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Abstract. This article reports on acoustic emission (AE) used to monitor the fracture process in 

reinforced concrete (RC) beams subjected to cyclic loading. Influence of loading rate on variation in 

AE based b-values with the development of cracks are studied. RC beams of length 3.2 m were 
tested under load control at a rate of 4 kN/s, 5 kN/s and 6 kN/s and simultaneously, the released AE 

signals were recorded. Aim of the present work was to use the AE based b-value analysis available 

in seismology, to characterize the damage in RC structures. It was observed that when the loading 

rate is faster, then the quick cracking development lead to rapid fluctuations and drops in the b-

value. At higher loading rates  (or in higher strain rates),  the b-values  are lower in average as a few 
and strong cracking AE events are created, in contrast to more and weaker  at  low loading rate. The 

results show that AE technique is useful to study the fracture process in concrete structures. 
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Introduction 

 

The issue of monitoring fracture process in concrete structures is always open, since many points 

need clarification. The fracture characteristics of RC structural members are affected by loading 

rates [1]. AE released during fracture process in real scale components still needs refinement. It is 
known that both concrete and steel are loading rate dependent materials. Strength, stiffness and 

brittleness (or ductility) of concrete and steel are affected by loading rates. A survey on response  of 

RC structures subjected to different loading rate has been presented [2]. The physical mechanism 

involved in the behavior of concrete in tension at different loading rates was summarized and the 

study concluded that at smaller strain rates the physical mechanism is a viscous mechanism known 
as Stefan effect which counter both microcracking  and macrocrack propagation. At high strain rates 

the forces of inertia counter the microcracking localization and propagation. The viscous effects, 

together with the forces of inertia results in increasing the young’s modulus and tensile strength of 

the concrete [3].  

Zhang et al. studied fracture behaviour of high-strength concrete at various loading rates. The 
fracture energy and the peak load were measured. The study concluded that the fracture energy and 

the peak load increase as the loading rate increases. Under high loading rates the increase in the 

fracture energy and peak load are dramatic due to the effect of inertia [4]. The strength and the 

elastic modulus of concrete increased with the increasing loading rate. Also the yield strength and 

the corresponding strain of steel increased with the increasing loading rate. Muller reviewed the 
experimental data available on fracture properties of high strength concrete subjected different 

loading rates [5]. Su et al. studied the loading rate effect on mechanical properties of concrete used 

for hydraulic structures using AE technique and concluded that as the strain rate increases, the 

cumulative AE events, hits, hit rate around peak stress decrease correspondingly for the same size of 

specimens [6]. 
The issues such as monitoring fracture process in concrete structures concern mainly the 

interpretation of AE parameters which in many cases is subject to assumptions that although 

reasonable they are still assumptions. Loading rate effect on AE based b-values related to fracture 
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process in RC structures may help to clear the trends and useful in order to build the experience of 

the AE and concrete community in this important field, which has strong structural health 

monitoring extensions. Only few design codes take into account the effect of loading rates on the 
RC structures. There is a need to do structural health monitoring tests and confirm old RC structures 

performance and safety. Because in India there are many RC structures constructed several years 

ago.  AE based b-value analysis can be a useful method to assess the microcracking which is related 

to the level of damage in a RC structure. Relatively there is still lack of experimental data 

concerning the loading rate effect on variation in b-values for damage assessment in RC structures 
[7-11].   

 

b-value analysis 

 

In seismology, an empirical formula proposed by Guttenberg-Richter given in Eq.(1) is used for  b-
value analysis [12]. 
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where N is the cumulative number of earthquakes of magnitude ≥ m in a particular area over a 

specified time span, a and b are constants which vary with the region [13-18]. In context of AE 

technique, the Gutenberg-Richter formula is given in Eq.(2) [18]. 
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where N is the number of AE  hits with an amplitude higher than AdB.  a is a constant determined 

largely by the background noise present in the surroundings of testing and b is the negative slope of 

the curve plotted between log10(N) and AE signal amplitude (AdB). The b-value is defined as the 

‘log-linear slope of the frequency-magnitude distribution’ of AE. In fact b-value represents the 
‘scaling of amplitude distribution’ of AE, and is a measure of the relative numbers of small and 

large AE which are finger-prints of cracks developed [13,18]. Several researchers working in the 

area of civil engineering studied the application AE frequency-amplitude distribution analysis to 

concrete structures [14-18]. 

