the strength of 30 days 

sample being weaker than that of 21 days. The abnormal weakening of the dynamic stiffness 

coefficient of the specimen might be due to the dispersion of the strength characteristics since the 

increasing strength effect of curing time longer than 21 days is trivial [22,63]. A same reversion in 

the tendency occurs for the peak displacement. The increasing impact rates leads to stronger strength 

and bigger peak displacement, and this applies to samples of all groups. 

 
Fig. 9 SHPB experimental system established by PFC software. 

Table 2 Mesoscopic parameters of the striker, incident bar and transmitted bar. 

Parameters 
Value 

Striker Incident bar Transmitted bar 

Minimum particle size (mm) 1 1.5 1.5 

Maximum particle size (mm) 1.5 2 2 

Density (kgm-3) 7850 

Porosity 0.08 

Contact bond modulus (GPa) 210 

Contact bond stiffness ratio 1.0 

Friction coefficient 1.0 

Parallel bond tensile strength (MPa) 2000 

Parallel bond cohesion (MPa) 2000 

Parallel bond friction angle (°) 25 

Parallel bond modulus (GPa) 210 

Parallel bond stiffness ratio 1.0 

(4) Dynamic stiffness coefficient of the test samples obtained by simulation 

The dynamic stiffness coefficient of the test samples is calculated by taking the slope of the 

stress-displacement curve (see Fig. 10). According to the analysis in section 3.2.4(3), the slope 

gradually decreases before the stress reaching a peak value, and even turns to negative value after 

the peak. The stress-displacement curve of the specimen at the peak stress bends significantly. So 

the slope of the secant at half of the peak stress is selected as the dynamic stiffness coefficients of 

the test samples [64-69], and the extracted data are present in Fig. 11. For all impact rates, the 

dynamic stiffness coefficient of the test samples increases with increasing curing time until 12 days, 

Striker Incident bar

Test sample

Transmitted bar

Measuring point

40 cm 250 cm 5 cm 200 cm

5
 c
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and stabilizes around the peak value with some flocculation. As explained in Section 3.2.4(3), when 

the test samples are cured for about 12 days, the internal hydration reaction has almost completed, 

and the strength and stiffness of the test samples increase very slowly with longer curing time [61-

62]. In this circumstance, the fluctuation of the strength value due to the specimen dispersion may 

outcompete the strength increase of longer curing time [22,63], which causes the stiffness 

coefficient in Fig. 11 to fluctuate when the curing time is longer than 12 days. 

  

  

 
Fig.10 The stress-displacement curves of the representative test samples under different curing times and 

impact rates. 

Furthermore, for the impact rates of 30 m/ s, 50 m/ s, 75 m/ s and 100 m/ s, the curves of 

dynamic stiffness coefficient are very close to each other, and are significantly lower than that of 15 

m/ s. This is a combined result of the determination method of dynamic stiffness coefficient and the 

stress-displacement curves of test samples. Most of the stress-displacement curves in Fig. 10 are 

increasing with a constant rate (linear slope) for displacement less than 0.35 mm and turning to 

smaller rate (bending curve) for displacement bigger than 0.35 mm (see Fig. 10). However, for the 

curves of 15 m/s impact rate, the displacement at half of the peak stress of the test samples is less 

than 0.35 mm (see Fig. 10a), resulting in relatively large dynamic stiffness coefficients; for the 
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curves of greater impact rate (see Fig. 10b~e), the displacements are larger than 0.35 mm, resulting 

in relatively small dynamic stiffness coefficients. 

(5) The influence of dynamic stiffness coefficient on vibration frequency of steel bar 

The dynamic stiffness coefficient of the test samples is in the order of 101 GPa (see Fig .11). 

Taking steel bar with elastic modulus E of 210 GPa and diameter d of 22 mm as an example, the 

product of the elastic modulus E and inertia moment J of the steel bar section to the neutral axis is 

2.41 kPa according to 
4

=
64

dJ  [70]. For steel bar of 0.5 m length,
1,i (approximated by Eq.(17)) 

corresponding to 1st mode to 6th mode are 9.46 m-1, 15.7 m-1, 21.99 m-1, 28.27 m-1, 34.56 m-1 and 

40.74 m-1, respectively. The maximum value of 
4

1,6EJ  in first six modes is 6.6 GPa. For steel bar 

of longer length, this value is even smaller, since
1,i is reversely proportional to L. So the dynamic 

stiffness coefficient k of the cement mortar is much larger than the combination
4

1EJ of physical 

and mechanical parameters of steel bar, as long as the length of the steel bar is greater than 0.5 m. 