The hypothesis to be tested is that according to researchers working in the area of seismology and 
rock mechanics the b-value decreases before the occurrence of an earthquake. It was observed that 

the b-value is inversely related to the accumulation of stress in a given region. Analogous to AE 

technique, the b-value represents the scaling of AE amplitude distribution and is an appearance of 

identical features at different scales for micro-seismicity during fracture process in RC structures. 

Therefore, during fracture process in RC structures a decreasing b-value could be indicative of 
increasing stress (or load) levels, i.e. indicative of an impending fracture. Thus, the b-value is a 

useful tool for assessing damage status. In fact, recording of all released AE waves during 

monitoring of fracture process in RC structures is a difficult task. Therefore, a statistical approach 

such as b-value analysis is needed.  Aim is to study the application of b-value to assess damage  in 

RC structures by considering different loading rates.   
 

Experimental procedure 

Materials and test specimens 

A specimen in the test rig is shown in Fig. 1.  RC beam specimen was loaded at mid-span and 

simply supported over a span S. The loading was conducted by means of a four-point bending 

configuration. The 28-day compressive strength of concrete mix (maximum coarse aggregate size is 



 

20 mm) was 37 MPa. Two-point loading span was 1 m with 2.6 m supporting-span as shown in 

Fig.1. The geometry and reinforcement details are given in Table 1.  

 
 

 

 

 

 
 

 

Fig 2. RC beam specimen in the test rig, structures lab, department of civil engineering, Indian 

institute of science, Bangalore, India. 

 

2.3 Testing arrangement 

Fig 1. RC beam specimen in the test rig, structures lab, department of civil engineering, Indian 

institute of science, Bangalore, India. 
 

The experimental setup consisted of a servo hydraulic loading frame (1200 kN) with a data 

acquisition system and a AE monitoring system. A steel I-beam was placed beneath the actuator to 

transfer the load as two point loads. The load was applied ( in four point bending) in incremental 

cycles till failure of the specimen. The data acquisition records load, displacement at center of the 
beam, strain in the steel at the centre of the RC beam and time. The mid-span displacement was 

measured using a linearly varying displacement transformer (LVDT), placed at the center on the 

underside of the RC beam. The strain in steel at mid section of the test specimen is recorded using 

electrical strain gauge which was fixed to main steel reinforcing bar (tensile reinforcement) before 

casting.  
 

AE monitoring system 

The AE monitoring system (PAC make) had eight channels one for each of the eight resonant type 

sensors (R6D resonant type AE differential sensor), pre-amplifiers , data acquisition system, 
processing instrumentation and AE

win
 SAMOS software and the sensor’s location (X and Y 

coordinates) are shown in Table 1. The AE transducer has peak sensitivity at 75 dB with reference 1 

V/(m/s) [1 V/mbar]. The operating frequency of the sensor was 35 kHz-100 kHz. The AE signals 

were amplified with a gain of 40 dB in a preamplifier. The AE monitoring system had eight 

channels one for each of the eight resonant type sensors, pre-amplifiers and data acquisition system, 
processing instrumentation and AE

win
 software.   The threshold value of 40 dB was selected to 

ensure a high signal to noise ratio.  

 

Loading procedure adopted 

The loading pattern applied on the RC beam (assumed as a beam in a bridge) is shown in Fig.2. The 

idea of loading protocol was to simulate traffic on a bridge beam. In a real-situation, it is required to 

collect moving vehicles data for designing the various structural members in a bridge. A real bridge 

would have experienced many smaller service-level loads as well as due to unknown higher 

overloads. In this present study a series of service-level load cycles are applied in between test 
trucks (TTs). These test trucks were chosen to represent the case of structural load testing in the 

field. TTs were variable in loading magnitude. The smaller load repetitions indicative of service 

level loads. From Fig.2 one can observe that a series of TTs was repeated. The reason for this is to 

study the effect of repetitions on the AE response. It is known that AE signals are unique and thus 

Spreader beam 
Test specimen 

LVDT AE amplifier 
AE sensors 



 

theoretically not repeatable. The RC beam specimen is subjected to loading protocol which has two 

types of pattern as shown in Fig.2. The first pattern has load intensity with relatively less peak and 

constitutes transport vehicle effect. The second pattern has higher peak load which constitutes 
elevated simulated test truck. The two patterns together give single loading phase. Each phase has 

varying load peaks. The loading phase details are given in Fig.2. The loading rates used for the RC 

specimens are different as shown in Table-1.  

 

 
 

 

 

 

 
 

 

 

 

 
 

 

 

 
Fig.2  Loading protocol for the specimen LLR3 

 

 Results and discussion 

The rate of loading, number of loading phases and total number of recorded AE hits, events, energy, 
counts are shown in Table-2. In case of low rate of loading, there is ample time for the damage to 

grow. Hence, there is less scope of microcracks to develop and there is also less chances of 

spreading the micorcracks fast. It was observed the recorded AE events and AE hits are less when 

the rate of loading is high. The first crack appeared at higher load when the rate of loading is less.  

 
Computation of AE based b-values 

In the present study AE b-value was computed for each 125 hit amplitudes forward in time. Fig.3 

shows the variation of AE based b-value with load. It is observed from Fig.3 that a sudden drop in 

b-values occur at the peak load in each load cycle.  The damage growth is characterized by the 
progressive coalescence of microcracks to form fracture surfaces.  In the geometry and spatial sense, 

the fractal dimension D=2b of the damaged domain is expected to decrease from an initial value 

comprised between 2 and 3 (that means as damage is initially diffused in the specimen volume and a 

surface), towards a final value nearly equal to 2, forming the final fracture  surface [17]. D is fractal 

dimension of the damage domain and ‘b’ is the b-value. It was observed from Fig.3 that b-values 
started from values very close to 1.5, representing a fractal dimension (D) of the initial damage 

D=2b=3. During a loading process, the damage growth is characterized by the progressive 

coalescence of microcracks to form fracture surfaces. Because cracks at the beginning of the loading 

process are mainly distributed in the bulk of the material [17]. In the initial stages of fracture 

process, the b-value varied from 1.5 to 1.8 and later it decreases with increase in load (or stress) 
equal to 1.0 and less, showing temporal fluctuations as the impending failure approaches in the RC 

beam specimen.  



 

 

 

Fig. 3.  The variation of  AE based b-value with load [ channel 8 and LLR1 specimen] 

 

A high b-value arises due to low amplitude hits in large number representing new crack formation 
and slow crack growth, whereas a low b-value indicates faster or unstable crack growth 

accompanied by relatively high amplitude AE in small numbers.  Therefore the low b-value trend 

indicates macrocracks have formed, whilst the high b-value trend represents microcrack growth. 

During the first loading cycle, high b-values were observed with the opening of micro-cracks. Later 

b-values, showed a decrease as the load increased. The second loading phase was characterized by a 
large scatter of b-values.  

During fracture process in RC structures there are three distinct stages of micro-cracking activity, 

namely (a) initiation, (b) stable growth and (c) nucleation prior to the final failure takes place. The 

AE statistical behavior of each individual stage is dependent on the number and size distribution of 

micro-cracks. Growth and coalescence of micro-cracks formed during the crack propagation are 
sources of AE. As most AE signals were generated during formation of microcracks, and therefore 

this is likely source for occurrence of the lowest b-values. Another source of AE is the bond failure 

between steel reinforcement and concrete, also between coarse aggregate and cement mortar and 

this may be responsible for fluctuations in AE generation and hence rapid changes in b-values.  

The RC test specimen (LLR3) is relatively of large length (more than 3 m). Therefore, several 
fracturing events may occur simultaneously. It is known that the shear cracks follow tensile cracks. 

The recorded AE data is grouped according to the position of AE sensors. AE sensors S1 (or ch-1) 

and S8 (or ch-8) are in the shearing area away from the center and therefore, S1 and S8 reasonably 

receive AE hits at the moments of development of shear cracks. On the other hand AE sensor S3 is 

in the center so it recorded information from the tensile cracks from bottom to top. As an example at 
the moments when the shear cracks develop, the near by sensors (S1 and S8) receive high intensity 

AE signals. However, possibly the central or other far away sensors may not get similar activity. It 

was attempted to check the b-value for different sensors separately, and compared with strain in 

steel at mid section of the specimen LLR3. Earlier researchers confirmed that a b-value less than 1.0 

represents macro-damage (visible cracks). It was observed that there are several drops (or 
fluctuations) in b-value computed based on ch-3 when compared to ch-1 and ch-8. This may be due 

to several tensile cracking occurred before occurrence of shear cracks. The b-value dropped below 

1.0 at the end of the loading phase-I. The load magnitude associated with appearance of first tensile 

crack appeared is 137 kN in moment zone. At around 30 minutes, the b-value showed a sudden drop 



 

indicating that more damage occurred, and it is noted that noticeable cracking occurred. The lowest 

b-value was recorded during last loading cycles because of shear cracking. The increase in the b-

value in the last cycles is attributed to attenuation of AE signals due to damage in the specimen.  
The computed AE based b-value can be correlated to physical measurements such as strain in 

tensile reinforcement and mid-span displacement. It was observed that when the b-value reached 1.0 

the midspan displacement was around 3.2 mm. AE released during cycling loading of RC structures 

could be due to different sources such as crack opening and crack propagation or friction of existing 

crack surfaces which could occur during opening or closure of cracks. It means that in such 
structures damage accumulation could be related to a variation of the AE patterns. 