It shows that when the length of the steel bar is greater than 0.5 m, the dynamic stiffness coefficient 

of the cement mortar dominates the vibration frequency of the steel bar, whereas the combined effect 

of the length, elastic modulus and inertia moment of the steel bar section to the neutral axis can be 

reasonably ignored. 

 
Fig. 11 Variation of the dynamic stiffness coefficient of the test samples with curing time under different 

impact rates. 

4 Theoretical prediction of the vibration frequency of coupled steel bar 

In principle, the prediction of the vibration frequency of coupled steel bar through Eq. (11) 

needs to consider both the dynamic stiffness coefficient and the combined effect of length, elastic 

modulus and inertia moment. The analysis in section 3.2.5 shows that the contribution from the 

latter effect can be neglected in most circumstances, which enables the dynamic stiffness coefficient 

to be the indicator for vibration frequency. Furthermore, a correspondence between the dynamic 

stiffness coefficient (see Fig. 11) and the strength (see Table 1) of the test samples can be established 

through their dependence on the curing time, as shown in Fig. 12a. Therefore, it is reasonable to 

relate the vibration frequency of the steel bar with the strength of the cement mortar (see Fig. 12b). 

The dynamic stiffness coefficient of the test samples and the vibration frequency of the coupled 

steel bar have similar dependency on the test sample strength. That is, an almost linear dependency 

as the strength of the test samples increases to 17.5 MPa, and stabilized value with some flocculation 
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as the strength is between 17.5 MPa and 25 MPa. 

  
(a) Correspondence between the strength and the 

dynamic stiffness coefficient of the test samples; 
(b) Correspondence between the strength and the 

vibration frequency of the coupled steel bar; 

Fig. 12 Correspondence between the strength and the dynamic stiffness coefficient of the test samples, the 

vibration frequency of the coupled steel bar. 

5 Experimental verification of the vibration frequency of coupled steel bar 

5.1 Preparation of test samples for steel bar frequency detection 

5.1.1 Design of test sample size, aggregate ratio and signal collection point 

 
Fig. 13 Schematic diagram of the test sample for the frequency detection of the steel bar. 

 To verify the relationship between the vibration frequency and specimen strength obtained in 

Section 4, the frequency detection experiment of coupled steel bar was carried out in this section. 

The experimental specimen is mainly composed of 3 parts, i.e., the cement mortar body, the steel 

bar and the high-frequency signal acquisition components, as shown in Fig. 13. The designed size 

of the cement mortar body is (length width height = 50 cm  40 cm  40 cm), with the same 

aggregate ratio as the uniaxial compression samples produced in Section 3.2.1. The steel bar is pre-

embedded into the cement mortar material, and its central axis coincides with that of the cement 

mortar body, see Fig. 14. The steel bar has 22 diameter, 0.7 m total length and 0.1 m exposed 

length at both ends. The end 1 is used for excitation operation, and the end 2 is used for exporting 

the sensing component leads, compensating signal and shielding noise. The steel bar needs to be 

grooved on both sides. The depth and width of groove are 4.5 mm and 5 mm, respectively, which is 

chosen to facilitate the arrangement of the sensing components. It can be seen from Fig. 14 that the 

x-axis is established along the steel bar and originates at the junction of the end 1 of the steel bar 

and the cement mortar body. The sensor components are arranged at x=0 cm, 6.25 cm, 12.5 cm and 

25 cm. To facilitate the export of the sensor component leads, the sensor components 1 and 3 are 

arranged on one groove of the steel bar, whereas 2 and 4 are arranged on the other groove of the 

steel bar. Note that in arranging the steel bar, the connection line of the two grooves should be kept 

perpendicular to the bottom of the test sample. This is to ensure that when the end 1 of steel bar is 
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subjected to a vertical excitation, the acquisition components are in the vibration direction, so as to 

accurately collect the steel bar vibration information. 

5.1.2 Pouring and curing of frequency test samples 

The strain gauge was used as the signal acquisition component. The grooved steel bar of 

specified length was prepared. Next, the strain gauges were attached at the corresponding positions 

and covered with the resin AB glue, as shown in Fig. 14 (a). The 704 silicon rubber was used to fill 

the grooved position of the steel bar, to protect the strain gauges and their leads during the pouring 

of cement mortar (see Fig. 14 (b)). Consequently, the prepared steel bar was installed to the test 

sample mold according to Fig. 13 while keeping the connection line of the two grooves on both 

sides perpendicular to the ground (see Fig. 14 (c)). The materials for casting samples were carefully 

mixed, and the casted test samples were polished and kept in a high moisture condition for various 

time duration. Note that the number of test samples for the verification experiment is 3. 