 

 Loading rate effect on b-value 

The specimen yielded relatively quickly when the rate of loading is high. It was observed that the 
steel yielded more quickly with a higher loading rate, in terms of time, as the load is applied over a 

shorter time frame. When there is an increase in the rate of loading the slope of the strain versus 

time plot increased. Also the recorded hits are less for the specimen tested with high rate of loading, 

one can observe that the rate of occurrence of AE hits are more in case of LLR1 (tested with 6 

kN/sec loading rate) when compared with LC2M37 (tested with 4 kN/s loading rate) specimen. 
Relatively the loading rate applied on LC2M37 specimen is small.  The AE b-values are less for the 

specimen tested with high rate of loading. This may be due to release of high amplitude AE events. 

 

For three loading rates of 4 kN/s, 5 kN/s and 6 kN/s on RC beam specimens, the times of occurrence 

of the lowest b-values vary.  Higher AE activity such as large number of AE events per time and 
higher intensity events are also observed around the last loading phases. These observations further 

prove that the instance of damage initiation is predicted by the lowest b-value. Low b-value may be 

due to initiation of micro-cracks and cracks opening. The increase in b-value during the unloading 

in a cycle could be related to shear cracks development and crack sliding. However, the test 

specimen which is subjected to a lower loading rate of 4 kN/s has shown some characteristic AE 
signatures while the sample LLR1 which was subjected to a loading rate of 6 kN/s seem to have 

undergone more damage in a short time relatively as inferred from the average amplitude, b-value, 

energy/ hit and cumulative energy counts as shown in Fig.4. In case of LC2M37 test specimen, 

damage is less because of lower loading rate.  



 

 

 

 
 

 

 

 

 
 

 

 

 

 
 

 

 

 

 
 

 

 

 

 
 

 

 

 

 
 

 

 

 

 
 

 

 

 

 
 

 

 

 

 
 

 

 

 

 
 

Fig.4 (a) Variation of energy per hit (b) mean b-value (c) cumulative energy (d) mean amplitude 

with loading phase 

0

20

40

60

80

100

120

140

160

0 1 2 3 4 5 6 7 8

loading phase

E
n
e
rg

y
/A

E
 h

it

4 kN/s ec

5 kN/s ec

6 kN/s ec

0

2000000

4000000

6000000

8000000

10000000

12000000

14000000

0 1 2 3 4 5 6 7 8

loading phase

c
u
lm

u
la

ti
v
e
 e

n
er

g
y

4 kN/sec
5 kN/sec
6 kN/sec

0.8

0.85

0.9

0.95

1

1.05

1.1

1.15

1.2

0 1 2 3 4 5 6 7 8

loading phase

m
ea

n 
b
- 

v
al

ue

4 kN/s ec

5 kN/s ec

6 kN/s ec

47

48

49

50

51

0 1 2 3 4 5 6 7 8

loading phas e

m
e
a

n
 a

m
p
li
tu

d
e

 (
d

B
)

4  kN/s ec

5 kN/s ec

6 kN/s ec

(a) 

(b) 

(c) 

(d) 



 

In case of LLR3 specimen damage is intermediate since the rate of loading is also intermediate. 

Damage is more in LLR1 because of higher loading rate. Rate of loading can accelerate the micro 

crack damage which is accompanied by the release of AE. If the rate of loading is too fast (more 
than what is suggested by the ASTM), there can be a surge or heavy rush of AE that the data 

logging equipment cannot cope up. In such a case the number of AE events or hits recorded would 

be less giving rise to higher b-values. The fluctuations in the b-value variation is more when the rate 

of loading is high. One can observe that the specimen LC2M37 underwent less damage at smaller 

rate of loading in terms of the data of b-value, AE energy per hit. From Fig.4b one can observe that 
there is a distinction in b-value with time due to change in rate of loading.  

 

It was observed that when the loading rate is high, then the quick cracking development takes place 

because high energy events released, which leads to rapid fluctuations and also there was drops in 

the b-values. Also it was observed that the material behaves relatively more brittle at higher loading 
rates (or in higher strain rates), the b-values are lower in average as a few and strong cracking AE 

events with higher energy are created. But when the loading rate is low more AE and with less AE 

energy are released.  It was observed that significant fluctuations in b-value were occurred in the 

last phases of loading. AE signals experience attenuation during fracture process in concrete 

structures, and for that matter in any other imperfect or quasi-brittle materials. Attenuation of AE 
may be due to heterogeneity of the material as well as microcracking. A change in the volume of the 

specimen causes a change in the propagation path length from the crack to the AE sensor, which 

may affect the recorded AE amplitude.  Both the AE amplitude and AE energy as well as the 

number of AE would be affected uniformly be it weak or strong.  In this present study authors  

invariably use the number as well as AE amplitude (or energy data) for computing the b-value for 
the evaluation of damage. So it should not matter since both low amplitude (energy) and high 

amplitude (energy) as well as number (small or large) of AE are considered to study the fracture 

process. 

 

Conclusions. 
 

Based on the above results the given below major conclusions are drawn 

1. It was observed that when the loading rate is faster, then the quick cracking development 

lead to quick fluctuations and drops in the b-value.   

2. Since the material behaves relatively more brittle at higher loading rates (or in higher strain 
rates),  the b-values  are lower in average as a few and strong cracking AE events are 

created, in contrast to more and weaker for low rate of loading ( or low strain rate). 

3. b-value analysis is useful in evaluating the damage level in RC structures in-situ,  the 

instance of damage initiation can be predicted by the lowest b-value. And also when the rate 

of loading is high, the b-value is minimum.  
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Table 1 :  Geometric details of the RC test beams ( X and Y are the sensor location/coordinates in XY-plane; The name  LC2M 37 stands 
L for large specimen, c for concrete, 2 for second specimen, M 37 stands for concrete mix having 28th day  strength of 37 M Pa ) 
 

 

 
[ φ is the diameter of reinforcing bar; n is number of main reinforcing bars; S is span of the test  beam; L is the total length of the test  beam]

Specimen 
Ø  

(mm) 
n 

As  
(mm

2
)

S  
(mm)

L  
(mm)

T otal depth 
D(mm) 

T- beam Flange T -beam Web(rib) 
 

Rate of loading 
(kN/s) 

Sensor locat ion (mm) 

Depth 
(mm) 

Width 
Wf 

(mm) 

Depth 
(mm) 

Width 
Wrib 

(mm) 

1 

 

2 

 

3 

 

5 

 

6 

 

8 

 
X Y X Y X Y X Y X Y X Y 

LC2M37 
20 

 
4 
 

1256 
 

2600 
 

3210 
 

560 
 

180 
 

500 
 

380 
 

180 
 
 

4 
 

460 300 900 240 1600 175 2000 160 2400 210 2800 190 

LLR3 20 4 1256 2600 3210 560 180 500 380 180 5 460 300 900 240 1600 200 2000 160 2420 230 2800
 

200 

 

   LLR1 20 4 1256 2600 3210 560 180 500 380 180 6 460 300 900 240 1600 200 2000 160 2400 230 2800
 

200 

 



 

Table 2: AE parameters and b-value at different loading stages. 

 

Test specimen LC2M37 LLR3 LLR1 

Number of phases 
7 

 

6 

 

6 

 
Rate of loading (kN/s) 4 5 6 

Number of cycles 
69 

 

57 

 

56 

 
Total AE energy (volt

2
-sec) 40387185 84507360 38694379 

Total AE hits 1249061 958564 727681 
Total AE events 44586 28215 21874 

Load at which first  crack appeared (kN) 290 137 124 

Failure load ( kN) 811 797 801 

Time of final failure (min) 105 58 49 
Cumulative hits 

(sum of all phases) 
318655 174688 266389 

Number of hits in last phase 123109 59963 89711 

Cumulative energy counts 
(Sum of all phases) 

9952427 11804404 24987722 

Energy counts in  last phase 3958379 5569472 13000000 

Average amplitude (dB) 
(average of all phases) 

49.07 49.76 49.51 

amplitude in last phase 49.75 50.67 50.75 

Average b-value 
(average of all phases) 

0.995 0.961 0.983 

b-value of last phase 0.91 0.878 0.848 

Average energy per hit  
(average of all phases) 

23.56 58.75 81.93 

energy per hit  in last phase 32.15 92.88 145.47 