 
Fig. 14 Frequency test sample showing: a, strain gage attachment; b, groove sealed by resin glue; c, test 

sample mould and steel bar arrangement. 

5.2 Detection of the vibration frequency of the coupled steel bar 

5.2.1 Detection system and method of steel bar vibration frequency 

 
Fig. 15 Steel bar frequency detection system. 

The detection system of steel bar frequency is shown in Fig. 15. The detection system is 

composed of a test sample, a rigid excitation hammer, an ultra-dynamic strain meter, and a computer 

along with necessary wires. The striking end of the hammer is made of rubber, and the maximum 

sampling frequency of the strain meter is 20 MHz. The sampling frequency is set to be 1 MHz. This 

is because the vibration frequency of the steel bar predicted (in Fig. 12) is between 10 kHz to 30 

kHz and the signal acquisition requires the number of measurement points to be more than 24 in 

each vibration cycle [71]. 

The signal acquisition negative delaying time (4 ms) and the signal acquisition duration (30 

ms) were set through the computer interactive interface. The acquisition channel was balanced to 
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ensure that the noise caused strain change range does not exceed ± 100 . The samples were cured 

over designed duration periods. To excite the vibration, a hammer was used to vertically tap the 

end 1 of the steel bar. For each operation, i.e., vertical tapping end 1, the signal of each strain gauge 

was collected. This operation was repeated 3 times for each sample. The vibration information 

caught by the strain gauges was collected accordingly. This had been done for all 3 test samples. 

5.2.2 Example of signal analysis and processing 

 
Fig. 16 The original signal of a strain gauge in test sample 1 (Curing time= 1 day). 

 
Fig. 17 The vibration frequency of the steel bar reflected by the strain gauge 4 in test sample 1 (Curing 

time= 1 day). 

The original signal obtained at strain gauge 4 with sample of 1 day curing time is shown in Fig. 

16 as an example. The behavior of signal over time can be grouped into 3 parts, namely the high-

frequency waveform (highlighted in the blue ellipse in Fig. 16) near the trigger point, the low-

frequency waveform (green ellipse in Fig. 16) and the remaining noise waveform. Both high-

frequency and low-frequency waveforms decay over time, whereas the noise waveform remains 

relatively stable. According to the vibration characteristics analysis of metal rods by the researches 

of Capozucca [72] and Zhang et al [73], the high-frequency signal is recorded as the vibration 

frequency of the steel bar. In addition, the signal needs to be intercepted before spectrum analysis 

and only the signal within 2 ms after the trigger point is retained. This is because the signal-to-noise 

ratio (S/N) of the signal is highest near the trigger time [74]. The Stationary Wavelet Transform 

(SWT) implemented in MATLAB is recognized as an effective and convenient noise reduction 

algorithm, and was used to de-noise the intercepted signal with four-layer decomposition [75-80]. 

The vibration frequency of the steel bar at the measurement point was then obtained by applying 

Fourier spectrum analysis on the de-noised signal [81-85], which is present in Fig. 17. For the 

example specimen, the vibration frequency of the steel bar captured by the strain gauge 4 is 4.5 kHz. 
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5.2.3 Detection result of vibration frequency of steel bar 

The aforementioned frequency detection and analysis method were applied to samples of all 

curing time. The relation in between the obtained vibration frequency and the curing time is shown 

in Fig. 17. The vibration frequency of the steel bar collected at all four gauges increases with 

increasing curing time till 18 days. For samples of longer curing time, the vibration frequency 

remains almost unchanged. The vibration frequencies detected at strain gauges 2, 3 and 4 are similar 

and differs from that at strain gauge 1. This indicates that the boundary effect on the vibration 

characteristics of the steel bar are less as the collecting point is further than 6.25 cm away from the 

end. The data of the gauge 2 is relatively volatile (as shown in Fig. 18) which is because only test 

sample 2 contains this measuring point. 

 
Fig. 18 Evolution of steel bar vibration frequency at different positions with curing time. 

It can be seen from Fig. 18 that the boundary effect on the steel bar position corresponding to 

strain gauge 4 is the smallest [34,48,86]. Therefore, the vibration frequency obtained at gauge 4 is 

used for the following analysis. A relation between the vibration frequency of the steel bar and the 

strength of the corresponding standard samples is obtained and shown in the Fig. 19a. Note that the 

strength of the standard sample is approximated based on the relation of curing time and strength as 

listed in Table 1. In figure 19(a), the vibration frequency of the steel bar collected at the gauge 4 

shows a linear dependency (with a slope of 0.46) on the strength of the standard samples, with a 

fitting variance of 0.991. The size of the standard sample differs from that of the test sample, so is 

the strength. The scale effect of rock-like materials was used to estimate the UCS of the test sample 

based on that of the standard sample [87-93]. 

Hoek and Brown [94] proposed the size effect model to estimate the UCS of targeted sample 

based on the strength of a sample with 50 mm diameter (UCS50) using the following formula, 

 50 rUCS=UCS (50 / )
c

d , (20) 

where 0.18c  is a constant valid for various rock types [94], rd is the diameter of targeted sample. 

Zhai et al. [90] extended Eq. (20) from rock limited samples to rock-like materials such as cement 

mortar, and obtained the corresponding relationship between UCS and the diameter of the rock-like 

material by fitting the experimental data. The cross section of the frequency test sample used in this 

study is a square with a side length of 400 mm, so the corresponding equivalent diameter is about 

450 mm [95-96]. According to the research of Zhai et al. [90], the strengths of the sample with a 

diameter of 450 mm (UCS450) and 50 mm (UCS50) satisfies the following formula, 
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 450 50UCS =0.49UCS . (21) 

Here f 0.49C  is a fitted coefficient obtained from Zhai et al. [90] for r 450d   mm. With 

the aid of Eq. (21), the correspondence between the vibration frequency of the steel bar and the 

strength of the frequency test samples accounted for the scale effect can be obtained, and is shown 

in Fig. 19b. A linear relationship between the vibration frequency of the steel bar and the strength 

of the frequency test samples (now with a slope of 0.94) is proposed with a fitting variance of 0.991. 

This indicates a good correspondence between the strength of cement mortar material and the 

vibration frequency of the coupled steel bar. Therefore, it is concluded that the vibration frequency 

of steel bar can be used to retrieve the strength of cement mortar material. 

  
(a) The correspondence between the vibration 

frequency of the steel bar and the strength of 

the corresponding standard samples; 

(b) The correspondence between the vibration 

frequency of the steel bar and the strength of 

the frequency test samples; 
Fig. 19 The evolution of the vibration frequency of the steel bar reflected by the strain gauge 4 with the 

curing time. 

5.3 Comparative analysis of the experiment and prediction results 

To check if the frequency calculated with Eq. (11) can represent the natural frequency, the 

prediction results need to be compared with the experimental results. Note that only the contribution 

from the dynamic stiffness in Eq. (11) is considered for reasons discussed in previous sections. The 

vibration data collected at strain gauge 4 set was selected for the comparison for it’s the least affected 

data set by the boundary. For various impact rates, the calculated dynamic stiffness is different (see 

Fig. 11) and so is the predicted results. Here the average value was used for comparison. Owing to 

the size variance, the strength and stiffness of the standard test sample and that of the frequency test 

samples are different, so they cannot be directly compared. Here, the parameters of the standard test 

samples and the corresponding predicted frequency are presented as a reference. The experimental 

results are scaled using the Eq. (21) and the correspondence between frequency and strength is 

shown in Fig. 19b. The specific steps are as follows: Firstly, convert the strength of the frequency 

test sample into the strength of the standard specimen using Eq. (21); then calculate the 

corresponding frequency value according to the frequency-strength relationship fitted in Fig. 19b; 

finally, use the strength of the frequency test sample as the intermediate variable to establish the 

relationship between the frequency and the curing time. 

The dependency of frequency on the curing time and the strength of test samples are present 

in Fig. 20 for both the scaled experimental and the prediction results. The predicted frequency of 
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steel bar ranges from 10 kHz to 27 kHz, while the scaled experimental frequency ranges roughly 

from 5 kHz to27 kHz. Over all, the predicted frequency results are slightly larger than the scaled 

experimental results, especially for samples of weak strength or with short curing time. This 

indicates that the size effect is sensitive to the curing time of the samples. In general, the dependency 

the steel bar vibration frequency obtained by experiment and prediction on the curing time and the 

strength follow the same trend. 

For the samples with curing period of less than 15 days, the predicted and the scaled 

experimental results both increases with increasing curing period but at a reducing rate; for samples 

of longer curing period, the change of both predicted and experimental vibration frequency are very 

small (see Fig. 20a). The scaled experimental frequency is linearly dependent on the sample strength 

(see Fig. 20b), whereas the predicted results flocculate around the experimental results with higher 

value for small strength and lower value for strong strength. For the convenience of simulation, the 

test sample with the UCS closest to the average UCS of each group was selected for the prediction 

study (see section 3.2.2). As a result, the UCS data in the prediction is very single (the data marked 

with *, see Table 1). On the other hand, the strength dispersion of the cement mortar test sample is 

relatively large. The vibration frequency evolution of the steel bar obtained by prediction can be 

fairly considered as consistent with the experimental results. 

  
(a) Evolution of steel bar vibration frequency with 

curing time of test sample; 
(b) Evolution of steel bar vibration frequency with 

strength of test sample; 
Fig. 20 Comparison of the predicted and the experimental results of steel bar vibration frequency. 

5.4 Influence of cement mortar aggregate ratio on vibration frequency of steel bar 

Two additional test samples with cement mortar grades M30 and M15 were made to 

investigate the influence of cement mortar aggregate ratio (in the rest samples in Fig. 14(f)). The 

aggregate ratio of M30 cement mortar is (425 cement: medium sand: water = 1: 3.37: 0.77), and 

that of M15 cement mortar material is (425 cement: medium sand: water = 1: 4.71: 0.94). The size, 

curing time, frequency detection and analysis method of the test samples are the same as the 

verification test. There is only one measuring point on each test sample which is located on the 

middle of the sample, i.e., x= 25 cm. The corresponding vibration frequency was obtained through 

the same procedure as in Section 5.2. For the above two types of aggregate ratio, the test samples 

with the standard size used in section 3.2.1 were also prepared and their UCSs of different curing 

times were obtained. 

In conjunction with Section 5, there are 3 types of steel bar frequency test samples with cement 

mortar grades of M15, M25 and M30 made in this paper. And the vibration frequency of the steel 

bar collected at the middle of the samples is present as a function of curing time, as shown in Fig. 
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21. The dependency of the steel bar frequency on the curing time for various strength grade shows 

similar trend, i.e., with increasing frequency for longer curing time, but with reduced increasing rate. 

Moreover, a higher strength grade of cement mortar leads to higher frequency, which is agreed with 

the finding that the vibration frequency of the steel bar increases with the strength of the cement 

mortar. 

 
Fig. 21 Evolution of steel bar frequency with curing time of 3 type samples (x coordinate of measuring 

point = 25 cm). 

 
Fig. 22 Evolution of steel bar frequency with scaled strength of 3 type samples (x coordinate of measuring 

point = 25 cm). 

The relationship between the scaled strength of the frequency test samples and the vibration 

frequency of the steel bar was also established, as shown in Fig. 22. In general, the vibration 

frequency of the steel bar increases linearly with increasing strength of the test sample. This linear 

dependency is particularly clear when the fitting is executed on each grade, i.e., with a variance 

value of 0.991 for M25. An interesting point is that the slope of the fitting curves decreases with 

increasing strength grade, i.e., 1.26 for M15, 0.94 for M25 and 0.75 for M30. A possible explanation 

might be linked to the phenomenon in Section 5.3 which shows smaller scaled experimental result 

than the predicted result for samples of shorter curing time. 

6 Conclusions 

In this paper, a non-destructive, economical and accurate detection strength evaluation method 

for the steel bar cement mortar that suites for on-site using purpose has been proposed. Cement 
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mortar with good homogeneity was selected as the research object. By deducing the vibration 

equation of steel bar in cement mortar, the correspondence between the vibration frequency of steel 

bar and the strength of mortar material was obtained. Next, the theoretical relationship is verified 

by comparing the predicted frequency with the experimental results. Extra test samples with another 

two aggregate ratios were studied and further proved the correspondence between the vibration 

frequency of the steel bar and the strength of the pouring material. The result shows that  

(1) The vibration frequency of the steel bar depends on the dynamic stiffness coefficient of the 

cement mortar as well as the density, length, elastic modulus, inertia moment of steel bar; the 

parameter analysis shows that the dynamic stiffness of the cement mortar material has a dominant 

influence in most circumstance. 

(2) The PFC2D simulation of the SHPB experiment shows that a single-valued mapping relation 

exists between the dynamic stiffness coefficient and the UCS of the cement mortar sample, i.e., 

increased dynamic stiffness with increasing UCS. 

(3) The theoretically predicted vibration frequency are compared with the experimental results 

and shows the consistency in the dependency on the strength of the cement mortar. The correctness 

of the theoretical expression of vibration frequency of the steel bar is verified. 

(4) The experimental results show that the vibration frequency of the steel bar is linearly 

depending on the strength of the cement mortar material, regardless of varying sample size and 

different aggregate ratio. This makes it appropriate to use the vibration frequency of the steel bar to 

detect the strength of the cement mortar material.  

(5) Further study needs to consider the response of the vibration frequency of the steel bar to 

the internal defects of the component and the influence of the steel cage. 
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